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Foreword

This annual report for the Central Laser Facility (CLF) at the
STFC Rutherford Appleton Laboratory provides highlights of
the scientific research which has been carried out by users of
the Facility and its staff over the financial year 2010-11.

During this year we have celebrated the 50th anniversary of
the invention of the laser – a device that has had a profound
impact on our society, and without which many of the sights
and sounds of modern life we have become so accustomed to
would not be possible. 50 years on, the continuous
development and exploitation of this invention for the
scientific, economic and societal health of the UK lies at the
heart of the CLF mission.

This year has been my first year as the Director of the Central
Laser Facility. It has been an exciting and somewhat
challenging period as we entered a Comprehensive Spending
Review (CSR) against a backdrop of significant fiscal
tightening. The positive news is that the CLF emerged, intact,
with a comprehensive, multi-disciplinary programme across
all its facilities in place, as well as a number of new directions
developed. Inevitably, at such times, there is pressure on the
total envelope of the programme, but within this constraint I
believe we have achieved a robust and balanced outcome.
During this process, much depended on the quality and
impact of the science that is conducted at the CLF, and this
positive outcome is testament to the strength of this work.

Consistent with their heritage, the CLF and its User
community have again excelled in producing outstanding
science at the highest level across a range of disciplines. For
example, the High Power Laser programme has recorded its
highest number of Physical Review Letters in a single year
(15) and the Lasers for Science Facility has produced a
number of high impact, front cover articles. A scientific
highlight of the year was an article in collaboration with
colleagues from the University of Bristol, that featured on the
front cover of Science magazine. 

In recent years, the CLF has benefited from significant levels
of capital investment in the development of its facilities and
this has stood us in good stead for the future, particularly in
these difficult times. Over this period :

The Ultra and Octopus clusters have been fully commissioned
in the newly completed Research Complex at Harwell. This
first full year of operation has seen numerous multi-
disciplinary experimental campaigns that have spanned
Research Council programmes, as well as a healthy level of
cross facility initiatives.

The second beamline of the Gemini high power laser has
been fully commissioned. This milestone was the final piece
of the jigsaw that has realized the Gemini vision. It now
provides a globally unique capability for our national and
international research community. 

There have been major changes to the front end of Vulcan
that have seen an improvement of the temporal contrast
ratio on the Petawatt beamline of several orders of
magnitude. As the science increasingly places ever tighter
requirements on the spatio-temporal fidelity of the high
power interaction, this is an important development that will
ensure Vulcan remains competitive.

The installation of the final Atomic and Molecular Optics
chamber on Artemis, fully equipped with a velocity mapped
imager for both electrons and ions finally completes the
originally planned complement of diagnostic
instrumentation.

The availability of capital for investment in new
infrastructure and facilities has been extremely constrained
following the CSR. Disappointingly, it has therefore not been
possible to proceed with the construction phase of the 10
PW upgrade to Vulcan on the originally envisaged timescale.
STFC however remains committed to the project and will

John Collier
Central Laser Facility, STFC Rutherford Appleton Laboratory, Didcot, Oxon, OX11 0QX, UK

john.collier@stfc.ac.uk

Foreword
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Professor John Collier
Director, Central Laser Facility

continue with the development of the technology and
planning associated with this project in preparedness should
the capital situation improve.

Recognizing the economic potential that high power laser
technology has, STFC have funded a new CLF Centre for
Advanced Laser Technology and Applications. The focus of
this new Centre is on the creation of new technology to more
readily enable exploitable applications of high power laser
interactions to be developed. It leverages on the CLF’s
proprietary DiPOLE concept and facility technology
investments to date, to ultimately deliver the combination of
high average power diode pumped solid state laser (DPSSL)
technology with high peak power laser technology (Ti:S ,
Parametric). Crucially, it also strategically underpins the
future development of our major facilities.

On the international scene, the profile of the HiPER Laser
Energy project that the CLF leads continues to grow. The
European Commission have agreed to a two year extension
to the preparatory phase to cover the period of anticipated
fusion ignition on the USA’s National Ignition Facility (NIF),
and to allow for the preparation of a business case for
investment in this pioneering concept. Furthermore, the first
of the “pillars” of the Extreme Light Infrastructure (ELI), in
which the CLF has been a major player, has received the
formal go-ahead from the European Commission. This will see
the ¤280M ELI Beamlines facility, located in the Czech
Republic, constructed over the next 4-5 years. 

The success of the EU funded Laserlab-Europe consortium is
once again celebrated with the award of a third incarnation
of this highly effective transnational programme. Building on
the strengths of Laserlab-Europe I and II, and with
participation from 19 countries, Laserlab-Europe III will bring
together 28 of the largest European laser research
infrastructures (including CLF), a diverse user base and
pioneering technology development to strengthen the

European leading role in advanced laser related research.   
The CLF has a long history of innovation, and it has been very
pleasing to see its most recent innovation successes - Cobalt
Light Systems Ltd and Scitech Precision Ltd continue to grow.
Translating scientific success into innovation success, in all
its forms, is playing an increasingly important role in the
delivery of the CLF mission. 

It has become increasingly clear to me over this last year,
that in the current tough fiscal environment outstanding
science is an essential, but not necessarily sufficient metric
of the impact of our field. Moreover with the introduction of
the Research Councils Facility Funding Model, the
stakeholder and governance environment of the central
facilities, including CLF, is evolving. Increasingly, we need to
solicit and deploy evidence of the broader impact of what we
do, that reflects both our traditional strengths whilst also
speaking to a new milieu. The role that outreach plays in
explaining the benefit of taxpayer investment in our areas of
science to the public, industry and policymakers alike is
crucial. I am delighted with the numerous high profile, high
impact stories that have emerged from the CLF this year as
its media and outreach profile continues to grow. 

Finally, the close partnership the CLF has with its User
community has been central to our past success, and as we
look forward, it is imperative that we collectively draw from
that partnership and re-double our efforts in promoting our
collective success that is, in part, represented in this
publication. 
I hope that you enjoy reading it ! 
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Overview

The CLF is a world leading centre for research using
lasers in a wide range of scientific disciplines. 
This section provides an overview of the
capabilities offered to our international academic
and industrial community.

Vulcan
Vulcan is a highly versatile Nd:glass laser with three independent
target areas that couple long and short pulse beams in a variety
of flexible geometries. A maximum of 2.5 kJ can be delivered in
its eight beams. Long-pulse temporal shaping is available as well
as a selection of focusing, beam smoothing, probe beam and
harmonic conversion options.  

TA-Petawatt is Vulcan’s highest intensity area, with a ~500J/500fs
beam capable of being focused to 1021 W/cm2. A new high
contrast front end seeds the rest of the Vulcan Petawatt (PW)
chain delivering an ASE contrast of 1010 at 1ns. The original large
compressor gratings and final mirror have been recently replaced
and the system re-commissioned to deliver its energy
specification. To compliment the short pulse an additional ~100J
long pulse beamline and various probe beam options can also be 
configured in this area.

TA-West offers dual CPA beams coupled to the long pulse
beamlines. One short pulse beam operates at 80-100 J / 1 ps 
(1020 W/cm2), and the second CPA beam operates either at 
80-100 J / 1 ps, or at 500 J / 10 ps configurable in flexible
geometries.TA-East was decommissioned in preparation for a
future upgrade for Vulcan.

A baseline design for the upgrade of Vulcan to 10 PW peak power
(300J / 30fs) with focused intensities up to 1023 W/cm2 has been
established and it is described in the Technical Design Report
(TDR). Plans to proceed with the construction phase were put on
hold.

Astra Gemini
This high rep-rate Petawatt laser based on Ti:Sapphire technology
has a unique capability to offer 2 synchronised beams, each with
a power of 0.5 PW and a repetition rate of one shot every 
20 seconds. The facility will enable interaction studies up to 
1022 Wcm-2. F/20 and F/2 beam focusing options are available,
with a built-in plasma mirror set-up in one beam line for high
contrast pulse delivery. Both beam lines have now been
commissioned.  In the past few months, significant improvement
in beam contrast and stability has been obtained. Improvement in
the system reliability is now enabling near 24 hour operations,
and thus shorter experiments.

Artemis
Artemis is an ultrafast laser and XUV science facility, offering high
repetition-rate, ultrashort pulses spanning the spectral range
from the far-infrared to the XUV.  The facility is configured
flexibly for pump-probe experiments. Tuneable or few-cycle,
carrier-envelope phase-stabilised pulses can be used to generate
ultrafast, coherent XUV pulses through harmonic generation or
used as pump and probe pulses. Two XUV beamlines, offering
optimised time resolution or energy resolution lead to end-
stations for gas-phase atomic and molecular physics or materials
science. 

The materials science station enables time-and angle-resolved
photoemission spectroscopy with XUV pulses, and is equipped
with hemispherical electron analyser, five-axis manipulator with
cooling to 14K and a sample preparation chamber. The gas-phase
end-station for atomic and molecular physics and chemistry
contains a velocity-map imaging detector, capable of imaging
ions and electrons with energies up to 200 eV, and a molecular
beam source.

Lasers for Science Facility (LSF) 
The LSF, located in the Research Complex at Harwell, develops
and operates facilities in two areas: molecular structural
dynamics (ULTRA), and functional bio-systems imaging
(OCTOPUS). 

In the dynamics area ULTRA offers a state-of-the-art high power
10 kilohertz fsec / psec system combined with OPAs to generate
pulses for a range of unique pump and probe spectroscopy
techniques. It provides spectral coverage from 200-12000 nm
and temporal resolution down to 50fs. This is used in the
investigations of fast photodynamic processes in solids, solutions
and gases. Its time resolved resonance Raman (TR3) capability
enables highly fluorescent samples to be studied using a 4ps
optical Kerr shutter.  The PIRATE facility (Picosecond InfraRed
Absorption and Transient Excitation) gives two independently
tunable beams across the mid infrared region of the spectrum for
pump / probe experiments. A new development to link the two
capabilities is underway (TRMPS).

In the imaging area, the OCTOPUS cluster offers a range of
microscopy stations linked to a central core of pulsed and CW
lasers offering “tailor-made” illumination for imaging.
Microscopy techniques offered include single-molecule imaging,
confocal microscopy (including multiphoton), fluorescence
energy transfer (FRET) and fluorescence lifetime imaging (FLIM).
Super-resolution imaging techniques are currently under
development. In addition, a “laser tweezers” laboratory is

Cristina Hernandez-Gomez
Central Laser Facility, STFC Rutherford Appleton Laboratory, Didcot, Oxon, OX11 0QX, UK

cristina hernandez-gomez@stfc.ac.uk  
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available to study Raman spectra and pico-Newton forces
between particles in solution for bioscience and environmental
research.  

Chemistry, biology, and spectroscopy laboratories support the
laser facilities, and the LSF offers access to a multidisciplinary
team providing advice to users on all aspects of imaging and
spectroscopy, including specialised biological sample preparation,
data acquisition and advanced data analysis techniques. Access is
also available to shared facilities in the Research Complex,
including cell culture, scanning and transmission electron
microscopy, NMR and x-ray diffraction.  

Laser Loan Pool
Commercial laser systems are available from the EPSRC Laser
Loan Pool for periods of up to 6 months at the user’s home
laboratory.  A wide range of ancillary and diagnostic equipment is
also available to support user experiments. 

Engineering Services
Mechanical, electrical and computing support is provided for the
operation of the laser facilities at the CLF, for the experimental
programmes on these facilities and for the CLF’s research and
development activities. Mechanical and electrical CAD tools and
workshop facilities enable a rapid response.

Theory and Modelling
The CLF will offer to support scheduled experiments throughout
the design, analysis and interpretation phases, if required and
within the resources available. We offer hydrodynamic, particle-
in-cell, hybrid and Vlasov-Fokker-Planck modelling capabilities
and access to large-scale computing. Student training in
computational methods and opportunities for networking with
colleagues will be provided. Extended collaborative placements
within the group are particularly encouraged.

Target Fabrication
A high quality target fabrication facility is operated within the
CLF offering integrated microassembly, thin film coating and
characterisation areas. A dedicated chemistry laboratory has
recently been commissioned. The facility is equipped with a wide
range of complementary target production and characterisation
equipment including evaporation and sputter coating plants,
interference microscopy, SEM, AFM and surface profiling. Many
microcomponents are produced in collaboration with the STFC
micromachining and MEMS facilities. Target Fabrication is
ISO9001 accredited. Commercial access to target fabrication
capabilities is available to external laboratories and
experimentalists via the spin-out company Scitech Precision Ltd.

Centre for Advanced Laser Technology and
Applications (CALTA). 
CALTA is a new STFC/CLF Centre that is charged with driving
forward next generation laser technology that is principally
focussed on the industrial and commercial application of high
power lasers and the by-product interactions (e.g super bright,
high energy photons, electrons, ions etc). At its heart is a
campaign to develop advanced, proprietary diode pumped laser
technology (DiPOLE) and associated multi-PW component
technology that has been pioneered within the CLF in recent
years.

The main activity within DiPOLE is the development of a scalable
diode pumped solid state laser (DPSSL) concept that is capable of
delivering kJ-level pulses at a 10 Hz or above repetition rate. A
conceptual design of a cryogenic Yb:YAG amplifier that can be
scaled to kJ energy levels and beyond, owing to its geometry,
unique laser design and cooling technique has been developed.
To test this concept in the laboratory a lower-energy 10J
prototype amplifier system is currently being built. 

The CLF will continue to develop technologies that are crucial to
a future upgrade to the Vulcan high power laser to 10 Petawatt
(PW). This includes developing a test component facility based on
OPCPA, ultra broadband optics such as diffraction gratings and
high damage threshold coatings, and the realisation of specialised
large aperture crystals required in multi Petawatt facilities.

Access to Facilities
Calls for access are made twice annually, with applications peer
reviewed by external Facility Access Panels. 
The CLF operates “free at the point of access”, available to any
UK academic or industrial group engaged in open scientific
research, subject to external peer review. European collaboration
is fully open for the high power lasers, whilst European and
International collaborations are also encouraged across the CLF
suite for significant fractions of the time.  Dedicated access to
CLF facilities is awarded to European researchers via the
LaserLab-Europe initiative (www.laserlab-europe.net) funded by
the European Commission. 

Hiring of the facilities and access to CLF expertise is also available
on a commercial basis for proprietary or urgent industrial
research and development. 

Economic impact
The delivery of high Economic Impact (EI) forms an integral
component of the CLF strategic objectives and the overall
delivery plan. 

The CLF has a long track record in intellectual property
development and technology transfer. To deliver the most
effective long term EI the CLF encourages, facilitates and actively
promotes:
• The further enhancement of our core expertise in photonic

sciences and technology 
• Encouragement of inward investment to the UK through high

profile collaborations and projects 
• Formation and support of new spinouts 
• Securing of new intellectual property and its licensing 
• Addressing societal priorities 
• Training of the next generation of scientists 
• Actively seeking partnerships to enhance the Harwell and

Daresbury Science and Innovation Campuses (HSIC and DSIC) 
• Educational programmes – internally, externally and through

active involvement of industry 

Please visit www.clf.stfc.ac.uk for more details
on all aspects of the CLF.
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The CLF’s world class research facility and R&D programme not
only investigates the fundamental nature of science but also
provides a fertile ground for Economic Impact (EI). Weaving
seamlessly with our core science programme the EI agenda is
represented through a number of channels such as innovation
and training of the next generation of scientists. The research
activities of the facility often align naturally to the key societal
issues highlighted by the government such as health, security,
energy and the environment but in some cases the research
carried out by CLF staff is actively driven specifically to address
some of these key issues. This work is often carried out in
conjunction with other departments or external partners.  

Some examples of these are:

Health
During a collaborative research programme with Sheffield and
Durham Universities the CLF developed a powerful method for
time-resolved emission imaging microscopy based on a new class
of emissive probes.  These probes are very bright and have an
exceptionally long lifetime; around 1000 times longer than
conventional fluorescent probes.  These can be used to ‘tag’ live
cells so that biological processes can be studied under an optical
microscope.  The new probes, now being ‘active’ for
microseconds rather than nanoseconds, can therefore be used to
study biological processes in real time over a much longer period
than had previously been possible. This has powerful potential to
help our understanding of intracellular processes and
biomedicine.

Training
The CLF has a long-standing tradition in training the next
generation of scientists. Our students are actively involved in not
only our core research programme but also carry out their own
research studies. This includes short-term A-level students
working on projects or data analysis, Masters students taking a
sandwich course through to PhD students who work at the
facility for longer terms. During the last financial year we hosted
102 students in total resulting in 13 PhD theses.

Energy
The insatiable demand for energy means that very soon demand
for power will exceed our current ability to supply it.  The CLF has
been leading the HiPER project (High Power laser Energy
Research) which is being carried out in partnership with ten other
countries and is funded by the EU. It directly addresses our need
for energy and will be developing the technology for the next
generation of power stations using lasers as a means of
generating power.  

Inward Investment 
A good example of how the CLF is assisting with inward
investment to the UK is the Extreme Light Infrastructure (ELI) laser
project recently funded by the EU to a value of ¤280m. This is a
facility being built in the Czech Republic which will require
significant scientific equipment in order to become operational.
The CLF, in conjunction with UK Trade and Investment, is working
closely with UK industry in helping to secure contracts for this
particular project for the benefit of the UK industry.

Spin-outs
Our Target Fabrication group works closely with the user
community to provide advice, delivery and characterisation of
high specification micro-targets for use on laser experiments and
is one of the world leaders in this field. As a result of the
exceptional capability residing within this section we have
recently formed Scitech Precison Ltd as a spin-out company. It
supplies complex, multi-material assemblies or “targets” for high
power laser experiments on large scale laser facilities in the UK
and abroad. These micron scale targets act as the “sample” for
investigations into the physics of extreme conditions comparable
to temperatures and pressures at the centre of the sun. These
targets are at the forefront of research into laser-induced fusion
as a potential energy source and particle beam therapies for
cancer treatment. 

Another spin-out of the CLF, Cobalt Light Systems, which was
established in 2008, builds on the techniques developed at the
CLF and uses laser light for rapid analysis of powders, tablets,
intact capsules, etc. as well as chemical analysis of deep layers
within materials. At the heart of this technology is the ability to
rapidly and accurately measure chemical composition without
touching or changing the sample. The company has recently
secured a significant contract to develop its proprietary
technology, spatially offset Raman spectroscopy (SORS), for
screening of liquids at airports.

Economic Impact and the CLF
Izhar Ul-Haq
Central Laser Facility, STFC Rutherford Appleton Laboratory, Didcot, Oxon, OX11 0QX, UK

izhar.ul-haq@stfc.ac.uk
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Outreach 

Introduction
It has been an important year for outreach by the CLF. On May
16th 2010 it was the 50th anniversary of the laser and we
certainly did not let this opportunity to talk about lasers go to
waste. The CLF has continued to be involved in a diverse range of
outreach activities from work experience to lecture tours around
the country. 

Laser 50
The anniversary of the first working laser was an important event
for the CLF. We decided to mark the occasion with the production
and release of a special “Laser 50” glossy brochure in
conjunction with the IOP and EPSRC. The brochure was compiled
by Connor Curtis with Claire Dougan heading the project and
Pavel Matousek overseeing the scientific content.  Alongside this
brochure some schools materials and shorter brochures were
generated. During the week before the anniversary we staged a
press conference at the Royal Institution. This involved several
laser scientists from around the country talking about the past
present and future of lasers. Several radio interviews (with
Graeme Hirst and Kate Lancaster), a local BBC news piece, and an
EPSRC produced podcast happened as a result.  Mike Dunne also
wrote an article for the Physics World Special issue in May.

Later in the year we held a stand in the “Discover zone” at
Cheltenham Festival of Science populated with members of the
CLF and the communications team. The brave volunteers
enthusiastically demonstrated their way through six days of
festival goers to raise the profile of lasers. The staff who helped
at the festival were Kate Lancaster, Vicky Stowell, Peta Foster,
Hazel Lowe, Sonya Chapman, Ceri Brenner, Keith Markey, and
from communications Mark Wells and Katy Glazer. Kate Lancaster
also gave a talk on high power lasers at the festival in
conjunction with David Payne, and Stephen Bown. In September
a special “Laser 50” day at the British Science Festival was
organised in conjunction with the Physics and Astronomy section. 

Tours
As part of our ongoing commitment to share the work of the
facility we continue to run tours for the general public, schools,
and VIPs. Many areas of the CLF including the research complex
have opened their doors over the past year with much positive
feedback.

We also continue to participate in the “other people’s business”
tours. These tours are designed for other STFC staff to find out
what is going on in different parts of the labs and ensure a
greater understanding of the organisation.

External events
Key members of the CLF have been promoting the work of the
CLF through external events. There have been talks and
demonstrations at schools locally and further afield such as
Hereford Cathedral School and Denbigh school in Milton Keynes.
Many members of the CLF are active STEM ambassadors and
continue to participate in local events through that scheme.
Other external events given by CLF staff include demonstrations
at Big Bang Fair 2011 (and 2010), talks and demos at Cheltenham
Science Festival / British Science Festival 2010, the GCSE science
live lecture tour at large venues across the country, Café
scientifique lectures at Salisbury and St Edwards school (Oxford),
IOP’s Lab in a Lorry, Oxford Science Live frontiers season, and the
SET for Britain poster competition hosted by the Houses of
Parliament.

Figure 1 - The front cover of the brochure

Outreach activities in the
Central Laser Facility
Kate Lancaster, Vicky Stowell, Ceri Brenner1

Central Laser Facility, STFC Rutherford Appleton Laboratory, Didcot, Oxon, OX11 0QX, UK
1Department of Physics, University of Strathclyde, Glasgow, G4 0NG

kate.lancaster@stfc.ac.uk
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Work Experience
We continue to take in school pupils for work experience in many
sections of the CLF. We try to offer as broad an experience as
possible to pupils taking part and get them involved in many
aspects of the department. The engineering section has been
extremely active in this area and has taken many students.

I’m a scientist get me out of here
Ceri Brenner took part on the online competition “I’m a scientist
get me out of here”. This saw Ceri having live, online chat and
question and answer sessions with schools over the two-week
event. The competition is divided into zones, and in each zone
several scientists battle it out for the students’ votes in order to
survive daily evictions. Ceri was the winner for her zone and the
prize was £500 for her to carry out more outreach work. Ceri also
blogged about her experience during the event for the STFC and
CLF website.

Broadcast and new media
There has been much broadcast media activity over the last year,
especially radio and online videos.

The CLF featured heavily in an episode of the BBC1 show “Bang
Goes the Theory” about lasers. Jem Stansfield spent a day filming
in the CLF late last year for the show. Graeme Hirst and Vicky
Stowell worked extensively with the team to make sure they got
the footage needed. The show aired in April 2011.

Ceri Brenner appeared in a film about the CLF as part of the
“Backstage science” project. Backstage science consists of a
series of short films made by Brady Haran promoting the science
that happens through the STFC. These videos can be found on
YouTube and the STFC website.

Kate Lancaster appeared in an episode of “The Beauty of
Diagrams” with Marcus Du Sautoy for BBC4. In this episode she
re-enacted Newton’s famous prism experiment at Woolsthorpe
manor (Newton’s home). This was aired in December 2010.
Kate also appeared in a film made for Teachers TV on cutting
edge physics, designed to help schools understand the latest
developments in Physics. 

We continue to use our website to promote the work of the CLF
to a wider audience. Emma Springate in conjunction with Vicky
Stowell have been working to keep the information up to date
and to report the latest developments. We urge our users to
utilise this mechanism to promote any developments as a result
of the work done at the CLF.

Rutherford Prize for the Public understanding of
plasma physics 2011
This prize is run on a yearly basis and is awarded to the best
communication activity carried out by a PhD student in the area
of plasma physics. The prize is £500 and is awarded at the IOP
plasma physics conference. 

This year it was awarded to Yvonne Sutton for a video entitled
“Electro-acoustic coupling in plasma”. Yvonne is completing a
PhD on this topic through the Open University. The video can be
viewed on the CLF website. 

For more information on submissions the main contact is Alex
Robinson (Alex.Robinson@stfc.ac.uk).

Acknowledgements
We would like to acknowledge all of the staff and users who take
part in activities that promote the work of the CLF, and the wider
plasma community.

Figure 2- Keith Markey on the Laser 50 Stand
at Cheltenham Science Festival 2010

Figure 3 - Ceri Brenner wins I'm a scientist...
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HIGH POWER LASER SCIENCE   Femtosecond Pulse Physics

Femtosecond
Pulse Physics
An assessment of the reproducibility of the Gemini
retro focusing system

D. C. Carroll, M. Coury, G. Scott1, 
P. McKenna
(University of Strathclyde, Glasgow ,UK)

M. J. V. Streeter, H. Nakamura, Z. Najmudin
(Imperial College London, UK)

F. Fiorini, S. Green
(University of Birmingham, UK)

J. S. Green, P. Foster, R. Heathcote, K. Poder,
D. Symes, R. J. Clarke, R. Pattathil, D. Neely
(1STFC, Rutherford Appleton Laboratory, UK)

D. Carroll
david.carroll@strath.ac.uk

1

The retro-focus system in the Astra Gemini
laser area is used in experiments to
position solid targets relative to the tight
focus of the laser focused by the off-axis
parabolic mirror.

The consistency of positioning a target
relative to tight focus was tested. Multiple
attempts of positioning the target using the
retro-focus system were measured for
multiple operators.

It was found that any individual attempt at
placing a target at tight focus was not
sufficiently consistent to ensure that the
target position was within the Rayleigh
range. It was found that taking the average
of multiple attempts at positioning the
target was considerably more consistent
such that for all operators their average
was either close or within the Rayleigh
range.

Astra Gemini beam path with retro system
layout. It also shows how the beam path is split
between an upper and a lower level in the
chamber.

Coherent control of high harmonic
generation from relativistically oscillating
plasmas via elliptically polarized laser pulses

Coherent control of high harmonic
generation in transmission from
relativistically oscillating plasmas
generated on ultrathin (nm scale) foils
is examined for the first time using the
Gemini laser system. Clear
suppression of the generation process
using circularly polarised laser pulses
is verified in near 1-D interaction
geometry for the first time.

B. Dromey, M. Zepf, M. Yeung, T. Dzelzainis
(Queens University Belfast)

D. Kiefer, J. Schreiber 
(Max Planck Institute of Quantum Optics,
Garching, Munich, Germany)

F. Quere
(�Haute Intensite�, France)

R. Marjoribanks
(University of Toronto, Canada)

B. Dromey
b.dromey@qub.ac.uk

2

Typical ion and X-ray spectra recorded on the
MCP detector at the end of the detector. In
this shot the voltage on the Thompson
parabola plates is reduced for clarity of the
XUV spectrum.
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TLD measurements of electron and x-ray emission from 
different materials irradiated by the Gemini laser

In the experiment we used Thermo
Luminescent Dosimeter (TLD-700) chips to
record the dose released by electrons and
photons produced by the interaction of the
Astra Gemini laser and solid targets (Ta, Cu,
PMMA and SiO2). The TLD chips were
inserted between absorbers to form a
stack. Each stack was positioned around
the target as shown.

Through the dose absorbed by the TLD
chips we studied specific properties of the
electron and photon beams, such as the
energy and the angular distribution. In
addition, a system of magnets was 
deployed in front of some TLD stacks to
enable us to separately obtain the
contribution to the dose of the electrons
and photons beams.

The dependence of the beams’
characteristics on the material and
thickness of the irradiated targets is
reported. 

F. Fiorini, S. Green
(University of Birmingham,UK)

J. S. Green, D. Symes, K. Poder, R. Heathcote,
R. J. Clarke, R. Pattathil D. Neely
(STFC, Rutherford Appleton Laboratory, UK)

D. C. Carroll, M. Coury, G. Scott, P. McKenna
(University of Strath-clyde, Glasgow, UK)

M.J.V. Streeter, Z. Najmudin
(Imperial College London, UK)

F. Fiorini
fxf817@bham.ac.uk
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Experimental set-up showing the stack
disposition around the target on ZX plane.

The Petatron: A high-rep rate combination
diagnostic for laser-plasma experiments 

We demonstrate the design and operation
of a new combined diagnostic for the
characterisation of high intensity laser-
matter interactions. Traditionally ion,
electron and x-ray spectra have been
measured either on different shots
(assuming shot-to shot reproducibility) or
at the same time but from different
direction (assuming smooth, wide angle

and angularly uniform trends). These
various assumptions have been accepted in
a wide range of experiments however here
we have developed a diagnostic which
simultaneously measures Ion spectra
(Proton range: 4MeV-20MeV).

P. S. Foster
(STFC Rutherford Appleton Laboratory &
Queens University Belfast)

D. Kiefer, J. Schreiber, (Max Planck Institute of
Quantum Optics,Garching, Munich, Germany)

T. Dzelzainis, M. Yeung, B. Dromey, M. Zepf
(Queens University Belfast)

P. S. Foster
peta.foster@stfc.ac.uk
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Experimental schematic. Multi-TW
relativistic-irradiance femtosecond
laser pulse irradiating He gas jet
generates high-order harmonics
recorded with the grazing-incidence
flat-field soft X-ray spectrograph.
The magnet deflects accelerated
electrons.
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Measurement of laser-generated electron slope
temperature using electron stopping

A. G. Krygier
(The Ohio State University, USA)

R.B. Stephens, G. Lee, N. Alexander
(General Atomics, San Diego, USA)

D. Symes, K. Markey
(STFC, Rutherford Appleton Laboratory, UK)

A. G. Krygier 
krygier.5@osu.edu
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Measurements of Kα fluorescence from
buried layers of Ni and Cu have been used
to investigate the energy of laser-
generated hot electrons by characterizing
their transport range. The x-ray emissions
were recorded using a cylindrically bent
crystal HOPG spectrometer. The
approximate slope temperature of the hot
electrons, Te, and its variation with laser
intensity, IL, are inferred from the relative
fluorescence intensities of the buried layers
at different depths. The Monte Carlo code
MCNP is used to model the transport of the
hot electrons and infer Te. Simulations
using non-relativistic calculations of the
electron source and the hybrid PIC code
LSP will be necessary to properly simulate

the experimental results.  Extensions of this
experimental work combined with
modeling have the potential to further
reveal the basic physics of how hot
electrons transport solid materials.

X-ray fluorescence from (right
to left) Ni-Kα, Cu-Kα, Ni-Kβ
(very faint).

Relativistic high-order harmonics from gas jets
and their power scaling

A. S. Pirozhkov, M. Kando, T. Zh. Esirkepov, 
A. Ya. Faenov, T. A. Pikuz, T. Kawachi, 
A. Sagisaka, J. K. Koga, M. Mori, K. Kawase,
T. Kameshima, Y. Fukuda, L. Chen, I. Daito, 
K. Ogura, Y. Hayashi, H. Kotaki, H. Kiriyama,
H. Okada, T. Imazono, K. Kondo, T. Kimura, 
T. Tajima, H. Daido, Y. Kato, S. V. Bulanov
(Quantum Beam Science Directorate, JAEA),

P. Gallegos, J. Green, P. Foster, C. M. Brenner, 
D. R. Symes, R. Pattathil, D. Neely 
(STFC, Rutherford Appleton Laboratory, UK) 

M.Coury, P. McKenna 
(University of Strathclyde)

H. Ahmed, B. Dromey, M. Borghesi 
(Queen’s University Belfast)

E. N. Ragozin 
(Russian Academy of Sciences)

N. Nishimori
(Laser Application Technology Division, JAEA)

A. S. Pirozhkov
pirozhkov.alexander@jaea.go.jp
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We demonstrate generation of soft X-ray
high-order harmonics in experiments with
multi-TW relativistic-irradiance
femtosecond lasers focusing into Helium
gas jet targets. Both odd and even
harmonic orders with down-shifted base
frequency are emitted in the forward
direction while the driving laser
polarization can be linear or circular. The
harmonics have the angular distribution
width of a few degrees and the photon
yield is scalable with laser power,
increasing by ~2 orders of magnitude as
the power increases from 9 to 120 TW. 

The observed harmonics cannot be
explained by previously suggested
mechanisms. We introduced a new
harmonic generation mechanism where
harmonics are collectively emitted by an
oscillating electron spike formed at the
joint of boundaries of a cavity and bow
wave created by a relativistically self-
focusing laser in underdense plasma. The
spike sharpness and stability are explained
by catastrophe theory. The mechanism is
corroborated by particle-in-cell
simulations.

Experimental schematic.
Multi-TW relativistic-
irradiance femtosecond
laser pulse irradiating He
gas jet generates high-
order harmonics
recorded with the
grazing-incidence flat-
field soft X-ray
spectrograph. The
magnet deflects
accelerated electrons.
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Characterisation of temporal contrast following
a double plasma mirror system

Many experiments performed using short
pulse lasers generating intensities
approaching 1022 Wcm-2 require an
exceptionally high level of pulse contrast.
On Astra-Gemini we improve the final
contrast using a double plasma mirror
system so that the peak of the pulse
interacts with an undisturbed target. We
have measured the temporal profile of the
laser pulse after the plasma mirrors to
verify that prepulses are not transmitted
and to investigate their effectiveness in
eliminating the coherent pedestal which
rises before the main pulse on a ~10ps
timescale. We find a contrast of >109 up to
2 ps and 106 at 1.1 ps before the peak
intensity. The onset of plasma mirror
reflectivity occurs earlier than expected
and suggests a lower threshold intensity,
possibly caused by a degradation of the

optic through irradiation with low level
prepulses. Further investigations of this
effect should lead to improvements in
plasma mirror performance. 

D. R. Symes, K. Poder, P. S. Foster, N. Booth,
Y. Tang, O. Chekhlov, S. J. Hawkes and 
R. Pattathil 
(STFC, Rutherford Appleton Laboratory, UK)

B. Dromey, D. Kiefer, T. Dzelzainis, 
M. Yeung, T. Marshall and M. Zepf 
(Queen’s University Belfast, UK)

D.R. Symes
dan.symes@stfc.ac.uk
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Astra-Gemini pulse contrast measured using
the 10Hz beam (grey) and with full power
shots (blue). The green data was measured
after passage through the double plasma
mirror system.
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High Energy Laser
Interactions
Characterisation of collisionless shocks in tenuous plasma

H. Ahmed, D. Doria, E. Ianni, G. Sarri, 
R. Prasad, K.Quinn, I. Kourakis and 
M. Borghesi
(Queen’s University Belfast, U.K)

L. Romagnani 
(LULI, École Polytechnique, France)

M. Cerchez, A. L. Lindemann, O. Willi
(University of Düsseldorf, Germany)

H. Ahmed
hahmed02@qub.ac.uk
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The observation and characterisation of
collisionless shock waves generated in
laser plasma interactions is presented. The
shock waves are generated by long pulse
(~1ns), intense (1015 W/cm2) laser
irradiation of solid targets and are observed
to propagate in a tenuous (1013-1016 cm-3),
non magnetized background plasma. These
nonlinear entities are detected and
characterized by employing a proton
imaging technique, which allows the
simultaneous detection of propagation
velocity, width of the shock front and
electrostatic field associated with the

shock, with high spatial and temporal
resolution.  Ion Acoustic Solitons (IAS) were
observed under certain conditions and as
inferred from reconstructed associated
electric field profile. The variation of IAS
velocity and width as a function of the
ambient parameters was characterized. 
The data show an increase in velocity and
decrease in width as the density of the
background plasma (generated via photo
ionization of controlled, low density gas in
a gas cell) is increased. 

(a) Proton image of the interaction of
nanosecond pulse with 50µm thick Au stripe,
showing shock structure created by the
expansion of laser-ablating plasma into
tenuous plasma at 350ps after the
interaction. (b) zoom of observed structure
and (c) reconstructed electric field associated
with shock structure. 

The effect of using multiple laser pulses on the angular
distribution of laser accelerated proton beams

Presented in this report are the results of a
laser proton acceleration campaign in
which two, relativistically intense laser
pulses are incident on a solid foil with a
very fine temporal separation of a few
picoseconds. We report here on how,
along with enhancement of the laser-to-
proton conversion efficiency (as first

reported by Markey et al [1]), the double-
pulse acceleration technique can also be
used to improve and change the angular
distribution of the proton beam dose in the
detector plane.

1. K. Markey et al., Physical Review Letters
105, 195008 (2010).

C. M. Brenner*, D. C. Carroll, M. N. Quinn, 
P. McKenna
(University of Strathclyde, UK)

K. Markey, K. L. Lancaster, A. P. L. Robinson,
J. S. Green, D. Neely,
(*STFC, Rutherford Appleton Laboratory, UK)

M. Gunther, K. Harres, F. Nurnberg, M. Roth
(Institut fur Kernphysik, Technische Universitat
Darmstadt, Germany)

S. Kar, M. Zepf, 
(Queen’s University Belfast, U.K.)

C. M. Brenner
ceri.brenner@stfc.ac.uk

Example pieces of RCF irradiated with a
proton beam produced by using (left to right)
the single pulse and the double pulse
technique with temporal separation of 
0.75 ps, 1.5 ps and 2.5 ps respectively, with a
100 µm thick Au foil target. The proton energy
that this piece represents is 7.3 ± 0.2 MeV.    

9
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Implications of primary and secondary sources
of debris for ultrathin targets on Vulcan Petawatt

Ultrathin targets (nm) are irradiated with
ultrahigh intensity laser pulses. Debris from
the target and the frame supporting the
ultrathin target foil was found to be
generating secondary debris from nearby
surfaces. This debris resulted in the loss of
ultrathin foils in the vacuum chamber that

were intended for subsequent shots. A
simple debris shield solution was
implemented and found to be successful in
protecting the ultrathin foil targets in the
hostile environment near the laser
interaction. 

D. C. Carroll, D. A. MacLellan, G. Scott1 and
P. McKenna
(University of Strathclyde, UK)

S. Kar, R. Prasad, K. F. Kakolee, H. Ahmed, 
D. Doria and M. Borghesi
(Queen's University Belfast, UK)

M. Notley, R. Heathcote, D. Neely

(1STFC, Rutherford Appleton Laboratory, UK)

D. C. Carroll
david.carroll@strath.ac.uk
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The left side shows a schematic
of the debris shield put in place
to protect the targets. Note that
the top edge of the shield should
be low enough to avoid target
debris hitting it and bouncing
back as otherwise this defeats
the purpose of the shield. The
right side shows the debris shield
after a single pump down. The
debris deposited coming back
towards the target wheel can
clearly be seen on the white
debris shield.

Effects of laser pulse parameters
on TNSA proton acceleration

M. Coury, D. C. Carroll, X. H. Yuan1, C. M.
Brenner2, R. J. Gray, M. N. Quinn, O. Tresca
and P. McKenna
(University of Strathclyde, UK)
(1 State Key Laboratory, China)
(2 STFC, Rutherford Appleton Laboratory, UK)

K. L. Lancaster, A.P.L. Robinson and D. Neely
(STFC, Rutherford Appleton Laboratory, UK)

M. Burza and C.-G. Wahlström
(Department of Physics, Lund University,
Sweden)

Y. T. Li and X. X. Lin
(Beijing National Laboratory, China)

M. Coury
mireille.coury@strath.ac.uk

Experimental proton maximum
energy as a function of
laser intensity.

11

Relativistic electron beams, generated
during high power laser-solid interactions,
drive multi-MeV ion acceleration. Laser
energy coupling to relativistic electrons
and the accelerated MeV protons are
experimentally investigated for laser
intensities from 1x1018 W/cm2 to 
6x1020 W/cm2, by variation of the laser
pulse energy for a fixed laser spot size, and
by variation of the laser focal spot at fixed
laser energy.

Higher proton energies are measured, at a
given laser intensity, for large laser energy
and focal spot compared to lower energy
and smaller focal spot case.

This work highlights the importance of the
laser energy coupling to fast electrons, in a
defocused geometry, on the maximum
proton energy. 
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Features of ion acceleration from
ultra-thin foils on Vulcan Petawatt

N. P. Dover, C. A. J. Palmer, M. J. V. Streeter,
S. R. Nagel and Z. Najmudin
(Imperial College London, UK)

R. Heathcote, M. M. Notley, G. Scott and 
D. Neely 
(STFC, Rutherford Appleton Laboratory, UK)

B. Albertazzi, M. Nakatsutsumi and J. Fuchs
(LULI, École Polytechnique, CNRS, CEA)

H. Ahmed, K.F. Kakolee, S. Kar, R. Prasad, 
M. Zepf and M. Borghesi
(Queen’s University Belfast)

D.C. Carroll, D.A. MacLellan and P. McKenna 
(University of Strathclyde)

A. Kon,  M. Tampo and R. Kodama
(Graduate School of Engineering, Japan)

P. Hilz and J. Schreiber

(Max-Planck-Institut für Quanten Optik,
Germany) 

N. Dover
nicholas.dover08@imperial.ac.uk
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The acceleration of protons and ions from
the interaction of the Vulcan Petawatt
laser pulse with ultra-thin, nanometre scale
diamond-like-carbon foils has been
investigated experimentally.  A preliminary
analysis presented here shows a variety of
different structures in the proton beam,
indicating a number of different
acceleration mechanisms.  Observed
features include 1) low energy ring
structures, due to channel formation as the
target becomes underdense; 2)
filamentation for 5 and 10 nm targets due
to the Rayleigh-Taylor instability; 3) central

non-thermal peaked proton beams due to
‘self cleaning’ of the lower charge density
proton species; 4) a smooth off-axis proton
beam going to higher energies with a
characteristic low flux, possibly related to
post-acceleration in the relativistic
transparency regime. By gaining a deeper
understanding of the acceleration
mechanisms, further experiments should be
better positioned to optimise the
experimental parameters needed to reach
high proton and carbon energies with
higher efficiencies.

Example of radiochromic film
scans showing proton energy
deposition from the interaction
of the Vulcan Petawatt pulse
with a 5 nm DLC target.  From a)
to f), the energy corresponding
to each layer is 4, 8, 14, and 20,
24 and 30 MeV respectively,
where d-f) have been
individually contrast enhanced
to see detail.  There was a gap
of 7 mm between the top and
bottom pieces.

Effects of density scale length on critical surface morphology
via measurements of laser specular reflectivity 

R. J. Gray and P. McKenna
(University of Strathclyde, UK)

O. Culfa, R. J. Dance, A. K. Rossall, 
E. Wagennaars and N. Woolsey
(University of York, UK)

C. R. D.  Brown and D. J. Hoarty
(AWE Aldermaston, UK)

N. Booth  and  K.L. Lancaster
(STFC Rutherford Appleton Laboratory, UK)

T. Kampfer, K. S. Schulze and I. Uschmann
(Institut für Optik und Quantenelektronik, 
Friedrich-Schiller-Universität Jena, Germany) 

S.A. Pikuz
(Moscow State University, Russia) 

R. J. Gray
ross.gray@strath.ac.uk
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Developing applications of  intense laser-
solid interactions requires not only a
thorough understanding of the bulk
transport physics but also a detailed
knowledge of the laser interaction with the
target front surface. 

High power lasers often have some level of
ASE/pre-pulse which generates plasma on
the front surface of the target prior to the
arrival of the main pulse. The density
profile of this plasma has significant
implications for the laser energy absorption
and laser-electron coupling.

In this report we demonstrate a novel
diagnostic of the preplasma  density profile
by measuring the divergence of the laser
beam reflected from the relativistic critical
surface. In contrast with the commonly
used technique of transverse optical probe
interferometry, which is restricted to
densities much  less than critical, this
technique has the potential to measure the
density profile of the preplasma up to the
relativistic critical density surface.

Top view of
experimental setup.
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Scaling of ion spectral peaks in a hybrid RPA-TNSA regime

Employing the Vulcan Petawatt laser of the
Rutherford Appleton Laboratory, UK, the
effect of Radiation Pressure on the spectra
of ions accelerated from thin foils has been
investigated. For sufficiently thin targets,
the data shows features consistent with
onset of the Light Sail regime of RPA
(narrow band ion spectra with energy up to
20 MeV/nucleon), in competition with the
TNSA mechanism. The ion energy scaling
obtained from parametric scans agrees
well with theoretical estimations and
particle in cell simulations. 

K. F. Kakolee, S. Kar, D Doria, M. Geissler, 
B. Ramakrishna, G. Sarri, K. Quinn, M. Zepf,
M. Borghesi 
(Queen’s University of Belfast)

A. Macchi 
(Universit`a di Pisa, Italy),

J. Osterholz, M. Cerchez, O. Willi
(Heinrich Heine-Universitat Dusseldorf,
Germany)

X. Yuan, P. McKenna
(University of Strathclyde, Glasgow) 

K. F. Kakolee
kkakolee01@qub.ac.uk
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Ion spectra of different ion species from
irradiation of 100 nm thick Cu foil by the
Vulcan Petawatt laser at an intensity
3×1020W/cm2

Reflectivity measurements in ultraintense
laser-plasma interactions

D. A. MacLellan, D. C. Carroll, G. Scott*, 
P. McKenna
(University of Strathclyde, UK)

M. Notley, R. Heathcote, D. Neely,
(*STFC, Rutherford Appleton Laboratory, UK)

M. J. V. Streeter, N. Dover, S. Nagel, 
C. Palmer, Z. Najmudin
(Imperial College London, UK)

J. Schreiber
(Ludwig-Maximilians-Universität München,
Germany and Max Planck-Institut für
Quantenoptik)

S. Kar, R. Prasad, K. F. Kakolee, H. Ahmed, 
D. Doria and M. Borghesi

(Queen's University Belfast)

D. MacLellan
david.maclellan@strath.ac.uk
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Reflected second harmonic spectra from carbon of  thickness 10nm,
25nm and 50nm. The blue line denotes the second harmonic of the
fundamental wavelength. Strong spectral modulations, line shifting
and linewidth broadening are shown which correspond to movement
of the critical density surface.

The interaction of an ultraintense laser
pulse with a solid density target is of
fundamental importance to a number of
applications, such as the Fast Ignition
approach to Inertial Confinement Fusion
and laser-driven ion acceleration. Key to
this interaction is the role of critical density
surface dynamics on coupling the laser
pulse energy into the plasma. The
absorption and transport of this energy is
therefore of critical importance .
In this report, we describe spectral

measurements of  backreflected light from
laser-plasma interactions at intensities
>1020 Wcm-2. We show that these
measurements can give an indication of
the critical surface dynamics under intense
laser drive. Preliminary examination of the
underlying physics is given, as well as
potential future directions for this research.
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Lattice structure effects on energetic electron
transport in solids

D. C. Carroll, M. N. Quinn, X. H. Yuan1, 
C. M. Brenner2, M. Coury, P. Gallegos2, 
R. J. Gray, O. Tresca, P. McKenna
(University of Strathclyde, UK) 
(1Shanghai Jiao Tong University, China)
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(2STFC, Rutherford Appleton Laboratory, UK)
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(Sandia National Laboratories, Albuquerque,
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M. Burza, C.-G. Wahlström
(Lund University, Sweden)

X.X. Lin, Y. T. Li
(Beijing National Laboratory of Condensed
Matter Physics, China)

D. C. Carroll
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The effect of lattice structure on the
transport of energetic (MeV) electrons in
solids irradiated by ultraintense laser pulses
is investigated.  Various allotropes of
carbon are used to investigate lattice
effects independent of target element.
Smooth electron transport in diamond and
beam filamentation in less ordered forms

of carbon is observed. The highly ordered
lattice structure of diamond is shown to
result in a transient state of warm dense
carbon with metallic-like conductivity, in
the temperatures range of 1–100 eV,
leading to suppression of electron beam
filamentation.

High-energy proton acceleration using an innovative
plasma-based fast (f/0.6) focusing optic

M. Nakatsutsumi, B. Albertazzi 
S. Buffechoux, and J. Fuchs  

(LULI, École Polytechnique,  France), 

A. Kon, M. Tampo and R. Kodama 
(Osaka University, Suita, Japan)

N. P. Dover, C. A. J. Palmer, M. J. V. Streeter,
S. R. Nagel, and Z. Najmudin 
(Imperial College London, UK) 

J. Schreiber 
(Max Planck Institute Quantum Opt.,Germany)

R. Marjoribanks
(University of Toronto, Toronto)

R. J. Clarke, R. Heathcote, J. S. Green, 
M. M. Notley and D. Neely
(STFC, Rutherford Appleton Laboratory, UK)

M. Nakatsutsumi
motoaki.nakatsutsumi@polyhtechnique.edu 
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Achieving ever-higher irradiance for lasers
holds great promise as it opens access to
applications ranging from extreme
nonlinear physics to the generation of
bright sources of coherent radiation and
particles, fast ignition of fusion targets, or
hadron therapy. Further enhancement of
irradiance is planned through laser energy
increase and pulse-duration reduction. An
alternate route would be to decrease the
focused spot size, but this is limited by the
impracticality of extremely low f-number
(high NA) focusing optics for conventional
parabolic reflectors. We demonstrated an
f/# = 0.6 optic that is a plasma-based,
compact (~ 1 cm3), ellipsoidal reflector. 

It reduces the spot size multiple-fold
compared to standard focusing, leading to
substantial enhancement to both the laser
intensity and the maximum energy of the
resultant proton beam. We applied this
novel plasma optic at the Vulcan PetaWatt
facility to accelerate the laser-generated
protons to a much higher energy than
previously observed.

Spatial-intensity profile
measurements (lower half) of
the proton beam, at energy
10 MeV, for a) diamond and
b) vitreous carbon. 
c) Variance in the proton
signal near the centre of the
proton beam, for given target
materials with increasing
room temperature
conductivity left to right. 
d) Variance in the proton
signal with increasing atomic
ordering from left to right.
Error bars correspond to
statistical variations over the
multiple samples.

Experimental setup for tight focusing of ultrahigh
intensity Vulcan PetaWatt laser pulses by low f/#
confocal ellipsoid plasma mirrors (EPM). Direct
measurement of the focal spot shows that the focal
spot size is reduced by a factor of ~3.  
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Measurement of Rayleigh-Taylor instability growth in a layered
target heated by a high power short pulse laser

A. K. Rossall, I. A. Bush, C. P. Edwards, G. J.
Tallents, N. C. Woolsey and J. Pasley
(University of York, UK) 

W. Nazarov
(University of St. Andrews, UK)

K. Lancaster, T. Winstone, C. Spindloe, and
H. Lowe 
(STFC,  Rutherford Appleton Laboratory, UK)

P. Morantz
(Cranfield University, UK)

J. Pasley
john.pasley@york.ac.uk
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The Rayleigh-Taylor (RT) instability, as
observed in inertial confinement fusion and
astrophysics, occurs when a lighter fluid
accelerates a heavier fluid, causing
instability between two immiscible fluids.
Slight irregularities between otherwise
planar layers increase rapidly in time
creating ‘finger-like’ ridges of dense
material moving around bubbles of the less
dense fluid.

The work presented here uses a 300J, 3ps
pulse from the Vulcan laser to
volumetrically heat a two layer target of
copper and CH plastic with an
approximately sinusoidal perturbation at
the interface between the two materials.
Upon radiative cooling of the Cu this

creates an RT unstable plasma.  The
evolution of this plasma is investigated by
performing back-lit radiography at
different times using Kα x-rays from a Ti
foil illuminated separately by a 2ps, 100J
laser pulse. These Kα x-rays are imaged
using a spherically bent SiO2 crystal.

A CH/Cu target, seeded with an initial
perturbation of amplitude 300nm at the
interface between the two materials,
demonstrated RT growth in the first 100ps
after the laser interaction with a growth
rate of γ = 10 ± 2 ns-1.

The total change in transmission, ΔT, from
peak to trough of the target perturbation as
a function of time delay between the heating
pulse and the pulse generating the titanium
Kα back-lighter.  The dashed line represents
the experimentally measured value of ΔT for
the cold RT target.

Proton beam steering from ultra-thin foils irradiated by
intense laser pulses

While ion beams accelerated from thin
foils via Target Normal Sheath
Acceleration are typically directed (as the
name implies) along the normal to the
irradiated target, in a number of
experiments [1,2] a beam deflection from
target normal has been observed and
attributed to the effect of target rear
deformation induced by shock waves
launched into the target by the ASE
prepulse. A similar effect has been recently

observed on the VulcanPetawatt laser
when irradiating sub-micron Cu foils at
intensities exceeding 1020 W/cm2 and
employing a plasma mirror (PM) to
enhance the laser contrast. Even for
normal incidence a substantial deviation,
from the target normal was observed, and
the deflection angle showed a correlation
with the incidence angle. The
phenomenology of the results, and
particularly the comparison with shots at
lower contrast, shows clear differences
from the previous observations described
above. It appears likely that these results
are related to non-ideal PM operation due
to a strongly uneven near field profile.
Further analysis and modelling is required
in order to clarify how this can affect the
ion acceleration dynamics.
1. F. Lindau et. al., Phys. Rev. Lett. 95, 175002 (2005)

2. K Zeil et. al., New Journal Phys. 12, 045015 (2010)
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Deviation of proton beam from target normal
direction observed for 15° (clockwise
rotation from the top) laser incidence on a
100nm Cu foil target. In (a) schematic of the
experimental measurement is drawn. In (b)
The corresponding beam profile and its
position imprinted on a RCF layer is shown.
The vertical line is shadow of wire attached
to the stack in order to define laser axis. For
this case beam deviation about 30° is
observed. 
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Formation of plasma channel with long pulse interaction 

The propagation of an intense laser pulse
through fully ionised plasma has been
investigated extensively in the last decade
[1]. There are a number of applications that
require the formation of a stable channel in
underdense plasma. The aim of the
experiment was to study laser channelling
in underdense plasma by laser pulses of
comparatively long duration, emulating the
one proposed by Li et al. [1], focused into a
supersonic deuterium gas jet at various
densities. It is shown that even when the
laser power is below the threshold for
relativistic self-focusing the ponderomotive
force is able to create a longitudinally

smooth channel. We report here on the
experimental observation of plasma
channels created by focusing a high intense
long pulse laser (30 ps) into a deuterium
gas jet. The size of the plasma channel was
measured to be ∼ 2 mm in length and the
diameter of the plasma channel was 
∼300 μm for higher densities.

1.G. Li et al., Laser Channeling in Millimeter-
Scale Underdense Plasmas of Fast-Ignition
Targets. Physical Review Letters. 100:125002
(2008).
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Sketch of experimental
setup.

Characterisation of debris emission from PW
laser solid interactions

O. Tresca, D. C. Carroll, X. H. Yuan, M. Coury,
R. J. Gray, M. N. Quinn, C. M. Brenner1, 
and P. McKenna
(University of Strathclyde, UK)

K. L. Lancaster and D. Neely
(1STFC Rutherford Appleton Laboratory, UK)

O. Tresca
olivier.tresca@strath.ac.uk
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We report on the characterisation of
particulate debris produced by PW laser
pulse interactions with solid targets. It is
shown that the debris emission is mostly
directed along the target normal direction,
for both the emission coming from the
front and rear surface. The size and density
of the debris increase with increasing
target thickness. It is found that liquid
debris is emitted in a ring like
distribution centered on the target
normal direction with a radius found to
increase approximately linearly with
target thickness. This observation
indicates a constant divergence of the
debris corresponding to the divergence

of the shock wave inside the target. The
divergence half angle of the rear surface
debris emission is found to be ~16o. It is
also found that in the case of layered
targets, large portions of the buried layer
can survive the laser interaction and be
ejected in the target normal direction.

(a) Measured and calculated front
surface debris emission direction
for varying laser incidence angle.
(b) Radius of the rear debris
emission distribution as a function
of target thickness. (c) Variations

of the size of the debris
particulate with increasing target
thickness. (d) Variations of the
rear debris emission density as a
function of the target thickness
for different target types.
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Exotic x-ray spectra from ultra-intense laser
driven hollow atom transitions  

22

The fundamental science of high intensity
interaction with atoms and molecules is a
large and rich area of study with the
relativistic regime (Iλ2 > 1019 W cm-2 µm2)
remaining relatively unexplored. Hollow
atoms are atoms or ions with an empty
inner shell and occupied outer shell [1], and
K-shell hollow atoms have an empty
principal quantum number n = 1,
innermost, shell. These exotic ions are
short-lived and are created by K-shell
double ionization with photon, electron or
ion collisions, and in nuclear α, β, electron

capture (EC) decays. Hollow atom states
are of fundamental interest and an
example of systems far from equilibrium.
Double photo-ionisation is of great interest
as the advent of intense, tunable free-
electron lasers in the soft x-ray region
offers the possibility of creating large
populations of hollow atoms. 

1. J. P. Briand et al., Phys. Rev. Lett. 65, 159
(1990)

Aluminium K-shell spectra
recorded using the FSSR
spectrometer from the front
(laser irradiated) surface. 
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Theory
and Computation
Super-Gaussian transport theory and
field generating instability in laser-plasmas

J. J. Bissell and R. J. Kingham
(Imperial College London, UK)
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Inverse bremsstrahlung (I.B.), which is a key
heating mechanism in long-pulse laser
systems and distorts the electron
distribution function towards a super-
Gaussian, impacts on thermal transport by
modifying the equations of classical
transport theory (C. P. Ridgers et al., Phys
Plas. 15, 092311 [2008]). In this report we
examine these modified equations, and
show that super-Gaussian effects both
suppress traditional phenomena and
introduce a new magnetic field advection
effect in the direction of increasing density.
Suppression of traditional effects is shown
to be most pronounced in the limit of low
Hall-Parameter χ, in which case the Nernst
effect is reduced by a factor of five, the
∇Te×∇ne field generation mechanism by
~30%, and the diffusive and Righi-Leduc
heat-flows by ~80% and ~90%
respectively.

Given such strong inhibition of transport
effects at low χ, we explore the impact of
I.B. on the seeding and evolution of
magnetic fields in un-magnetized
conditions by re-deriving the well-known
field-generating thermal instability (D. A.
Tidman and R.A. Shanny, Phys Fluids 17, p.
1207 [1974]) in the light of super-Gaussian
transport theory. Calculations based on
conditions in an inertial confinement (I.C.F.)
hohlraum demonstrate that super-Gaussian
effects reduce the growth-rate of the
instability by more than ~70%. This may
be important for I.C.F. fusion experiments,
since by increasing the strength of I.B.
heating, it would appear possible to inhibit
the spontaneous generation of large
magnetic fields.

Suppression of the Nernst
effect (left-hand plot)
visualised by plotting
[β∧(m)+γ∧(m)]/β∧(2) as a
function of χ for different
values of super-Gaussian
power m.

High-field electrodynamics in plasmas

Non-linear theories of electrodynamics
have received much attention over many
decades. In particular, recent years have
seen a resurgence of interest in Born-
Infeld electrodynamics following its
rediscovery during the first superstring
revolution in the mid-1980s. In particular,
it has been suggested that pathologies in
the dynamical behaviour of a radiating
point charge, such as those described by
solutions to the Lorentz-Dirac equation,

may be avoided by appealing to Born-
Infeld, rather than Maxwellian,
electrodynamics. Motivated by the above
considerations, we summarize our recent
exploration of Born-Infeld electrodynamics
within the context of plasma physics. We
examine the behaviour of linear waves in a
magnetized Born-Infeld plasma, and
summarize the properties of non-linear
waves near breaking. 

D.A. Burton and H. Wen
(Lancaster University and The Cockcroft
Institute, UK)

D. A. Burton
d.burton@lancaster.ac.uk
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2D hydrodynamic code development and simulations
relevant to fast ignition fusion targets

Details of the development of a 2D
hydrocode are presented, along with some
initial results.  The hydrocode includes
separate temperatures for ions and
electrons, as well as ion-electron
equilibration and thermal conduction.

The hydrodynamic response of a plasma
subjected to strong Ohmic heating, via
relativistic electron beams used in fast-
ignition fusion, is an important concept.  

If the target used to get the relativistic
electron beams into the centre of the fuel
does not stay intact for long enough it will
prevent the compressed fuel from being
heated.  A test simulation is presented
here, with simulations relevant to fast-
ignition fusion to be preformed in the
future.

I. A. Bush and J. Pasley
(University of York Heslington, UK)

A. P. L. Robinson
(STFC, Rutherford Appleton Laboratory, UK)

I. A. Bush 
iab500@york.ac.uk
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Electron temperature at 0 and 20 ps, for
an aluminium plasma starting at solid
density, with an initial uniform ion
temperature of 100 eV.

Evolution of a short pulse via ray tracing

R. A. Cairns
(University of St Andrews)

R. A. Cairns
rac@st-andrews.ac.uk
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Evolution of a pulse with a
Gaussian envelope launched into
a constant density plasma. The
exact solution (red) can be
calculated and compared with the

approximation (blue). After a
sufficient propagation distance
the solutions are essentially
indistinguishable.

A recent paper (Cairns and Fuchs, Nucl.
Fusion 50, 095001, 2010)  describes how
ray-tracing may be used to reproduce the
wave pattern  produced by a small antenna
launching a wave into a plasma. The 
present work uses the same ideas to look
at propagation of a short pulse in a plasma
with arbitrary space and time dependence
of the density. It involves launching a
multiple set of rays each corresponding to
a different Fourier component of the initial
pulse. 

The exact wave profile sufficiently far from
the launch point can then be reconstructed
from an algorithm using only the
information contained in the rays. Enough
rays to give good resolution of the pulse
can be followed over a long time scale
with much less computational effort than
is needed for solution of the exact wave
equations. This may be a useful tool in
some laser-plasma problems.
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Calculation of Siegert states of molecules
in electric field : an H2

+ study
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(University of Electro-communication, Japan)
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The ionization of atoms and molecules by
an intense laser field has been investigated
extensively in the last few decades, both
theoretically and experimentally. While the
MO-ADK model [1] based on the semi
classical asymptotic theory has been
widely used to estimate the ionization
rates for various molecular systems, it is
known to work well only for relatively
weak fields in the tunnelling regime. 
A new more reliable theory for strong field
ionization of molecules is hence necessary.
We use a soft Coulomb model potential to

study H2
+ molecular ion in electric field up

to 0.5 a.u. We obtained energies and
ionisation rates for the ground state σ. 
The energies are compared with energies
obtained from perturbation theory and the
ionisation rates are compared with data
obtained from MOADK. We can observe a
good agreement below the limit of
accuracy of the method used for
comparison.

1. A. J. F. Siegert, Phys. Rev. 56, 750
(1939)

Electric field dependent energies and ionisation rates
obtained with two soft Coulomb potential model with
softening parameter bb=0.09 and bb=0.0009 compared
with energies obtained from perturbation theory
calculation and ionisation rates obtained from MOADK.

Radiation reaction in ultra-intense laser fields

T. Heinzl
(University of Plymouth, UK)

C. Harvey 
(Umeå University, Sweden)

Tom Heinzl
theinzl@plymouth.ac.uk
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With lasers reaching higher and higher
intensities (such that the dimensionless
laser amplitude a0 >> 1) effects of radiation
reaction can no longer be neglected.  As
long as the Lorentz force remains larger
than the reaction force, radiation loss
effects on moving charges are consistently
described by the Landau-Lifshitz equation
of motion. Both for infinite and pulsed a
plane wave fields this equation can be
solved analytically. Radiation reaction can
then be quantified in terms of a symmetry
breaking parameter associated with the
violation of null translation invariance in

the direction opposite to the laser beam. In
more physical terms, for a plane wave with
wave 4-vector k, this parameter is just the
laser frequency, Ω = k · u, ‘seen’ by the
electron in its instantaneous rest frame co-
moving with 4-velocity u. Hence, Ω ceases
to be conserved in the presence of
radiation reaction.

Laser frequency Ω in units of its initial
value Ω0 as ‘seen’ by the electron during
the passing of a 10-cycle pulse as a
function of invariant phase, φ = k · x.
Black line: Constant result without
radiative reaction. Red line: Solution of
the Landau-Lifshitz equation.
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Time-dependent R-matrix theory for ultra-fast processes

Recent developments in laser technology
may offer opportunities to observe, and
possibly alter, how electrons move within
atoms and molecules. We have developed
a new theory, time-dependent R-matrix
theory, to investigate how the repulsion
between electrons affects the movement
of several electrons simultaneously. 

As a first application of this theory we
have shown how the correlated dynamics
of several electrons can be visualised
through momentum distributions of the
ejected electrons in a pump-probe scheme.
These distributions change depending on
the delay between the two laser pulses. In
a second application of this theory we
study the role of electron-electron
repulsion on harmonic spectra.

At present, our research is focused on
dynamics which is fully driven by the
repulsion between the electrons. 

The next challenge is to understand how
the full multi-electron dynamics is built
from dynamics arising from each of the
individual forces in the atom. 

A. C. Brown, S. Hutchinson
and H. W. van der Hart  
(Queen’s University Belfast) 

H W van der Hart
h.vanderhart@qub.ac.uk
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Typical ejected-electron momentum
distribution obtained for singly charged
carbon ions excited by a six-cycle laser
pulse with 10.9 eV photons and
subsequently ionized by a six-cycle laser
pulse with 16.3 eV photons.

Molecular dynamics simulations
for the viscosity of non-ideal plasmas

Viscosity is a fundamental characteristic
property of all liquids.  Recently, it was
shown that the viscosity of non-ideal
plasmas - which have liquidlike properties -
could in principle be measured in x-ray
scattering experiments on laser produced
plasmas.  With this in mind, it is desirable
to have theoretical estimates of the
viscosity of non-ideal plasmas.  In this
contribution, we discuss two methods for
computing the viscosity and present our

numerical
results.  We
expect that
in the future
our viscosity
calculations will be
used to assist with the
interpretation and analysis of x-ray
scattering experiments, which could in
principle measure this fundamental
quantity.

J. P. Mithen and G. Gregori 
(University of Oxford, UK)
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james.mithen@physics.ox.ac.uk
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Transverse current correlation
function of the Yukawa 
one-component plasma and
its decay which, in the
hydrodynamic regime, is
governed by the shear
viscosity.
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Kinetic theory of radiation reaction
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The development of ultra-high intensity
laser facilities requires a detailed
understanding of how accelerating charged
particles interact with their own radiation
fields.  The Abraham-Lorentz-Dirac (ALD)
equation - the standard description of
radiation reaction - is beset with
difficulties, but when handled with care
can provide useful information.

A kinetic theory has been developed, based
on the exact ALD equation.  Although the
unphysical solutions of the ALD equation
obstruct the reduction of this theory to the

usual Vlasov-Maxwell system in the
appropriate limit, its moments give rise to a
fluid theory which does have the correct
limiting behaviour.

As a simple illustration of the theory, the
radiative damping of Langmuir waves gives
rise to a modified dispersion relation.  A
new unphysical instability is found,
originating from the runaway solutions of
the ALD equation, which must be rejected,
leaving the physical solutions which display
the correct slow damping.

Simulating prolific pair-production
in 10PW laser-plasma interactions 

32

With the next generation of high intensity
lasers it will be possible to access the
regime in which Quantum Electrodynamics
(QED) plays an important role.  Specifically,
the laser-fields may be sufficiently strong
to generate electron-positron pairs.  The
controlling parameter determining the rate
of pair production is

(1)

Here E⊥is the electric field perpendicular to
the direction of motion of the electron Es
(= cBs =1.3x1018Vm-1) is the Schwinger
field.  Pair production becomes important
when η becomes of the order of 0.1.  For
an intensity of 1023Wcm-2 the electric field
of the laser is of the order of 1015Vm-1.
From  equation (1) one can see that when
the Lorentz factor of the electrons (γ)  is of
the order of 100 then pairs should be
produced in significant quantities.
Electrons are accelerated to this energy by
a 10PW laser.
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The magnetic switchyard: Guiding fast electrons for fast ignition ICF
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We propose a new scheme for guiding fast
electrons for Fast Ignition ICF.  The principal
concern being that typical fast electron
divergence angles are too large to provide
sufficiently efficient coupling into hot spots
that are of similar size to the laser spot.   In

our new scheme we use an insert that sits
inside the re-entrant cone, the insert is a
solid mass of guiding elements that are
embedded in a lower-Z substrate.  The
scheme exploits the growth of magnetic
fields at the interfaces as the fast electrons
flow through the structure.  The magnetic
fields that grow can then effectively guide
the fast electron.  The scheme does not
require any structures that sit outside the
re-entrant cone.  Numerical simulations of
the concept show that fast electron-hot
spot coupling efficiencies of 27% can be
achieved even when the fast electron
divergence half-angle is 70 degrees.

Slice Plot of Z for a Magnetic
Switchyard insert into a cone.
Red regions are higher Z than
blue regions.  This shows the
concentric, axisymmetric
shells embedded in the
lower-Z material.
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Production of high energy protons with hole-boring
radiation pressure acceleration

The utility of “Hole-Boring” Radiation
Pressure Acceleration for producing very
high energy (> 100MeV) protons has been
seen as rather limited. This is because HB-
RPA scales as 1/n, and n, the plasma
density, is thought to be limited to a0nc.  In
fact this limit, which comes from linear
theory, is not a rigid limit and
penetration can be limited to

much less than this due to non-linear
processes.  We have checked the analytic
theory with numerical simulations and we
find that this reduction in the minimum
density might relax the intensity
requirement to reach 100-200MeV by a
factor of 4.

A. P. L. Robinson
(STFC, Rutherford Appleton Laboratory, UK)
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alex.robinson@stfc.ac.uk
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(Left) px-x phase space for protons. (Right)
Number densities of protons (red) and
electrons (blue).  Data is taken from the
n = 7x1027m-3 simulation.

A systematic experimental and
computational investigation of the effects
of density scalelength on ultra-intense
laser-solid interactions is described. When
the density scalelength is sufficiently large,
the fast electron beam resulting from the
laser-solid interaction is best described by
two distinct populations: those accelerated
within the sub-solid density plasma - the
fast electron pre-beam, and those
accelerated nearer the target front surface
- the fast electron main-beam. The pre-
beam has considerably lower divergence
than that of the main-beam with a half-
angle of 20°, under the conditions
investigated it contains up to 30% of the

total fast electron energy absorbed into the
target. The number, kinetic energy, and
total energy of the fast electrons in the
pre-beam is increased by an increase in
density scalelength. It is shown that with a
large density scalelength the fast electrons
heat a smaller cross sectional area of the
target, causing the thinnest targets to
reach significantly higher rear surface
temperatures. This is ascribed to the
enhanced fast electron pre-beam which
generates a magnetic field within the
target of sufficient magnitude to partially
collimate the subsequent, more divergent,
fast electron main-beam. 
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35The effect of density scalelength on the fast electron beam
generated by ultra-intence laser-solid interactions

Channelling by, and subsequent
refraction of the laser beam in the
large density scalelength
underdense plasma
as it approaches the 45°
p-polarised 40nc target
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An analytical model for the energy of relativistic
electrons escaping a plasma
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In relativistic laser-plasma interactions,
highly energetic electrons are produced
which stream through the target plasma.
Once these electrons reach the target’s
rear surface they can in principle leave the
target and propagate through the vacuum,
where they may be detected by a
spectrometer. The energy of the electrons
once they reach the spectrometer is not
representative of their energy just prior to
exiting the target, because the electrons
generate an electric field which attempts
to pull them back toward the target. It
might be argued that the energy of
electrons that reach far into the vacuum is

less than their energy as they leave,
because the field is decelerating. On the
other hand it could be argued that only the
very highest energy electrons are able to
reach far into the vacuum because they are
the only ones with sufficient energy to
overcome the decelerating fields.
We will show with a simple analytical
model that the energy distribution function
for electrons that reach far into the
vacuum is such that their energy is lower
by a factor of about 2. This result is
independent of geometry (and hence is
valid in 3-dimensions). 

The idealised
experimental
setup.

Numerical simulation of plasma-based laser pulse compression
to petawatt powers via Raman amplification

37

Contemporary high-power laser systems
make use of solid-state laser technology to
reach petawatt pulse powers. The
breakdown threshold for optical
components in these systems, however,
demands beam diameters up to 1 metre.
Raman amplification of laser beams
promises a breakthrough by the use of
much smaller amplifying media, i.e.
millimetre diameter wide plasmas. Through
the first large scale multi-dimensional

particle-in-cell simulations of this process,
we have identified the parameter regime
where multi-petawatt peak laser powers
can be reached, while the influence of
damaging laser-plasma instabilities is only
minor. Such powerful laser pulses have
many applications in e.g. plasma-based
particle acceleration, laser-driven nuclear
fusion and laboratory astrophysics.

R. M. G. M. Trines, R. Bingham and 
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Raman compression of a 4 TW, 25 ps pulse to
1.5 PW in 25 fs for ω0/ωp = 20. Shown are
five snapshots of the growing probe at 2.5 ps
intervals. The x and y scales refer to the local
coordinates of the probe pulse itself, and the
‘time’ scale refers to the probe propagation
time. The amplified probe has a mostly
smooth intensity envelope, enabling it to be
focused tightly.
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Use of the Debye-Waller factor as a temperature diagnostic
in strongly coupled non-equilibrium plasmas
T. G. White, J. Mithen, C. D. Murphy, 
G. Gregori 
(University of Oxford, UK)

D. Hochhaus, P. Neumayer 
(GSI, Germany)

P. Davis, S.H. Glenzer, T. Ma, S. Le Pape,  
(Lawrence Livermore National Laboratory, USA)

B. Crowley
(AWE Aldermaston, UK)

T. G. White
thomas.white@physics.ox.ac.uk
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The Debye-Waller (DW) technique has
been used in solid-state physics as a way to
characterize the displacement of atoms in
a crystal from equilibrium. This method
utilises the drop in intensity of coherent
elastically scattered radiation with
reduction in periodicity. Here we examine
the applicability of this technique to infer
ion dynamics and temperature within the
warm dense matter (WDM) regime. 
An understanding of WDM plays an
important role in describing many physical
phenomena ranging from phase transitions
within the interior of large astrophysical

objects to the internal processes of inertial
confinement fusion.

Through a combination of the DW theory
and large-scale molecular dynamics the
temperature dependent reduction in x-ray
scattering is determined. Using this method
we infer the ion temperature in warm
dense graphite and have shown that the
results obtained from the DW theory
compare favourably with an approximate
proton spectrum and known energy
deposition in graphite.

Inferred ion temperature from the
Debye-Waller theory (red lines) and
expected temperature from the
theoretical proton spectrum (blue lines)
for 50 μm of graphite behind 15 μm of
PP. The red dashed line indicates the
equilibrium melt temperature of
graphite ~0.33 eV.

A new VFP-PIC hybrid code to model fast electron
transport with hydrodynamic response

B. E. R. Williams, R. J. Kingham
(Imperial College. London, UK)

B. E. R. Williams
brennig.williams08@imperial.ac.uk
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The interaction of a high-intensity laser
beam with a solid target generates a large
number of fast-electrons with long mean
free paths. The study of these fast-
electrons is still the subject of active
research, given their relevance to Tabak's
proposed fast-ignition (FI) approach to
inertial confinement fusion [1]. Modelling of
these electrons from the region in which
they are generated to the dense fuel core
is not a trivial task given the range of
plasma conditions experienced by the
electrons.

We present a new approach to modeling
fast-electrons propagating through a
background plasma. This novel VFP-PIC
hybrid code provides a good description of
the fast-electrons (Particle in Cell), and an
improved description of the background
(Vlasov Fokker-Planck) compared to
conventional hybrid codes. As it is a hybrid
code, several picosecond timescales are
easily achievable. This makes the code
well suited to study the effects of
hydrodynamics on fast-electron transport.
The code has been tested against a
relevant beam-plasma instability. This
short article provides a prescription for
calculating the theoretical growth rate of
the filamentation instability in the beam-
background system. The theoretical
dispersion relation is shown to be in good
agreement with the results of the hybrid
code.  

[1] Tabak M et al, Phys. Plasmas 1 1626A (1994)

Real part of roots of the
dispersion relation.
Wavelength is normalized
to the thermal electron
mean free path, and the
growth rate is normalized
to the collision frequency
for a thermal electron.
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Time-domain dual pulse coherent control with few-cycle
strong-field laser pulses

We use a recently developed quasi-
classical model of the interaction of a
strong-field (i.e. intensities in excess of 
1013 Wcm-2) few-cycle ultrafast (durations
of 10 femtoseconds or less) laser pulse
with a simple diatomic molecule to predict
the creation, manipulation and imaging of
vibrational wavepackets. Temporal and
spectral pulse shaping with genetic

algorithms is routinely employed to
coherently control the outcome of light-
matter interactions in chemical systems,
however the best-fit outcome is often
extremely complex and difficult or
impossible to interpret. In the present
work, we predict how a D2 molecule
exposed to a series of identical few-cycle
laser pulses will evolve, where the coupling
between the bound electron orbital and
the nuclear motion allows an intuitive
understanding. 

As indicated in figure, our dual-control
pulse scheme allows the population of a
single vibrational states with high fidelity,
and the populated state defined by varying
the arrival time of the two control pulses.
The relevance of such strong-field coherent
control methods to the manipulation of
electron localization and attosecond
science is discussed.

W. A. Bryan, G. R. A. J. Nemeth 
(Swansea University, Swansea,UK)

C. R. Calvert, R. B. King, J. B. Greenwood, 
I. D. Williams 
(Queen's University Belfast, UK)

C. M. Cacho, E. Springate, I. C. E Turcu 
(STFC Rutherford Appleton Laboratory, UK)

W. R. Newell 
(University College London, UK)

W. A. Bryan
w.a.bryan@swansea.ac.uk
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Redistribution of vibrational population with
few-cycle strong-field laser pulses

Molecules can be launched into quantum
superpositions whereby a range of
rotational, vibrational or electronic states
are simultaneously populated, producing a
wavepacket. The interaction of an intense
ultrashort laser pulse with the bound
electrons of a molecule readily initiates
such a wavepacket, and can also be used
to image the evolution of the system by

collapsing the wavepacket some time after
its creation.

We present an experimental demonstration
of the manipulation of a vibrational
wavepacket in a molecule by an intense
ultrashort laser pulse. Applying an intense
control pulse distorts the electronic
environment of the nuclei, transferring
vibrational population. Comparing the
measured fragmentation yield with a 
quasi-classical trajectory model allows us
to determine the redistribution of
vibrational population caused by the
control pulse. The results of this
manipulation are shown in the figure
whereby the population, work done and
phase are all observed to be modified. Such
observations will open new routes for
coherently controlling chemical and
biological processes with light via the
coupling of the electronic and nuclear
dynamics.

W. A. Bryan and G. R. A. J. Nemeth 
(University, Swansea, UK)

C. R. Calvert, R. B. King, J. D. Alexander,
J. B. Greenwood and I. D. Williams 
(Queen's University Belfast, UK)

C. M. Cacho, I. C. E. Turcu, E. Springate 
(STFC Rutherford Appleton Laboratory, UK) 

W. R. Newell 
(University College London, UK)

W.A. Bryan
w.a.bryan@swansea.ac.uk

Section of the dual control pulse
landscape as the pump:control
ratio is varied from 3:1 (top), 2:1
(middle) and 1:1 (bottom). The
pump intensity = 1014 Wcm-2 and
the duration of pump, control
and probe = 6 fs. The most
populated vibrational state,
contrast and final state fidelity
are observed to vary with delay
and intensity.
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Modified vibrational population,
work done and wavepacket phase
as a function of pump-control delay
and vibrational state. The initial
distribution created by the pump
pulse is given by the green line and
modified distribution is the dark
black line. The positive and
negative work done indicates the
motion of the wavepacket
components can be accelerated or
decelerated by the laser field. 
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KEIRA-CHIMERA: a new method in high resolution
femtosecond laser mass spectrometry

We introduce a new mass spectrometry
technique; KEIRA-CHIMERA. We utilise a
femtosecond laser for efficient ionisation,
an electrostatic device for mass
independent ion trapping (KEIRA), and a
new frequency analysis algorithm for
analysing ion oscillation frequencies
(CHIMERA). Ion bunches generated by
femtosecond laser ionisation, are confined
in the KEIRA device by two mirrors which
operate as an electrostatic optics
equivalent of a laser cavity. The motion of
the ions is detected non-destructively via
the image-charge induced on pick-up rings.
Since the ions oscillate at frequencies
dependent on their mass to
charge ratio, a mass spectrum can
be extracted from this data. 

Fourier analysis is commonly used to
extract such frequency information.
However, as the signals from KEIRA are
non-sinusoidal, a Fourier transform
generates many harmonics for each ion
species making conversion to mass spectra
non-trivial. In this article, we present a
new frequency analysis technique,
CHIMERA, which uses comb-functions to
sample data taken from multiple pick-up
rings. As the comb-functions are a much
better match to the time signal, mass
spectra with better resolution can be
readily generated, as shown below. 

M. J. Duffy, O. Kelly, L. Belshaw, R.B. King,
I.D. Williams, C.R. Calvert
and J.B. Greenwood
(Queen’s University Belfast, UK)

I. C. E. Turcu, C. M. Cacho and E. Springate
(STFC, Rutherford Appleton Laboratory, UK)

M. J.  Duffy
mduffy23@qub.ac.uk
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Frequency analysis of trapped Xe+ isotopes
using (a) Fourier transform (b) CHIMERA
comb-sampling Plot (c) shows a comparison
of each for the fundamental frequency 

Fragmentation of allene by intense femtosecond lasers

In the work presented here, fs-ionisation is
coupled with KEIRA, a linear electrostatic
trap, to produce high resolution mass
spectra of the small organic molecule,
allene (H2CCCH2). The tuneability of
femtosecond laser systems is exploited to
look at the ionisation and fragmentation of
allene in intense light. By changing the
characteristics of the incident laser pulse,
such as changing the polarisation from
linear to circular, it is possible to extract
information on the ultrafast dynamics that
leads to bond breakages in this small
molecule.

Understanding the behaviour of species
like allene in intense fields will promote
the applicability of fs lasers as a universal,
reliable and tuneable ionisation source in
mass spectrometry, both for chemical or
trace analysis and structural analysis of
complex systems.

O. Kelly, C. R.  Calvert, R. B.  King, M. J. Duffy,
L. Belshaw, I. D.  Williams
and J. B.  Greenwood
(Queen’s University Belfast, UK)

W. A. Bryan
(Swansea University, UK)

E. Springate, C. M.  Cacho, I. C. E Turcu
(STFC, Rutherford Appleton Laboratory, UK)

J. B. Greenwood
j.greenwood@qub.ac.uk 

43

Schematic of the interaction of  a laser
pulse with high photon density with an
allene molecule resulting in emission of an
electron wavepacket which oscillates in
the laser field and subsequently 
re-colliding with the molecule.
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Beam-transport diffraction in near-infrared
few-cycle strong-field experiments

G. R. A. J. Nemeth and W. A. Bryan
(Swansea University, UK and STFC, Rutherford
Appleton Laboratory, UK)
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w.a.bryan@swansea.ac.uk
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Ultrashort pulses of near-infrared (NIR)
laser radiation have led to the production
of attosecond pulses, either as pulse trains
or in isolation. The generation of such
coherent bursts of radiation requires an
ultrabroadband laser oscillator producing
sub-10 fs pulses, chirped pulse
amplification to a peak power in excess of
1 GW and a self-referencing phase
measurement allowing the relative phase
of the carrier and envelope to be locked
with respect to each other, referred to as
carrier-envelope-phase (CEP) stabilization.
Modern titanium-sapphire oscillators and

amplifiers generate near-transform-limited
high power CEP-stable pulses with a
duration of around 20 fs, which when
focused into a Noble gas jet, initiates high
harmonic generation (HHG) of XUV
photons. This photon energy upconversion
is the result of the strong-field initiating
tunnel ionization of the Noble gas atom,
propagation of the ejected electron in the
time-varying field, followed by the release
of additional odd-quanta of the
fundamental photon energy as a single
high energy photon upon recombination
with the parent ion.

Schematic of the optical
system considered: a Bessel
EH11 spatial mode
propagates from the input
plane at the exit of the
hollow fibre via a spherical
collimating mirror through
an intensity-controlling
aperture of variable radius 
a3 and focused into the
interaction region by a
spherical mirror. The annulus
is modified by increasing the
radius h of the central hole
from 0 to 2 mm. 

Dissecting charge and lattice order in 1T–TaS2
with ultrafast XUV ARPES

Charge density waves (CDWs) underpin the
electronic properties of many complex
materials. The canonical source of CDW
order is Fermi-surface nesting, driven by
electron-phonon coupling via the Peierls
mechanism. In many systems there are also
pronounced electron-electron correlations,
and multiple orderings may coexist or
compete. Characterizing the interplay
between different interaction mechanisms,
and the associated hierarchy of energy
scales and timescales, is crucial to
understanding CDW physics in real
materials.

We use time- and angle-resolved
photoemission spectroscopy with sub-30-fs
XUV pulses to map the time- and
momentum-dependent electronic structure
of photoexcited 1T–TaS2, a two-
dimensional Mott insulator with CDW
ordering. Charge order, which splits
occupied sub-bands at finite momentum,
melts along with the Mott gap – both well
before the lattice responds. This challenges
the view of a CDW caused by electron-
phonon coupling and Fermi-surface nesting
alone, and suggests that electronic
correlations originate charge order.

J. C. Petersen, A. Cavalleri

(Oxford University and University of
Hamburg)

S. Kaiser, A. Simoncig, H.Y. Liu, A.L. Cavalieri
(University of Hamburg)
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(Oxford University)

C. Cacho, I.C.E. Turcu, E. Springate
(STFC Rutherford Appleton Laboratory, UK)

F. Frassetto, L. Poletto 
(LUXOR, CNR-INFM, Padova, Italy)

S.S. Dhesi
(Diamond Light Source Ltd., UK)
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(Institute of Physics of Complex Matter, EPFL,
Lausanne)
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j.petersen1@physics.ox.ac.uk
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In the technique of time-resolved ARPES,
an ultrashort laser pulse creates a
transient phase in a material. A
subsequent XUV pulse generates
photoelectrons, which are collected and
analysed to reveal the momentum- and
energy-dependent electronic structure as
it evolves on femtosecond time scales.
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Double slit interferometry to measure the EUV refractive
indices of solids using high harmonics

Accurate values of the extreme ultraviolet
(EUV) optical properties of materials are
required to make EUV optics. The optical
properties of aluminium studied in this
report are required, in particular, as
aluminium is used as an EUV filter
material. The complex refractive index of
solid aluminium and the imaginary part of
the refractive index of solid iron between
17 eV – 39 eV have been measured using
Artemis EUV harmonics impinging on a
double slit interferometer. The technique
may have future applicability in measuring
the optical properties of warm and hot
plasmas.  

L. A. Wilson, A. K. Rossall, E. Wagenaars, 
G. J. Tallents
(The University of York, UK)

C. Cacho, E Springate, E. Turcu
(STFC, Rutherford Appleton Laboratory, UK)

L. Wilson
law504@york.ac.uk
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Measurements of the imaginary
component of the refractive index of Al
compared to the CXRO database, Henke
et al. (1993), Shiles et al. (1980) and
previous experimental work by Larruquert
et al. (1996).

Probing the microscopic origin of laser-induced
ultrafast spin dynamics using time resolved
photoemission/MOKE

This paper reports the experimental results
from our first beam time at the STFC’s
Artemis facility where time-resolved
photoemission spectroscopy and time-
resolved magneto optical Kerr effect 
(TR-MOKE) measurements were conducted

on single-crystal Fe thin-films. The electron
temperature of the Fe thin films reaches its
maximum around 200fs after laser
excitation, which leads to a
demagnetisation maximum in 100 fs later.

J. Wu

M. Willc ox, C. Lu, T. Cheng, J. Wu, Y. Xu, 
(University of York, UK)

E. Seddon
(University of Manchester, UK)

C. Cacho, E. Turcu, E. Springate
(STFC, Rutherford Appleton Laboratory,UK)
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Kerr rotation and reflectivity versus time delay
between probe and pump. - Observed from a 56 ML
Fe on GaAs sample. Right: Peak signals versus pump
power for the same thin film.
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Photoacoustic spectroscopy

A photoacoustic (PA) spectroscopy system
has been built to study the differences
between the PA spectra of oxygenated and
deoxygenated blood, and various PA
contrast agents, with a view to optimising
the identification of these media in clinical
PA images. A tunable laser delivers pulses
(ns) of light into a sample causing it to
momentarily expand and emit a pressure
wave, the energy of which is measured by
the computer using a digital oscilloscope
that samples the signal from a focused 
7.5 MHz ultrasound transducer. Once
scanned at multiple wavelengths (400-
700nm) the resulting optical spectra are
corrected for some system variables,

including the wavelength-dependent laser
energy. The measured PA spectrum of
oxygenated blood strongly resembles
published optical absorption spectrum.
Also the PA absorption spectrum of gold
nano-particles compares well with
standard spectrophotometer
measurements. This system may have
applications as a laboratory
spectrophotometer for absorption spectra.

D. Birtill1, A. Shah1,2, M. Jaeger1,2, A. Gertsch1,
J. Bamber1

(1Joint Department of Physics) 

(2CRUK-EPSRC Cancer Imaging Centre,
Institute of Cancer Research, UK)

D. Birtill
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Two-photon excited fluorescence lifetime imaging of the
intracellular uptake of (E)-combretastatin derivatives

Intracellular uptake by prostate cancer
cells of the anticancer drug combretastatin
A4 and analogues has been measured using
multiphoton excited fluorescence lifetime
imaging. Fluorescence from the less active
trans isomers has been used to produce
images (A) of the intracellular distribution
of these compounds. The fluorescence
lifetime image (B) shows a distribution of
lifetimes (C, D) centred around 1.2
nanoseconds. Complementary studies in a
range of solvents indicate that this
fluorescence lifetime reports a viscous
environment. Co-localisation studies with

the lipid probe, nile red, suggest the drug is
accumulated within cellular membranes
and lipid droplets. Uptake of the
combretastatin is rapid (E), occurring in
minutes at room temperature. Combining
fluorescence intensities and lifetimes
shows that the intracellular concentrations
(these are mapped within a field of cells (F))
exceed those in the surrounding medium
by between 2 and 3 orders of magnitude,
indicating accumulation is likely based on
lipophilicity of the combretastatin
molecule.

R. H. Bisby, J. A. Hadfield, A. T. McGown, 
K. M. Scherer 
(University of Salford, UK)

S. W. Botchway, A. W. Parker 
(STFC, Rutherford Appleton Laboratory, UK)

R. H. Bisby
r.h.bisby@salford.ac.uk
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Diagram of the
photoacoustic setup

Two-photon fluorescence lifetime
imaging of a fluorinated
combretastatin in PC-3 cells. 
The intensity (A) and lifetime (B)
images are shown after incubation
with drug (10 μM) for 10 minutes.
The lifetime distribution (C) is shown
together with a single pixel
fluorescence decay (D). The time-
dependent increase in intracellular
fluorescence intensity after addition
of E-CA4F to the cells is shown in E.
A map of intracellular concentration
(in μM) is shown in F. (The images
show a field of 70 x 70 μm)
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The plant secretoryome: protein-protein interactions
in the higher plant secretory pathway

We have been continuing to look at
protein-protein interactions in the plant
Golgi apparatus, concentrating on
interactions between glycosyl transferases
in the cisternal membranes of the Golgi
stack. Initial results from FLIM data
indicate that FRET can occur between
fluorescent proteins tagged to a range of
cis-Golgi enzymes. Our data suggests for
the first time homo- and hetero-
oligomerisation between plant Golgi
processing enzymes.

In a new project with a collaborator from
INRA, Nantes, we have been looking at the
formation of wheat storage protein bodies
in tobacco cells.  FRET-FLIM (Figure) was

used to show the interaction between 
N- and C- terminal domains of the storage
proteins γ-gliadin, thus confirming the
confocal and biochemical data from
expression of the protein in tobacco. 

During the year we obtained the first data
from a newly constructed TIRF-based laser
trapping microscope and successfully
captured Golgi bodies targeted with
fluorescent proteins expressed  in tobacco
leaves. The instrument will be used for a
study of the interactions of the plant Golgi
apparatus with the endoplasmic reticulum
and cytoskeleton.

C. Hawes, I. Sparkes, A. Osterrieder, 
J. Schoberer 
(Oxford Brookes University)

S. Botchway, and A. Ward 
(STFC, Rutherford Appleton Laboratory, UK)

C. Hawes   
chawes@brookes.ac.uk
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A .Expression of the C terminal domain ofγ-gliadin fused to-GFP and N terminal
domainfused to RFP in tobacco leaves showing co-localisation of the protein
bodies. B-F.  FRET-FLIM analysis in tobacco leaf epidermal cells. Lifetime images
of Cter-γ-gliadin-GFP (B),  and Cter-γ-gliadin-GFP in a cell coexpressing  
Nter-γ-gliadin-mRFP (D) are shown. Insets are confocal images showing
expression of Nter-γ-gliadin-mRFP (red) and or Cter-γ-gliadin-GFP (green) in the
cells shown. C,E  Curves of B & E showing reduction in GFP lifetime in 
co-expressing cells.

Flavoproteins are a large family of proteins
that contain a covalently or non-covalently
bound flavin cofactor. Although the
isoalloxazine ring of the flavin functions
predominantly as an electron transfer
intermediate in biochemical oxidation-
reduction reactions, there are at least three
subfamilies of flavoproteins that function
as photoreceptors: the light-oxygen-
voltage (LOV) domain proteins, the
cryptochromes, and the Blue Light Using
FAD (BLUF)-domain proteins.The
chromophores in other well known
photoreceptors such as the rhodopsins,
xanthopsins and phytochromes undergo an
isomerization when light is absorbed.
However, this is not the case for
flavoprotein receptors. Consequently there
is substantial interest in understanding how
absorption of light by the flavin is coupled
to the conformational change(s) that lead
to the signaling state.  In the LOV domain

proteins a cysteinyl-flavin adduct is
transiently formed in the signaling state.
However, in the cryptochromes and BLUF
proteins, the initial structural changes
resulting from photoexcitation are less well
established. 

A. Lukacs, R-K. Zhao, S. R. Meech
(University of East Anglia)

R. Brust, A. Haigney, P. J. Tonge
(Stony Brook University, USA)

G. M. Greetham, M. Towrie
(STFC, Rutherford Appleton Laboratory, UK)

S. R. Meech
s.meech@uea.ac.uk

TRIR spectra of dAppABLUF (black), lAppABLUF
(red) and Q63E AppABLUF (green) bound to
FAD.  Protein concentration was 2 mM in pD 8
phosphate buffer and the TRIR spectra were
recorded with a time delay of 3 ps.  The
spectra have been normalized to the intense
FAD ring bleach mode at 1547 cm-1.

Probing the mechanism of blue light sensing
BLUF domain proteins: A Study through transient infra-red
spectroscopy, isotope editing and mutagenesis 
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Kinetically stable metal complexes for multimodality PET/SPECT
and optical fluorescence microscopy probed in vitro by FLIM

J. R. Dilworth, S. Faulkner M. W. Jones and 
P. A. Waghorn
(University of Oxford, UK)

S. I. Pascu and R. Arrowsmith
(University of Bath, UK)
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(STFC, Rutherford Appleton Laboratory, UK)

S. I. Pascu
s.pascu@bath.ac.uk

Molecular imaging is a rapidly expanding
field of global importance for both the
diagnosis and personalised therapy of a
range of disease states. There is an
increasing demand for molecular probes
that can be used for imaging and early
detection of specific cancers which
represent major life risks worldwide, such
as breast, colon, and prostate cancer.
Shortage of oxygen (hypoxia) is a common
cause of cancer treatment failure: reliable
imaging tools for tumour hypoxia would be

invaluable in planning treatment regimens
and predicting clinical outcomes. Confocal
fluorescence microscopy has been used
extensively to track compounds and follow
processes in cells. We have designed and
tested in vitro a series of kinetically stable
fluorescent metal complexes, that can be
used for whole body imaging using gamma
or positron emission and may be monitored
in cells by virtue of their 1 or 2-photon
excited fluorescence and fluorescence
lifetime imaging (FLIM).

Two-Photon Fluorescence lifetime
imaging map (λex 910 nm, 20 min
incubation) in prostate cancer cells
for a new gallium aromatic complex
with relevance to positron emission
tomography of cancer cells
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Porous carbon microspheres: Solution phenomena
and cellular uptake

Carbon based micro and nanomaterials are
attractive for biological applications
because of their excellent biocompatibility
profile. Porous microparticles, prepared via
a routine synthesis, are easy to handle and
purify, and combine a high specific surface
area with carbon’s high functionality. We
wish to leverage these properties for the
purposes of cell imaging and delivery. In
this work, porous carbon microspheres
with a high specific surface area were
prepared and their fundamental properties
studied using Raman optical tweezers.
These experiments showed that 532 nm
excitation of microspheres trapped in
solvents that display poor heat conduction

resulted in graphitization and
incandescence. These phenomena were
also observed for microspheres in the
water presence of a cationic lipid (DOTAP).
The uptake of the particles by cells was
demonstrated by fluorescence confocal
microscopy imaging of fluorescently
labelled microspheres. Finally, the ability to
leverage their optical absorptivity in order
to cause carbon graphitization and cell
death was investigated.

S. J. Quinn, L. M. Magno,   
(University College Dublin, Ireland)

P. E. Colavita, P. Duffy 
(Trinity College Dublin, Ireland)
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Uptake of fluorescently labelled carbon microspheres by
HeLa cells. Confocal images of HeLa cells after
incubation with FL-LiDCA particles. Z-scan rendering of
carbon particle internalization in HeLa cells; the cell
membrane is stained with DiI. and Transmission image
showing fluorescent nanoparticles, shown below.
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Total internal reflection and single molecule fluorescence
microscopy in plant cells

Total internal reflection fluorescence
microscopy (TIRFM) has been proven to be
an extremely powerful technique in animal
cell research for generating high contrast
images and dynamic protein conformation
information. However, there has long been
a perception that TIRF is not feasible in
plant cells because the cell wall would
restrict the penetration of the evanescent
field and lead to scattering of illumination.
By comparative analysis of epifluorescence
and TIRF in root cells, we demonstrate for
the first time that TIRF can generate high
contrast images, superior to other
approaches from intact plant cells. We also
show that TIRF imaging is not only possible
at the plasma membrane level, but also in
subcellular organelles, for example the
nucleus, due to the presence of the central
vacuole. Importantly, we demonstrate that
this is TIRF excitation, and not TIRF-like
excitation described as variable-angle
epifluorescence  microscopy (VAEM) and
show how to distinguish the two
techniques in practical microscopy. These
TIRF images show the highest signal-to-

background ratio and we show that they
can be used for single molecule
microscopy. Rare protein events, which
would otherwise be masked by the
average molecular behaviour, can
therefore be detected, including the
conformations and oligomerisation states
of interacting proteins and signalling
networks in vivo. The demonstration of the
application of TIRFM and single-molecule
analysis to plant cells therefore opens up a
new range of
possibilities for
plant cell
imaging.

G. Vizcay-Barrena, Z. A. Wilson
(University of Nottingham, UK)

S. E. D. Webb, M. L. Martin-Fernandez
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Analysis of
plasma
membrane and
cytoskeleton
markers by
Epifluorescence
and TIRF
microscopy in
roots.

We have used confocal microscopy and
FRET-FLIM to investigate the localisation
and protein interactions involved within
the mammalian Target of Rapamycin
(mTOR) signaling pathway. mTOR protein
kinase is a central regulator of cellular
growth, metabolism and proliferation in all
eukaryotes. The mTOR pathway is
deregulated in many human diseases such
as cancer and type 2 diabetes. Rapamycin,
an anticancer drug used to inhibit mTOR, is
in clinical trials for cancer treatment but as
yet how exactly rapamycin perturbs
the functions of mTOR is not
completely understood.  

In the present study we have investigated
the localisation of mTOR and its molecular
interaction with raptor using FRET-FLIM
technology in live HeLa cells (an immortal
cell line derived from cervical cancer cells).
Effect of rapamycin on the localisation of
mTOR and its interaction with raptor was
investigated. It was found that rapamycin
did not dissociate the mTOR-raptor
interaction.

R. B. Yadav, C. D. Stubbs, A. W. Parker,
S. W. Botchway

(STFC, Rutherford Appleton Laboratory, UK)

V. Iadevaia, C. G. Proud
(School of Biological Sciences)

C. D. Stubbs
chris.stubbs@stfc.ac.uk

Rapamycin treatment affects the localisation
of EGFP-mTOR in HeLa cells. Confocal images
of HeLa cells expressing EGFP-mTOR A) no
treatment and B) rapamycin (100 nM)
treatment for 24 h. 

Rapamycin does not affect the interaction between mTOR
and raptor but causes increased nuclear levels of highly
expressed mTOR in HeLa cells

55
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LIAD-fs: A novel method for studies of neutral
biomolecules in the gas phase 

Intense femtosecond laser pulses provide
unique tools for influencing and observing
molecular dynamics on ultrashort
timescales.

We report here on recent experimental
studies of femtosecond laser interactions
with molecules of biological interest, using
the UFL2 laser from the EPSRC laser loan
pool. In a novel experimental approach we
have adopted Laser Induced Acoustic
Desorption to produce a gas phase target
of neutral molecules, which are then
exposed to an fs laser pulse, with
subsequent
ionisation/fragmentation
products being mass-analysed in
our KEIRA ion trap.

Using critical laser pulse parameters, such
as intensity and pulse duration, we have
demonstrated control over the molecular
fragmentation and ionisation processes for
a range of amino acids, small peptides and
DNA bases. This technique has provided
insight into the dynamics of such
biomolecules in intense laser fields and
provides a valuable platform for future
studies where ultrashort pulses promise to
enable observation and control of ultrafast
processes in biomolecules.

C. R. Calvert
c.calvert@qub.ac.uk
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C. R. Calvert, O. Kelly, L. Belshaw, 
M. J. Duffy, R. B. King, I. D. Williams
and J. B. Greenwood
(Queen’s University Belfast)

T. J. Kelly and J. T. Costello
(Dublin City University)

Photoacoustic stimulated raman spectroscopy (PARS)
for trace detection of molecular hydrogen

Sensitive and selective detection of
molecular hydrogen (H2) is very relevant,
for example for a future hydrogen
economy (use of hydrogen gas as fuel), or
to detect traces of H2 in metallurgy (H2 can
compromise steel enclosures).
Spectroscopic detection of H2, however, is
notoriously difficult to achieve. 
We have set up two different schemes of

stimulated Raman photoacoustic detection
of H2, one with a Raman shifter and a
second scheme with a tuneable dye laser,
to generate stimulating Raman excitation.
In addition, green Nd:YAG light served as
Raman pump radiation. Both beams were
focused into a cell with a gas mixture to be
analysed. H2 absorbed radiation due to the
stimulated Raman effect, and
photoacoustic signals were picked up by a
microphone.

Excellent detection linearity and detection
limits in the ppm range for H2 in 1 atm air
were achieved. The schemes are thus
suitable for reliable detection of H2 in
ambient air and gas mixtures.

M. Hippler
m.hippler@sheffield.ac.uk
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C. L. Spencer, V.  Watson and M. Hippler
(University of Sheffield, UK)

Schematic of LIAD-fs technique for
studying biomolecules in the gas phase.
The sample is deposited on a Ta foil (a)
which is then back irradiated using a UV
ns pulse (b). A femtosecond laser (c) is
then interacted with the resulting
biomolecular plume, with charged
products extracted and analysed
electrostatically (d).  

Photograph showing
the red Stokes, green
Rayleigh, and blue/UV
anti-Stokes radiation
produced from the H2
Raman shifter, dispersed
by a prism.
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Dynamics of chemical and photochemical reactions in solution 

Transient broadband IR absorption spectra
have been obtained of the HCN products of
bimolecular reactions of CN radicals with
cyclohexane in solution in various
chlorinated organic solvents.  The spectra
reveal that the HCN is initially formed with
vibrational excitation in both its C−H
stretching and bending vibrational modes,
and that this mode-specific vibrational
excitation relaxes through coupling to the
solvent with solvent-dependent time
constants of 130 - 270 ps.  The early time

reaction dynamics are remarkably similar
to those previously reported for gas-phase
reactions of CN radicals with
hydrocarbons, despite the presence of a
solvent.  Complementary dynamical
calculations have been performed that,
when combined with the experimental
results, provide acute insights concerning
the influence of the solvent on the
fundamental mechanisms of chemical
reactions in solution.

S. J. Greaves, R. A. Rose, T. A. A. Oliver, 
M. N. R. Ashfold, A. J. Orr-Ewing
(University of Bristol, UK)

M. Towrie, G. M. Greetham, I. P. Clark
(STFC, Rutherford Appleton Laboratory, UK)

A. Orr-Ewing
a.orr-Ewing@bris.ac.uk
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Picosecond time-resolved infrared spectroscopy
of arylpentazole

P. Portius, M. Davis
(University of Sheffield, UK)

M. Towrie
(STFC, Rutherford Appleton Laboratory, UK)

P. Portius
p.portius@sheffield.ac.uk
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Design of the flow system for low temperature
picosecond-TRIR as integrated in the ULTRA facility; 
V1-V4 solenoid valves applying N2 pressure (0.3 bar) or
releasing pressure from the reservoir bottles B1 and B2, H1
and H2 heat exchange coils, T1-T3 thermocouples, C
commercial variable temperature spectroscopic cell. The
arrows indicate the direction of flow when V1(in)&V4(out) are
open and V2&V3 closed.

Nitrogen-rich molecules are important for
chemical energy storage and have a major
advantage over conventional solutions
to the problem of chemical energy storage,
since their decomposition releases almost
exclusively the environmentally friendly
dinitrogen.[1] In search for stable
compounds with high nitrogen content,
methods have to be found which allow the
introduction of nitrogen in synthetic
procedures. The most relevant of these
have traditionally been the coordination of
the azido anion (N3

-) to main group
elements[2] or the derivatisation of
tetrazoles[1, 3] (R-CN4-R’). Meanwhile, the
scope of these methods has been largely
realized and forms the basis of various
successful applications.

[1] Steinhauser, G.; Klapoetke, T. M., Angew.
Chem. Int. Ed. 2008, 47, 2-20.

[2] a) Portius, P.; Filippou, A. C.; Schnakenburg,
G.; Davis, M.; Wehrstedt, K.-D., Angew.
Chem. Int. Ed. 2010, 49, 8013-8016; b)
Mueller, J., Coord. Chem. Rev. 2002, 235,
105-119; c) Banert, K.; Joo, Y.-H.; Ru�ffer, T.;
Walfort, B.; Lang, H., Angew. Chem. 2007,
119, 1187-1190.

[3] a) Singh, R. P.; Verma, R. D.; Meshri, D. T.;
Shreeve, J.M., Angew. Chem. Int. Ed. 2006,
45, 3584-3601; b) Stierstorfer, J.; Tarantik, 
K. R.; Klapoetke, T. M., Chemistry--A
European Journal 2009, 15, 5775-5792.
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Isotopic hydration of cellobiose: vibrational spectroscopy
and dynamical simulations

J. P. Simons, N. Mayorkas
(University of Oxford, UK)

B. G. Davis
(Chemistry Research Laboratory, UK) 

E. . Cocinero
(University of Bilbao, Spain)

M. Pincu, R. B. Gerber
(University of California, USA)

B. Brauer
(The Hebrew University, Israel)

J. Simons
John.Simons@chem.ox.ac.uk
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Interactions with water can influence both
the conformation and the bio-activity of
carbohydrates. If sugars didn’t change
shape, life would be radically different and
some, perhaps many, biological processes
just would not work anymore. The factors
which dictate the conformation of
cellobiose, the basic building block of
cellulose, remain something of an enigma.
To address this issue, water molecules
have been added to a range of ‘natural’
carbohydrates, including cellobiose , under
controlled conditions in a cold molecular
beam and their hydrated molecular
structures have been interrogated through
infrared laser spectroscopy. A new and
original ‘twist’ to this approach has been
introduced by using heavy water (D2O)
which allows the infrared spectra
associated with the carbohydrate (OH
modes) and its hydration shell (OD modes)
to be separately identified, analysed and
interpreted.

Experimental and (DFT)
computed IR spectra and the
corresponding hydrogen-
bonded molecular structures of
phenyl β cellobioside (top),
phenyl β cellobioside•D2O
(middle) and phenyl β
cellobioside•(D2O)2(bottom).

Laser tweezers have become increasingly
popular in the study of atmospheric aerosol
science because of the unique way that
individual micron-scale aerosol droplets
can be trapped and retained for periods of
several hours. Recent work has highlighted
that conventional single-beam gradient
optical trapping becomes unstable when
the particle diameter is reduced to below 
2 microns. This finding has a significant
impact, for aerosol science, as sub-micron
aerosol particulates are abundant in the
atmosphere. Using a counter-propagating
laser trapping configuration, particles can
be captured with sizes from about 0.4 µm
to more than 6 µm. Alternative methods
for characterizing particle size are
discussed and initial studies into a Raman
spectra based technique show promise and
indicate that sizing of sub-micron aerosol
droplets is realistic. The extension in the
trapping diameter range for aerosol
particles will have application in
determining atmospheric aerosol reaction
and light scattering properties. 

A. Ward
(STFC, Rutherford Appleton Laboratory,UK)

M. King
(University of London, UK)

A.Ward
andy.ward@stfc.ac.uk

Examples of
droplet images in
optical focus when
using the counter-
propagating laser
tweezers
configuration

Optical trapping of sub-micron liquid aerosol droplets 61
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Ultrafast manipulation of photon transport
and molecular beams

We used a fs-pulsed laser for two different
experiments opening new avenues towards
the ultrafast manipulation of massive
particles in gas-phase beams and of the
mesoscopic transport of light. We
demonstrated for the first time a
mechanical focusing effect by off-resonant
dipole interaction acting on the centre of
mass motion of large neutral molecules
such as tetra-phenyl-porphyrin (TPP).
Focusing is enabled by interactions of a
single molecule with many weak light
pulses. 

The mesoscopic transport of light through
a random media consisting of a layer of
very strongly scattering GaP nanowires in

which the mean free path is much shorter
than the depth of the layer was also
investigated. The statistical distribution of
transmitted intensities is compared to the
normal Rayleigh distribution in which there
are an infinite number of transmission
modes. A significant decrease in the
number of independent transmission
modes to 25 can be seen in the figure.

O. L. Muskens
o.muskens@soton.ac.uk
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T. Strudley, P. Venn, H. Ulbricht, 
O. L. Muskens
(University of Southampton, UK)

Distribution of angular intensities
normalised to ensemble average (Sab). 
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Velocity map imaging spectrometer for the study of atomic
and molecular physics in the gas phase 

Imaging techniques now dominate the
study of excited state molecular dynamics
and strong field physics. The ability to
angle and energy resolve fragments
produced via laser induced processes can
provide a new viewpoint for the study of
molecular fragmentation, strong field
ionization and dissociation and Coulomb
explosion processes, among others. To this
end a new velocity map imaging (VMI)
spectrometer specifically designed for the
study of highly energetic fragments has
been designed and built at the Artemis
facility. The chamber contains a molecular
beam source and VMI spectrometer that
can be configured to collect both ions and
electrons with kinetic energies up to 
200 eV. 

E.Springate
emma.springate@stfc.ac.uk
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The AMO endstation at the
Artemis facility

R. Minns, E. Springate, C. Cacho, E. Turcu, 
S. Spurdle
(STFC, Rutherford Appleton Laboratory, UK)

M. Siano, S. Weber, C. Hutchison, 
M. Oppermann, T. Siegel
(Imperial College, UK)

J. Underwood
(University College London, UK)
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An assessment of the reproducibility of the
Gemini retro focusing system

The retro-focus system in the Astra-Gemini
laser area is used in experiments to
position solid targets relative to the tight
focus of the laser focused by the off-axis
parabolic mirror.

The consistency of positioning a target
relative to tight focus was tested. Multiple
attempts of positioning the target using the
retro-focus system were measured for
multiple operators.

It was found that any individual attempt at
placing a target at tight focus was not
sufficiently consistent to ensure that the
target position was within the Rayleigh
range. It was found that taking the average
of multiple attempts at positioning the
target was considerably more consistent
such that for all operators their average
was either close or within the Rayleigh
range.

D. Carroll
david.carroll@strath.ac.uk
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Astra Gemini Beam path with Retro
system layout. It also shows how the
beam path is split between an upper
and a lower level in the chamber.

D. C. Carroll, M. Coury, G. Scott1, 
P. McKenna
(University of Strathclyde, UK)

M. J. V. Streeter, H. Nakamura, Z. Najmudin
(Imperial College London, UK)

F. Fiorini, S. Green
(University of Birmingham, UK)

J. S. Green, P. Foster, R. Heathcote, K. Poder,
D. Symes, R. J. Clarke, R. Pattathil, D. Neely
(1STFC, Rutherford Appleton Laboratory, UK)

Modelling of relative delay for scattered rays
in a grating stretcher

We analyse a mechanism by which
scattered light could contribute to the
contrast pedestal seen in the compressed
pulse in Astra Gemini and other CPA laser
systems. The suggestion is that light
scattered in a range of directions can
return to its starting point in the stretcher
and scatter into the direction of the output
pulse within the acceptance angle of the
system. We used a Zemax model of a
grating pulse stretcher similar to the one in

Astra, using virtual mirrors in the positions
of the two stretcher gratings to simulate
scattering events. We found that light at a
particular wavelength scattered at both the
first and the second diffraction gratings can
follow either shorter or longer paths
through the pulse stretcher. Our estimates
of the delay such scattered beams could
experience agree fairly closely with the
observed temporal extent of the pedestal.

O. Chekhlov
Oleg.Chekhlov@stfc.ac.uk

O. Chekhlov, C. J. Hooker 
(STFC, Rutherford Appleton Laboratory, UK)
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Dependence of relative delay of ray propagation
through grating stretcher on angle rotation of virtual
mirrors, which simulate fans of scattered rays, at the
positions of G1 and G2 gratings. The colour map
corresponds to the relative height of the rays
returning to the G1position.
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Characterisation and correction of the Gemini wavefront

S. Hawkes, C. J. Hooker, B. Parry
(STFC, Rutherford Appleton Laboratory, UK) 

S. Hawkes
steve.hawkes@stfc.ac.uk
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The wavefront quality of any ultra short
pulse laser system is of fundamental
importance as it determines the on target
intensity. The wavefront quality of the
Gemini CW and repetitively pulsed beams
have been characterized. Measurements
were made at the output of the Gemini
amplifier and after the pulse compressor
using a HASO 32 Shack-Hartman
wavefront sensor. The wavefront has been
corrected to 0.3 waves PV using a Static
Astigmatism Corrector. Further
improvement is still required for the more
demanding Gemini experiments and this
will require an adaptive optic, which is
under development. 

CW Wavefront distortion 
(Top Right) and Astra 10 Hz
Wavefront distortion (Bottom Right)

We have investigated the origin of one of
the most serious contrast  problems
affecting Astra Gemini. The “coherent
pedestal” is the triangular feature that
occupies the 15 or so picoseconds around
the main pulse in the Sequoia trace shown
in figure. It has potentially severe
consequences for the kinds of experiments
that are possible using Gemini. We made
measurements in which various stretcher
optics were bypassed by realigning the

beam, and the results showed that the
gratings in the stretcher were the main
source of the feature. Modelling has shown
that light scattered from the gratings can
travel along both longer and shorter paths
through the stretcher, and this can explain
the origin of the pedestal. Replacing the
old gratings with new ones has reduced the
level of the coherent pedestal by a factor
of 20, which is consistent with the reduced
levels of scatter from the new gratings.

C. J. Hooker, Y. Tang, O. Chekhlov,  
J. L. Collier, E. J. Divall, K. Ertel, S. J. Hawkes,
R. P. Pattathil and D. R. Symes

(STFC, Rutherford Appleton Laboratory, UK)

C. J. Hooker
chris.hooker@stfc.ac.uk

Example contrast trace of
Astra Gemini showing the
triangular shape of the
coherent pedestal around
the main pulse.

Improving the contrast of Astra Gemini 67
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Spatial overlap measurement of two F/2
parabolas on Astra-Gemini

K. Poder, N. Booth, P. Brummitt, O. Chekhlov,
K. Ertel, P. S. Foster, S. Hancock, S. J. Hawkes,
P. Holligan, C. J. Hooker, D. Neely, D. Neville, 
B. Parry, D. Rathbone, D. Rose, D. Symes, 
Y. Tang, A. Zayyani,  P. P. Rajeev

(STFC, Rutherford Appleton Laboratory, UK)

K. Poder  
kristjan.poder@stfc.ac.uk
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The spatial overlap of two focal spots
produced by F/2 parabolas was measured.
The ~2.5 µm focal spots were found to
vibrate about their mean position with
submicron RMS amplitudes, for the north
beam this was 0.59±0.01 µm and for the
south beam the displacement was
0.43±0.01 µm.  A 75% energy overlap,
which requires the separation between
spot centroids to be less than 0.53 µm, was
achieved on 20% of shots. 

Fast Fourier Transforms were performed on
the displacement data of the focal spots to
investigate distinct vibration frequencies;
however the analysis revealed little of their
nature. In order to improve the spatial
overlap and minimize the vibration of
individual spots a closed loop correction
system is proposed. This system is currently
being commissioned and results are
expected to be reported soon.

The separation
between two focal
spots: red line
shows the
cumulative
probability to
obtain a separation
or less, black line is
a histogram.

Measuring and optimizing the pulse front tilt
for Astra-Gemini laser

69

The alignment of the stretcher and
compressor in the CPA laser system is
absolutely crucial as the residual angular
dispersion due to minor misalignment
could result in a significant pulse front tilt
(PFT) and hence severely affect the laser
performance in the focal plane, i.e. the
temporal and spatial broadening of laser
pulses. To overcome the limitations of
conventional alignment techniques, a field-
inverted interferometric autocorrelator
(FIAC) has been implemented and used to
characterize the PFT presented
in the Astra-Gemini laser beam.
By analyzing the visibility of

spatial interference fringes of FIAC as a
function of time delay between the two
replicas, the temporal dependences of
visibility across the beam could be
retrieved from the interferogram patterns,
and thus the PFT and corresponding
residual angular dispersion could be
quantitatively derived with a resolution
<0.1µrad/nm. Optimization of the stretcher
and compressor by minimizing the PFT
resulted in further enhancement of laser
performance.  

Y. Tang, O. V. Chekhlov, C. Hooker, S.
Hawkes,  K. Poder,  P. Foster and R. Pattathil

(STFC, Rutherford Appleton Laboratory, UK)

Y. Tang
Yunxin.Tang@stfc.ac.uk

Examples of interferogram at different
time delays (top) and visibility profile
lines (bottom) spatially sampled from
corresponding lines of interferograms.

Frequency
spectrum of
vibrations of the
focal spot with
and without
compressor,
roughing pumps,
turbo pumps and
diggers.
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The Lasers for Science Facility in
the Research Complex at Harwell

The Research Complex at Harwell (RCaH)
provides facilities to undertake new and
cutting edge scientific research in both the
life and physical sciences, and at the
interface between them. RCaH operates as
a partnership between STFC, MRC, BBSRC,
EPSRC, NERC, and Diamond Light Source.
STFC’s major contribution to RCaH was the
move of the LSF to the complex, begun at
the end of 2009. The LSF completed its
move to RCaH at the beginning of 2011,
and is now operating a full user
programme, including a growing number of
new multidisciplinary and cross-facility

projects working in collaboration with
other RCaH residents. Recent examples of
multidisciplinary research enabled by the
LSF include single molecule studies of cell
signaling networks, investigations of
dynamic structural science, and imaging
across multiple time and length scales.
Many of the collaborative programmes
involve work with other campus partners
such as Diamond and ISIS.

D. T. Clarke, M. Martin-Fernandez, 
M. Towrie
(STFC, Rutherford Appleton Laboratory, UK)

D. T. Clarke
dave.clarke@stfc.ac.uk
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Developments in sample management in the ULTRA
Laboratory

There have been two main sample
management developments in the ULTRA
laboratory this year relating to time
resolved pump-probe spectroscopy.
The use of a peristaltic pump is a common
method of circulating samples through a

target flow cell. However, this imposes
several limitations; namely restricting the
minimum sample volume and operating
temperature ranges.

The high flux and power of the lasers can
lead to unwanted background signals from
non-linear optical processes induced in the
window and/or photo-degradation of
sample at the window fluid interface. 

Here we present developments to
overcome these issues; a closed nitrogen
flow cell system when using low
temperature and volume samples, and an
open flow wire guided liquid jet to
minimise unwanted background signals.
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The LSF within RCaH.

B. Coles
benjamin.coles@stfc.ac.uk

B. Coles, M. Towrie, A. W Parker, I. P. Clark
and P. Burgos, G. M. Greetham
(STFC, Rutherford Appleton Laboratory, UK)

A. Lauer, P. Kukura
(Oxford University, UK)

The experimental
configuration. 

Lasers for
Science Facility
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Signal dependence on depth in transmission Raman
spectroscopy

P. Matousek
(STFC, Rutherford Appleton Laboratory, UK)

N. Everall 
(Intertek-MSG)

D. Littlejohn and A. Nordon 
(University of Strathclyde, UK)

M. Bloomfield
(Cobalt Light Systems Ltd, UK)

P. Matousek
pavel.matousek@stfc.ac.uk
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Recently, transmission Raman
spectroscopy has been shown to be a
valuable tool in the volumetric
quantification of pharmaceutical
formulations. In this work a Monte Carlo
simulation and experimental study are
performed to elucidate the Raman signal
depth dependence. The transmission
Raman signal is shown to exhibit a
moderate bias towards the centre of
tablets and that this bias can be
considerably reduced using a recently
developed Raman signal enhancer, ‘photon
diode’. The enhancing element not only

reduces the bias but also increases the
overall Raman signal intensity and
consequently improves the signal to noise
ratio of the measured spectrum. Overall,
its implementation with appropriately
chosen reflectivity results in a more
uniform volumetric sampling across the
tablet and enhanced overall sensitivity.
These findings are substantiated
experimentally on a segmented tablet by
inserting a PET film doped with TiO2 at
different depths and monitoring its
contribution to the overall transmission
Raman signal. 

We report the improvement in control of
microscopic particles using laser tweezers
and a feedback control system, developed
in collaboration with STFC colleagues.  The
system was developed to improve force
measurement techniques by reducing the
effect of thermally-generated collisions
with other particles in a liquid
environment.  This was achieved by
imaging the microscopic particles using an

active pixel sensor, measuring unwanted
movement in particle position and
responding through the adjustment of the
laser tweezers position.  These tasks were
performed within 140 microseconds using
field-programmable gate array electronics.
This resulted in a reduction of the particle’s
position variance by 60 %.  

M. Pollard, I. Brawn, S. W. Botchway, 
A. Clark, E. Freeman, R. N. J. Halsall, 
A. W. Parker, M. Towrie, R. Turchetta 
and A. D. Ward

(STFC, Rutherford Appleton Laboratory, UK)

M. Pollard
mark.pollard@stfc.ac.uk

Diagram of the feedback
loop within the control
system.

Improvement of laser tweezer experiments using kHz-rate
feedback control
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Experimental dependences of
transmission Raman signal on
the depth of its origin within a
bare tablet and a tablet with
an enhancing element applied
to the laser incident side. 
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Molecular structure & dynamics in the Research
Complex at Harwell

M. Towrie, G. M. Greetham, M. Pollard, 
A. W. Parker, I. P. Clark, P. Burgos, V. Sachdeva
(STFC, Rutherford Appleton Laboratory, UK)

M. Towrie
mike.towrie@stfc.ac.uk
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November 2010 saw the move of
the Molecular Structure and
Dynamics (MSD) Group to the
Research Complex at Harwell
(RCaH).  This was completed
successfully, enabling the MSD
operations to continue, with
minimal interruption. The move
has enabled redesign of the ULTRA
facility with increased capability
and advances in the Facility
Development project, TRMPS. As
well as allowing major technical
developments, the positioning
within the RCaH permits access to
shared facilities improving support
for staff and visiting scientists and
encourages formation of new
cross-departmental and
interdisciplinary collaborations. Current
capabilities and future developments are
presented here.

Cross-facility research activities
in the Lasers for Science Facility

75

The relocation of the Lasers for Science
Facility (LSF) to the Research Complex at
Harwell (RC@H) has seen an increase in the
number of collaborations and projects that
are running across STFC facilities and
Diamond Light Source. The science is
largely of a multi-disciplinary nature and
typically focuses on cross-cutting themes
rather than specific facility techniques. As
such, the topics are aligned with the
scientific challenges addressed by the STFC
Futures programme. The scope of activities

falls into two general areas. The first
consists of campus based scientists who
have teamed up with the intention of
extending the technical capability of their
facilities and therefore allow new science
to be performed. The second category
involves academics who wish to utilize
expertise and techniques of the LSF in
combination with other facilities in a
complementary approach to addressing
their specific research needs. 

A. Ward
(STFC, Rutherford Appleton Laboratory, UK)

A. Ward
andy.ward@stfc.ac.uk

Image of an optically loaded protein crystals (size approx.
10 microns) positioned onto fiber coated micromeshes of 
50 micron aperture. The image is only possible through
cross-Facility collaborations. The crystal was captured and
carefully positioned, using a laser optical tweezers (LSF),
onto an MNTC- prepared custom micromesh backed with
electro-spun fibres and then frozen prior to X-ray diffraction
on Diamond beamline I24.
Armin Wagner (DLS), Andy Ward (CLF), Bob Stevens (MNTC) 
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Vulcan

10PW short pulse laser diagnostics 
In this article we present a possible
layout for the 10PW short pulse
diagnostics. Vulcan 10PW will require
a more sophisticated version of the
Vulcan diagnostics as the pulse length
is much shorter, 30fs, with 300J of
energy. The full size diagnostics will
be taken from a leak through the back
of the sample mirror, see figure. This
channel will be used for the spatial
diagnostics. To reduce the B-integral, the
short pulse diagnostics will be taken from a
hole drilled in the sample mirror. This
channel will be used for the temporal
diagnostics.

A. Boyle
alexis.boyle@stfc.ac.uk

76

Sketch showing part of the
compression chamber after
the last grating, which houses
the short pulse diagnostics
channel.

A. Boyle and M. Galimerti
(STFC, Rutherford Appleton Laboratory, UK)

Fighting chromatic aberration in 10PW

A. Boyle
alexis.boyle@stfc.ac.uk
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A. Boyle and M. Galimerti
(STFC, Rutherford Appleton Laboratory, UK)

We present two possible optical layouts for
the propagation of high power laser pulses
at large bandwidth, 150nm centered at
910nm. The proposed Vulcan 10PW laser
delivers a 300J, 30fs pulse on target.
Zemax lens design software was used to
optimize the beam propagation system
through the OPCPA amplifier crystals to the
compressor. The compressor requires a

wavefront quality of λ/10. The large
aperture doublet solution uses fused silica,
CaF2 and F2 lenses and has wavefront
aberrations <λ/10 at the output and
collimation <0.05mrad in the amplifier
crystals. The mixed lens and off-axis
parabola solution is diffraction limited over
the required bandwidth. Both solutions
have no ghosting issues.

Simplified layout of the beam propagation system
through the OPCPA amplification stages. Letters A to G
denote lens positions.

Zemax OPD across the pupil at the
output of the optical system for the
doublet solution over 170nm.
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10PW compressor requirement analysis

M. Galimberti, S. Blake, S. Hancock, 
C. Hernandez-Gomez, I. Musgrave, I. Ross, 
T. Winstone

(STFC, Rutherford Appleton Laboratory, UK)

M. Galimberti
marco.galimberti@stfc.ac.uk
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To be able to achieve the specification on
the 10PW project it is important to study
the influence of different parameters of
the compressor and input beam. A detailed
analysis of each degree of freedom for the
compressor optics and for the beam
characteristics was required to specify the
optics and the requirements on the
incoming beam to guarantee the final
specification.

Two different methods have been used.
With the first a tolerance for each of the
different parameters has been fixed to
guarantee the specification of the project
while the second tested those tolerances,
using a corner montecarlo analysis, and
provided the expected laser pulse shape in
the focal spot for the target area TAP10.
The expected pulses are in agreement with
the specification of the project, showing
good focusability and pulses shorten than
26fs.

In this article we present the study
performed about the influence of the
deuteration level of the DKDP crystal on
the performance of the OPCPA
amplification stages of 10PW project,
where the seed pulse it is expected to have
150nm bandwidth around 910nm.
Different level of deuteration has a
significant impact on the optical

characteristics of the crystal, mainly the
refractive index and the absorption in the
infrared. The results of the study provide a
minimum level of deuteration of 80% to
guarantee the specification of the 10PW
project while higher level of deuteration
will provide better performance in terms of
bandwidth and efficiency.

M. Galimberti, C. Hernandez-Gomez, 
I. Musgrave, I. Ross, T. Winstone

(STFC, Rutherford Appleton Laboratory, UK)

M. Galimberti
marco.galimberti@stfc.ac.uk

Influence of the deuteration level on DKDP
OPCPA amplifier
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Expected pulses
in the focal spot.

Spectral small signal gain for
different deuteration levels.
Each curve has been shifted
for clarity. The two green
vertical lines indicate the
spectral region of the signal,
150 nm around 910 nm.
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Study of self frequency shifting solitons in photonic crystal fibre to
generate a synchronised 1053nm for the 10PW upgrade project

I. Musgrave

(STFC, Rutherford Appleton Laboratory, UK)

I. Musgrave
ian.musgrave@stfc.ac.uk
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The 10PW upgrade project for the Vulcan
Laser will include the provision for joint
PW and 10PW operations in Target Area
Petawatt for pump-probe experiments. For
these type of experiments to be successful
the pulses for the two beams to be
synchronised with a relative jitter better

than 200fs (FWHM). One way of achieving
this is to use a common seed for both
beam lines. This report outlines the effect
of soliton self frequency shifting in fibres to
investigate if it can be used to generate a
seed pulse for the PW system from the
10PW front-end.

Study of the 10PW front-end contrast 81

In this contribution we report on the study
we have conducted into the contrast
performance of the 10PW front-end. We
have measured the contrast at two points
in the front-end system and found that the

contrast of the whole system is not limited
by the OPCPA technique. The contrast has
been measured to be better than 1010 on
the nanosecond timescale and 107 at 5ps.

A. Lyachev, I. Musgrave, M. Galimberti, 
C. Hernandez-Gomez, I. Ross  and Y. Tang

(STFC, Rutherford Appleton Laboratory, UK)

A. lyachev
andrey.lyachev@stfc.ac.uk

Vulcan 10PW front-end

830nm output spectrum with
waveplate angle. Background
removed, and intensity logarithmic
scale for clarity.
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Two beam spatial phasing with CW laser

P. J. Phillips, C. Hernandez-Gomez, 
I. Musgrave, J. Collier 

(STFC, Rutherford Appleton Laboratory, UK)

P. J. Phillips
jonathan.phillips@stfc.ac.uk
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High average powered lasers are attractive
owing to their potential for a diverse range
of experiments. One way of achieving this
is by combination of several beams into a
monolithic beam, which immediately
reduces the requirements for the amplifier
to a more modest level. This report
describes a system developed to
investigate the combination of two
separate beams by the use of a dedicated

wave front sensor (WFS). This has been
achieved by software control of actuators
for tip / tilt and piston errors. These errors
are derived from the wave front sensor,
including the piston which is taken from
the interference from the two beams in the
central part of the WFS. We have achieved
a calculated Strehl ratio of greater than
0.8.

Shows the software for
monitoring the coherent
overlap of the two pulses.

Improvements in the Vulcan picosecond OPCPA 

We have previously reported [1] on the
generation of a broad bandwidth
picosecond OPCPA system which is now
routinely used as the seed for the
nanosecond Vulcan OPCPA - by providing
~110µJ picosecond pulses as the seed for
the second and third stages of the Vulcan
OPCPA preamplifier, the nanosecond

contrast in Target Area Petawatt has been
improved by at least two orders of
magnitude [2]. 
[1] W.Shaikh et. al. CLF Annual report 2008-

2009 pp 292-293
[2] I. Mugrave et. al. Appled Optics Vol 49 Issue

33 pp 6558-6562

W. Shaikh, I. Musgrave

(STFC, Rutherford Appleton Laboratory, UK)

W. Shaikh
waseem.shaikh@stfc.ac.uk
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Schematic of two stage OPCPA
system. The ‘dashed’ lines
represent removable mirrors.
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The Vulcan 10PW OPCPA project requires
two long pulse beams to pump the two
large aperture crystals.  The 10PW team
have brought together Frantz-Nodvik
calculations, MIRO modelling, and
experience of the existing Vulcan system to
design a pump laser suitable for delivering
two 3ns adjustable pulse shape infra-red
beams at 1.2kJ each and a lower energy
beam of 30J to pump a booster stage.

Using building blocks of a shaped long
pulse oscillator, a rod amplifier chain and a
disc amplifier output section we have
settled on a final design through modelling
to deliver the required specification.  This
requires the use of new technology for
Vulcan such as rectangular disc amplifiers
and double passed amplification using
angularly multiplexed beams.  

T. B. Winstone, S. Blake, A. Frackiewicz, 
M. Galimberti, S. Hancock, R. Heathcote, 
C. Hernandez-Gomez, P. Holligan, A. Kidd, 
I. O. Musgrave, D. Pepler, W. Shaikh

(STFC Rutherford Appleton Laboratory, UK)

T. Winstone
trevor.winstone@stfc.ac.uk

Long pulse pump laser
potential layout.

Vulcan 10PW project : Design of the long pulse pump laser 84

Rectangular slab amplifier development

T. B.  Winstone, A. J.  Frackiewicz, 
S. E. J. Chapman, D. A.  Pepler, S.  Hancock, 
S. Blake, C. Hernandez-Gomez

(STFC, Rutherford Appleton Laboratory, UK)

T. B. Winstone
trevor.winstone@stfc.ac.uk
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Manufacture of Nd:doped laser glass has
undergone a revolution in recent years
moving from a pour clad manufacturing
process to a glue clad system.  This leads to
a higher yield and a better transmission
quality.  Disc amplifiers of the Vulcan Glass
Laser System currently use the elliptical

pour clad design.  In future we will require
glue clad rectangular slab technology both
for the continued operation of the Vulcan
System and also for the Vulcan 10PW
Upgrade.  A 150 size and a 200 size
amplifier have been developed, with the
200 size having concluded gain testing.

Inspection of 150
Rectangular slab amplifier.
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Vulcan 10PW upgrade: Development of metallic
900 lines/mm pulse compression gratings

86

The Vulcan 10PW upgrade requires large
scale high efficiency gratings to compress
the beam to 30fs.  We report on progress
on the development process we have
undertaken to develop 900 line/mm gold
gratings and how we worked with the
manufacturer to produce metallic coated

diffraction gratings with diffraction
efficiencies regularly in excess of 90%
across a bandwidth of greater than 160 nm
and suitably high short pulse laser damage
thresholds to ensure the specification of
the facility is achievable.

T. B. Winstone, I. N. Ross, M. Galimberti, 
A. Lyachev, C. Hernandez-Gomez
(STFC Rutherford Appleton Laboratory, UK) 

D. Smith, M. McCullough
(Plymouth Grating Laboratory, USA)

T. B. Winstone
trevor.winstone@stfc.ac.uk

Pre-pulse generator for controllable picoseconds pre-pulses in TAP

In this contribution we discuss the optical
arrangement used to generate controllable
picosecond pre-pulses in TAP. We present a
simple device that enables the generation
of controlled pre-pulses on the picosecond
time domain. This device was successfully
used in the experimental campaign in TAP
in September 2010.

I. Musgrave

(STFC, Rutherford Appleton Laboratory, UK)

I. Musgrave
ian.musgrave@stfc.ac.uk
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Laser R&D

Current status of the DiPOLE project 88

S. Banerjee, K. Ertel, P. Mason, J. Phillips, 
P. Rice, S. Tomlinson, S. Blake, 
C. Hernandez-Gomez, J. Collier, T. Davenne,
M. Fitton, A. Lintern
(STFC, Rutherford Appleton Laboratory, UK)

DiPOLE prototype
cryogenic amplifier
with cooling system
in background. 

We describe the current status of the
DiPOLE project. We have developed a
concept for a cryo-cooled diode pumped
laser amplifier suitable for generating ns
laser pulses at multi-Hz repetition rate and
kJ-level pulse energy. Such lasers will form
the basis of next generation ultra-high
intensity research facilities and they are
also required to make real-world
applications of laser generated plasmas a
reality. Over the last year we have
constructed a scaled-down prototype

amplifier. At the time of writing, all major
components such as cryogenic cooling
system, amplifier head containing ceramic
Yb:YAG disks, diode laser pump sources,
and front-end laser have been installed and
commissioned. Over the coming months
the optical and laser-physical parameters
of the amplifier will be thoroughly
characterised, culminating in the
completion of a full system demonstration
to amplify pulses to the 10 J level at 10 Hz
repetition rate.  

K. Ertel
klaus.ertel@stfc.ac.uk
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Target Fabrication

Production of novel Gaussian-shaped micro-bump targets

I. C. East
ian.east@stfc.ac.uk
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I.C. East, H. F. Lowe and C. Spindloe
(STFC, Rutherford Appleton Laboratory, UK)

There has been continuing research into
producing Gaussian-shaped targets with a
view to producing well collimated, higher
energy and spectrally narrow beams of
ions from laser target interactions. The
laser has a Gaussian focal spot which
means it’s more intense at the centre of
the focal spot and less intense in the wings.
A target was fabricated for an experiment
for which the aim was to establish whether
making the target thicker in the centre of
the interaction point would compensate
for the Gaussian shape of the laser beam
and maximize ion production by RPA. 
Gaussian shaped metallic micro-bump
targets with varying thickness and bump
diameters were fabricated. They consisted
of aluminium targets on a backing foil
between 0.2µm-0.5µm with the height of
the micro-bump being 1µm. The Target
Fabrication Group used their experience
and knowledge of metal coating processes
to investigate options for the production of
this novel target type using a thermal
evaporation process.

Following many discussions and tests the
Target Fabrication Group successfully
manufactured a novel approximately
Gaussian-shaped metallic micro-bump
target on a thin foil for an experiment on
Vulcan using a variety of novel masking
techniques. There is potential to continue
research and development into these novel
targets using different materials,
thicknesses and sizes of micro-bumps.

A white light interferometric scan of a
micro-bump target

Overview of the Target Fabrication new chemistry laboratory
The CLF Target Fabrication Group has recently
commissioned a new chemistry laboratory to
further expand the capabilities for the
research, development and production of
high power laser targets for internal delivery
and also to the external high power laser
community.

The electroplating of metals is used for the
deposition of thick metal layers (up to 30μm)
and allows the coating of complex intricate
forms.

There is an increased need from the user
community for polymer thin films that are CH
pure or contain oxygen in their molecular

structure, with polystyrene and formvar being
the most commonly used. There is also an
interest in deuterated polyethylene thin films.
Polymer films with thicknesses between
10nm and 2.7μm have been produced by spin
coating and dip coating.

The wet etching of metals, polymers and
ceramics is often required for the purposes of
micromachining and release of sacrificial
layers from mandrels.

Sample cleaning is another important process
for removal of contaminants and surface
activation. Hand surface lapping and
polishing is also used to change the
roughness of samples and remove waviness.

Finally the Target Fabrication Group is
developing a capability to produce low
density materials for laser targets and has
been requested to produce polymer foams
with pore sizes down to 1μm and densities
between 3 mg/cm-3 and 800 mg/cm-3. 
The housing of the laboratory in a dedicated
room will ensure a more suitable
environment for the chemistry processes that
are sensitive to environmental factors.

90

S. Serra
sam.serra@stfc.ac.uk

S. Serra, C. Spindloe, H. Lowe and M. Tolley
(STFC, Rutherford Appleton Laboratory, UK)

3D and 2D profilometry
images of formvar and
polystyrene films.
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Novel micro-focusing cone target fabrication  

C. Spindloe, G. Scott, S. Serra, D. Neely, 
E. Barber and D. Jenkins
(STFC, Rutherford Appleton Laboratory, UK)

C. Spindloe 
christopher.spindloe@stfc.ac.uk
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It has been shown that typically 30% of
laser energy is absorbed by a target in a
high power laser interaction with the rest
being specularly reflected and usually lost
from the system. Therefore it can be seen
that if the laser target interaction could be
increased in efficiency this would lead to a
highly cost effective way of increasing the
energy that is coupled into a target. It has
been suggested that micro-cone
geometries integrated into a target design
have the potential to increase the laser
absorption. The Astra Gemini laser has a
focal spot size that is limited to
approximately 1.26 times the diffraction
limit of the laser beam and it is very
difficult to focus the laser beam any
further using conventional techniques. The
limit for the Astra Gemini system is about
2µm full width half maximum. 

It is suggested that if a micro cone is
produced in a thin foil that is of the order
of 5µm at its opening diameter it will
increase the absorption of the laser energy.
We have shown that micro-conical designs
can be fabricated using known
technologies and that these can be
adapted and tailored for use on high
power laser facilities. The use of the 
micro-needles as moulds to pattern a thin
foil target can produce micro-cone
geometries that can be controlled by the
variation of the process parameters. More
work is needed to fully characterise the
cones and to understand the tip
geometries as these are challenging to
image with standard techniques. These
targets also need to be tested
experimentally and will be fielded in
upcoming LIBRA experiments at RAL.

The Target Fabrication Group was
requested to supply a number of thin
walled cones with an opening angle of 140
degrees. These targets were required to be
fabricated with a gold wall that was a
thickness of 3µm or less. 20 Cones were
required for the TAW experiment in June
2010. 

Targets have been previously fabricated by
the Target Fabrication Group that were thin
walled aluminium cones that had a similar
opening angle, a diameter at the open end

of ~1mm and with wall thicknesses of
approximately 3µm. Initial tests to produce
the new batch of targets focused on
techniques that have been used to produce
other thin foil structures. This consists of
coating onto a mandrel and then etching
the material away to leave a hollow target
of the required geometry. 

The work showed that existing coating
processes and high precision micro-
machining can be used to produce thin
walled micro cones precise dimensions and
thicknesses that kept the form of the
mandrel without collapsing during the
etching process. Further work will be
needed to expand this technique to batch
production to deliver to the high rep-rate
laser systems that are coming online across
the world.

D. L. Wyatt and C. Spindloe, P. Hiscock and
M. Beardsley
(STFC, Rutherford Appleton Laboratory, UK)

D. L. Wyatt
donna.wyatt@stfc.ac.uk

Production of novel thin-walled cone micro targets
for an astrophysical jet experiment
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A SEM image of a
micro-needle and a
cone in a thin foil

White light interferometer
scan of thin cone mandrel
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Instrumentation and
Plasma Diagnostics

Maximising the dynamic range of radiochromic film
through novel scanning techniques

Radiochromic film is a common diagnostic
in laser-ion acceleration studies used
primarily for the characterisation of ion
beam spatial profiles for a range of ion
energies. The viability of scanning different
spectral regions to increase the
recoverable dynamic range relative to
greyscale scanning is investigated. In
particular Gafchromic HD810 is used.
The recoverable dynamic range of RCF can
be extended relative to greyscale scanning
by analysing the film separately in the
three colour channels that a commercially
available flatbed transmission scanner
typically records. The recoverable dynamic
range of the film can be shown to increase

by an order of magnitude compared to a
conventional greyscale scan.

Taking this concept further by ultra violet
backlighting of the film, the maximum
measurable dose can be increased to at
least 200 kGy, an order of magnitude
greater than the three colour method and
up to two orders of magnitude greater than
using greyscale.

G. G. Scott (1,2), J. S. Green and D. Neely (1, 2)

(1 STFC, Rutherford Appleton Laboratory, UK)

M. R. Mitchell and P. McKenna 
(2 University of Strathclyde, UK)

F. Fiorini, D. Kirby and S. Green 
(University of Birmingham, UK)

J. Rickman 
(Imperial College London, UK)

G. G. Scott
graeme.scott@strath.ac.uk
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Nikon Super Cool Scan 9000 ED calibration of
HD810 optical density with dose.

Characterisation of plastic scintillators for detection
of laser-accelerated protons

J. S. Green
James.green@stfc.ac.uk
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J. S. Green, G.S. Scott1 and D. Neely1

(STFC, Rutherford Appleton Laboratory, UK) 

D. Kirby and D. Parker 
(University of Birmingham, UK)

S. Green 
(University Hospital Birmingham, UK) 

M. J. Merchant and K. Kirkby 
(University of Surrey, UK)
1 also with University of Strathclyde

Next generation intense, short-pulse laser
facilities require new high repetition rate
diagnostics for the detection of ionising
radiation. We have designed a new
scintillator-based ion beam profiler capable
of measuring the ion beam transverse
profile for a number of discrete energy
ranges. The optical response and emission
characteristics of four common plastic
scintillators has been investigated for a
range of proton energies and fluxes. 
The scintillator light output 

(for 1 MeV > Ep < 28 MeV) was found to
have a non-linear scaling with proton
energy but a linear response to incident
flux. Initial measurements with a prototype
diagnostic have been successful, although
further calibration work is required to
characterise the total system response and
limitations under the high flux, short pulse
duration conditions of a typical high
intensity laser-plasma interaction.

Optical emission spectra for BC-422Q, BC-408,
EJ-260 and EJ-264 thin organic scintillators.
Spectra were obtained by illuminating each
scintillator with a 2.5 MeV proton beam.
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Engineering
Nitrogen usage and Nitrogen generation

S. Blake
(STFC, Rutherford Appleton Laboratory, UK)

R. Taylor
(Activ Air Automation Ltd, UK
www.activ-air.co.uk)

S. Blake
steve.blake@stfc.ac.uk

Environmental and equipment monitoring

Monitoring of the mechanical hardware
and mechanical services throughout the
Central Laser Facility has been limited.
Failure of plant has been apparent when
working back from the effect rather than
being aware of the cause.  

A number of solutions were considered
that could monitor temperature, relative
humidity, vacuum level, pressures etc and 

the best solution was deployed in TAP.  This
has now been rolled out to many of the
areas.

The unit has a fixed memory size and
displays the latest data with old data being
progressively overwritten.  A script has
been written to capture the data weekly
and store it on the network.  When alarm
set points are triggered emails are sent to
key people to investigate.

S. Blake
(STFC, Rutherford Appleton Laboratory, UK)

S. Blake
steve.blake@stfc.ac.uk
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Nitrogen is used throughout the CLF as a
reliable supply of compressed gas to
operate laser shutters, purge laser cavities
and purge vacuum pumps.  We explored
the reasons for using Nitrogen and
evaluated our usage over a number of
years looking at how the CLF has evolved.  
Once the usage was determined the
different technologies were investigated to
identify methods to generate sufficient

compressed air and convert this to pure
Nitrogen.  It was necessary to select the
required purity as this has a significant
impact on the size of the compressors and
the size and type of generators.

Service intervals, maintenance downtime,
redundancy and Plant Room space were all
explored to find the most suitable
compromise and propose two solutions.
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Motion control system development

Motion control is an essential component
of the laser system and a major
contributing factor to the successful
operation of the facility. With much of the
beam propagation under vacuum, it is
essential that beam pointing adjustments
can be made remotely, and with pulse
characteristics and experimental success
sometimes reliant on sub micron accuracy,
attention must be given to both the
mechanical design of the optical stages and

the motors, encoders and other feedback
devices used to ensure these control
parameters are achievable. A generic
motion control system will satisfy the
motion control requirements of both the
laser and target areas.

No commercial software solution was
available to satisfy the need to use a
variety of different motion controllers
supplied by a number of manufacturers
which was required to be easily
reconfigurable with changing technologies
and reconfigured for each experiment. An
in house solution was needed to utilise
existing hardware whilst allowing the
evolution of both motion controllers and
the equipment under control.

P. Holligan, D. Rathbone, J. Suarez-Merchan,
A. Zayyani

(STFC, Rutherford Appleton Laboratory, UK)
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paul.holligan@stfc.ac.uk
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Pulsed power developments

P. Holligan, Luis S. Caballero Bendixsen, 
M. R. Pitts, C. Sawyer

(STFC, Rutherford Appleton Laboratory, UK)

P. Holligan
paul.holligan@stfc.ac.uk
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The Vulcan Laser Facility and proposed
10PW upgrade utilise disc amplifiers which
rely on flash lamp pumping technology[1-3].
An electrical discharge is driven through a
gas producing an arc, and the radiation
produced in the discharge is then used to
pump the active amplifier medium (i.e. Nd:
glass) achieving the population inversion
required for lasing. 

A high voltage/current pulse is delivered by
a Pulsed Power System (PPS) to create the
electric discharge.

The existing Vulcan pulsed power system is
too large for the proposed 10PW building,
so a more compact pulsed power system
needed to be designed to fit in the
proposed building footprint. The existing
ignitron configuration was bulky and
offered scope for a reduction in size by
utilising a more modern design.

[1] J. P. Markiewicz and J. L. Emmett, IEEE
Journal of Quantum Electronics, QE-2, 11,
707, (1966)

[2] H. T. Powell, A. C. Erlandson and K. S.
Jancaitis, SPIE, 609, 78 (1986)

[3] W. Koechner, “Solid-State Laser
Engineering”, (Springer Series in Optical
Sciences), Springer 6th Edition, May 2006

Drive System Editor which
aids experimental setup
and drive connections.

Ignitron board
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Flash lamp test facility pulsed power and control upgrade 99

The flash lamp test facility is used to test
flash lamp pumped disc amplifiers before
they are put in to operation on the Vulcan
Laser system. It also serves as a test bed for
pulsed power components as the hardware
is identical to that used on the main
facility.

In order to test the technology chosen for
the Vulcan 10PW upgrade, one whole
amplifier circuit was changed to

incorporate the new ignitron and PFN
design, leaving one amplifier circuit in the
original configuration for testing and
support of Vulcan components. To
automate the testing of flash lamps and
any pulsed power components, the control
software has been upgraded to allow
continuous firing and recording of data. 

P. Holligan, L. S. Caballero Bendixsen, 
M. R. Pitts, C. Sawyer, A. Zayyani

(STFC, Rutherford Appleton Laboratory, UK)

P. Holligan
Paul.Holligan@stfc.ac.uk

New Test Facility
Circuit Configuration

Research Complex laser interlocks system

C. John, A. Tylee, P. Holligan, D. Robinson, 
T. Roper, N. Symcox

(STFC, Rutherford Appleton Laboratory, UK)
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The development of the Research Complex
at Harwell (RCaH) in R92, is set to provide a
multi-disciplinary research facility, that will
attract world-class research and world-
class scientists. 
In order for Lasers for Science Facility (LSF)
to successfully occupy lab space in RCaH, a
multi-room laser interlock and control
system  was required for safe laser
operation.
This report highlights the design challenges
and solutions employed to implement
them.

Laser Interlock Safety
The LSF occupies three areas or clusters
within RCaH incorporating 15 laser rooms,
they are: 
• FBI – Functional Biosystems Imaging

known as Octopus

• ULTRA - Molecular Structure and
Dynamics MSD

• Analytical Services - R&D labs

Laser interlock systems have been
developed and used throughout the Central
Laser Facility (CLF) for many years, but a
new approach was employed in dealing

with the FBI cluster as its requirements
posed new design challenges.

Operational layout of
Octopus area
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Developments of the laser interlocks

As well as the moral obligation to avoid
harming anyone, there are laws set in place
that require machines to be safe, thereby
avoiding accidents.

The Flixborough incident in June 1974,
which resulted in 28 deaths focused the UK
public and media attention on the
importance of safety of equipment
controlling hazardous processes. The cause
of the disaster was found to be related to a
simple mechanical failure. 

In terms of laser systems, if the control
system were to fail with power remaining
on to all outputs, this would cause the
connected lasers to remain permanently
switched on. An unknowing user for
example could walk into a room with a
high possibility of  eye damage from
exposed laser hazards present in the room.
The human eye is the part of the human

body that is most sensitive to light and can
most easily be damaged by lasers if ever
contact is made as a result of direct
exposure or from reflected beams. This can
result in permanent visual impairment. The
power of laser beams, particularly pulsed
power lasers, can be so high that not only
the main beam but also weak reflections
and diffusely scattered radiation can be
hazardous.

Hazards can also occur when the skin is
exposed to high power laser beams which
can cause very painful burns. Photo-
chemical burns can also occur from
ultraviolet laser beams.

The aim of this report is to draw the
readers’ attention to laser safety within the
CLF and the steps taken by the Electrical
Engineering Section to improve interlock
safety and design procedures.

C. John, A. Tylee, P. Holligan, D. Robinson, 
T. Roper

(STFC, Rutherford Appleton Laboratory, UK)

C. John
chris.john@stfc.ac.uk
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Architecture of
interlock systems

Vulcan TAW vacuum system under experimental loading conditions

Laser plasma experiments routinely require
a fast pump down of the vacuum chamber
to give the maximum number of shots
possible during the experimental run. The
Target Area West Interaction Chamber was
taking longer to pump than expected with
all of the experimental hardware fitted.  A
range of tests were commissioned to
identify the items that had the biggest
impact on the pumping speed and identify
changes that could be made to improve the
pumping speed.  Standard conditions were
adopted to try to replicate normal
operational running making the tests as
realistic as possible. 

D. A. Neely, S. P. Blake, R. Clarke, P. A. Rice
and A. Cox

(STFC, Rutherford Appleton Laboratory, UK)

S. Blake 
steve.blake@stfc.ac.uk
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Artemis Operational Statistics

During the reporting year April 2010 - April 2011 a total of 10
experiments were delivered in the Artemis facility, as shown in
Table 1. At the user request some experiments were broken down
into a series of slots, typically 2 weeks long. In total 28
experimental weeks were delivered to users. Seven weeks were
allocated for vacuum beamline development and installation of
the new preparation chamber on the materials science end-
station. The few-cycle carrier-envelope-phase-locked beamline
was also fully commissioned and used in an experiment. Seven
weeks were allocated to laser services, including the installation
of the second compressor on the Red Dragon laser. The overall
availability of Artemis facility was 157% when including
operations out of normal hours. Laser reliability was 88%.

I.C.E.Turcu
edmond.turcu@stfc.ac.uk

Table 1. Artemis schedule 2010/11

I.C.E. Turcu (CLF STFC, Rutherford Appleton Laboratory, UK)

Easter 05-Apr-10 11-Apr-10

Underwood 12-Apr-10 18-Apr-10

81003 19-Apr-10 25-Apr-10

Laser service (KML) 26-Apr-10 02-May-10

CEP/few-cycle commissioning 03-May-10 09-May-10

10-May-10 16-May-10

Bryan (commissioning) 17-May-10 23-May-10

90003 24-May-10 30-May-10

31-May-10 06-Jun-10

Greenwood 07-Jun-10 13-Jun-10

91000 14-Jun-10 20-Jun-10

21-Jun-10 27-Jun-10

28-Jun-10 04-Jul-10

05-Jul-10 11-Jul-10

Engineering (Vacuum beamlines) 12-Jul-10 18-Jul-10

19-Jul-10 25-Jul-10

26-Jul-10 01-Aug-10

Petersen  02-Aug-10 08-Aug-10

92000 09-Aug-10 15-Aug-10

Building work 16-Aug-10 22-Aug-10

Laser service (KML)  23-Aug-10 29-Aug-10

AMO engineering 30-Aug-10 05-Sep-10

Marangos 91001 06-Sep-10 12-Sep-10

Laser service (TOPAS)  13-Sep-10 19-Sep-10

Cavalleri 90001 20-Sep-10 26-Sep-10

27-Sep-10 03-Oct-10

AMO vacuum 04-Oct-10 10-Oct-10

11-Oct-10 17-Oct-10

Marangos 18-Oct-10 24-Oct-10

91001 25-Oct-10 31-Oct-10

01-Nov-10 07-Nov-10

Laser service (PI) and Devt. 08-Nov-10 14-Nov-10

Tallents 92004 15-Nov-10 21-Nov-10

Laser service (TOPAS)  22-Nov-10 28-Nov-10

Building work 29-Nov-10 05-Dec-10

Petersen 06-Dec-10 12-Dec-10

EU 92013 13-Dec-10 19-Dec-10

Engineering 20-Dec-10 26-Dec-10

Holidays 27-Dec-10 02-Jan-11

Laser service (PI) and Devt. 03-Jan-11 09-Jan-11

Petersen  10-Jan-11 16-Jan-11

92013 17-Jan-11 23-Jan-11

Prep-chamber installation  24-Jan-11 30-Jan-11

Wu 31-Jan-11 06-Feb-11

92009  07-Feb-11 13-Feb-11

Magnetic field commissioning 14-Feb-11 20-Feb-11

Wu 92009  21-Feb-11 27-Feb-11

End-stations move 28-Feb-11 06-Mar-11

Laser service (KML) 07-Mar-11 13-Mar-11

Wark  92003  14-Mar-11 20-Mar-11

Marangos 91001 21-Mar-11 27-Mar-11

AMO commissioning 28-Mar-11 03-Apr-11

APPENDICES   Schedules and Operational Statistics
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Figure 1. Artemis availability and reliability in 2010-11

Availability
in normal
hours (%)

Overall
Availability

(%)

Reliability
(%)

Underwood-81003 75 141 85

Bryan-90003 86 148 92

Greenwood 80 158 89

Petersen-92000 83 177 91

Marangos-91001 78 122 85

Cavalleri-90001 72 158 85

Tallents-92004 85 136 90

Petersen-92013 67 188 85

Wu-92009 92 204 96

Wark-92003 83 144 89

Average 80 157 89

Table 2 and Figure 1 are an experiment by
experiment break down of the Artemis facility
performance for the reporting year and show the
availability and reliability. The number for
availability during normal hours is lower because
of the laser being ready for users at around 9:30 –
10am. During data acquisition, the laser system
was run continuously (24 hour operation) for
periods of up to 5 days. Overnight laser operation
and shift work were introduced for some
experiments at the request of the users. 

Over the past year Artemis has provided many
combinations of pump and probe pulses for
experiments. These have included 800 nm pulses,
few-cycle pulses, 1300nm and UV pulses from the
Topas, and XUV pulses from the monochromatised
beamline. Both the Materials Science and Atomic
and Molecular Physics stations were used, and
three visiting end-stations were also
accommodated.

Table 2. Artemis facility statistics 2010/11
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Astra Operational Statistics 

During the reporting year, April 10 – April 11, a total of
3 complete experiments were delivered to the Astra-
Gemini Target Area. In total 22 high power laser
experimental weeks were delivered to the Gemini
Target Area. In addition, 2 weeks of radiological
commissioning was conducted. The delivered schedule
is presented in figure 1.

The availability of the Gemini laser system (delivery to
the Gemini Target Area) was 72% during normal
working hours, rising to 131% with time made up from
running out of normal working hours. The reliability of
the Gemini laser was 82%. An individual breakdown of
the availability and reliability for the 3 experiments
conducted is presented in figure 2. The high levels of
total availability were made possible by the unique
operational model employed on Gemini, which
involves running the laser late into the evening. In
addition, during the 10/11 operating period frequent
weekend operations were made available. Towards the
completion of experiments continuous 24hr operations
with users forming 2 operating shifts was also
used. 

Figure 1. Experiment by experiment breakdown of statistics

S.Hawkes
steve.hawkes@stfc.ac.uk S. Hawkes   (CLF STFC, Rutherford Appleton Laboratory, UK)

Gemini 
05-Apr-10 11-Apr-10

12-Apr-10 18-Apr-10

19-Apr-10 25-Apr-10

26-Apr-10 02-May-10 North beam commissioning

03-May-10 09-May-10

10-May-10 16-May-10

17-May-10 23-May-10 Set up

24-May-10 30-May-10

31-May-10 06-Jun-10

07-Jun-10 13-Jun-10

14-Jun-10 20-Jun-10

21-Jun-10 27-Jun-10 D Neely

28-Jun-10 04-Jul-10 91023

05-Jul-10 11-Jul-10

12-Jul-10 18-Jul-10

19-Jul-10 25-Jul-10 Set up

26-Jul-10 01-Aug-10 General Atomics

02-Aug-10 08-Aug-10

09-Aug-10 15-Aug-10

16-Aug-10 22-Aug-10

23-Aug-10 29-Aug-10 Contrast enhancement

30-Aug-10 05-Sep-10

06-Sep-10 12-Sep-10

13-Sep-10 19-Sep-10

20-Sep-10 26-Sep-10 Plasma mirror set up

27-Sep-10 03-Oct-10

04-Oct-10 10-Oct-10

11-Oct-10 17-Oct-10 M Zepf/B Dromey

18-Oct-10 24-Oct-10 91009/91015

25-Oct-10 31-Oct-10

01-Nov-10 07-Nov-10

08-Nov-10 14-Nov-10 System optimisation

15-Nov-10 21-Nov-10

22-Nov-10 28-Nov-10 M Zepf/B Dromey

29-Nov-10 05-Dec-10 91009/91015

06-Dec-10 12-Dec-10

13-Dec-10 19-Dec-10 Coseners meeting

20-Dec-10 26-Dec-10 Christmas

27-Dec-10 02-Jan-11

03-Jan-11 09-Jan-11

10-Jan-11 16-Jan-11 System optimisation

17-Jan-11 23-Jan-11

24-Jan-11 30-Jan-11

31-Jan-11 06-Feb-11

07-Feb-11 13-Feb-11 M Zepf/B Dromey

14-Feb-11 20-Feb-11 91009/91015

21-Feb-11 27-Feb-11

28-Feb-11 06-Mar-11 Radiological commissioning

07-Mar-11 13-Mar-11

14-Mar-11 20-Mar-11 Set up

21-Mar-11 27-Mar-11 G Gregori

28-Mar-11 03-Apr-11 91008
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Figure 2. 2010/20011 Operational statistics

A major achievement during the 10/11 operating
period was the full commissioning of the second
Gemini beam. The North Gemini beam was brought up
to near full specification, delivering energy at 25 J. The
newly commissioned North beam was used in
combination with the South beam for the first Gemini
dual beam experiment during the David Neely
experimental campaign. The North Gemini beam was
also used in the first commercial access experiment
conducted on Gemini, this was a weeks access by
General Atomics. 

A number of improvements to the Gemini contrast
were made during the 10/11 operating period, with
replacement of a number of optics including
replacement of the pulse stretcher gratings. This work
lead up to the commissioning and characterisation of
the plasma mirror system in the Gemini Target Area. A
number of weeks were dedicated to an investigation
into the Gemini pulse front tilt and a new
interferometric diagnostic was deployed on the Gemini
system. Considerable improvements were made to the
Gemini pulse front tilt.
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Developments within the
EPSRC Laser Loan Pool

Introduction
Throughout 2010/11 the Laser Loan Pool continued to provide
laser loans to the UK research community supporting 11 research
groups.

Developments
This year two lasers retired from the facility these were the
frequency-doubled argon-ion laser (CWL1) and a Nd:YAG pumped
dye system (NSL5).  These retirements made way for two new
systems with a wide range of potential applications to support
research in the fields of physics, chemistry and in particular the
life-science interface.  The two new systems are:
• Supercontinuum source with acousto-optic tunable filter.
• Tunable Ti:S oscillator and optical parametric oscillator (OPO)

with dispersion correction.

Supercontinuum
This laser is a NKT SuperK G2 Extreme and is a quasi-cw single
mode supercontinuum white light laser operating at 40 MHz.  A
spectrum of its output can be seen in Figure 1 and Figure 2 shows
superimposed spectra of the AOTF output as it scans through the
visible region.  In addition to the supercontinuum output this
laser is also equipped with a fibre delivering ca 100 mW from the
pump source at 1064 nm.  Full specifications of this system are
given in Table 1.  The first loan of this laser was to Prof Anita
Jones at Edinburgh University to apply the combination of
crystallography, computational chemistry, and high-pressure
optical spectroscopy (both steady state and time-resolved
methods) to understand the relationship between electronic
structure and inter- and intra-molecular interactions.

At present the system is being equipped with a pulse-picker
option which will be available as of the next loan.  This will
provide on-the-fly variable repetition rate and will run at 40.0,
26.7, 20.0, 16.0, 13.3, 11.4, 10.0, 8.89, 8.00, 6.67, 5.71, 5.00,
4.44, 3.64, 3.20, 2.96, 2.76, 2.50, 2.35, 2.16 and 2.00 MHz.

I. P. Clark
ian.p.clark@stfc.ac.uk I. P. Clark, M. Towrie and A. W. Parker   (CLF STFC, Rutherford Appleton Laboratory, UK)

Figure 1: Spectral output of the supercontinuum laser.

Figure 2: Spectral output of the supercontinuum laser.

Table 1:  Specifications of the Loan Pool’s CWL1
supercontinuum laser system.
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Tunable Ti:S Oscillator & OPO
The second purchase is a Ti:S oscillator and OPO with dispersion
control.  This system is designed to be “turn-key” and as hands-
free as possible, with the intention of being at the forefront of
technology yet still being user friendly to those with less laser
experience.  The laser is suited to a wide range of research areas,
but in particular coherent anti-Stokes Raman spectroscopy, multi-
photon excitation microscopy and materials processing.

The full specifications of this system can be seen in Table 2 and
the layout in Figure 3.

The first loan of this laser is to commence in the near future with
Prof Stephen Faulkner at the University of Oxford to study energy
up-conversion in bimetallic lanthanide complexes.

Future
During this year the Loan Pool with be disposing of some of its
older lasers to the user community and purchasing a number of
new systems.  A high power machining laser is being considered,
providing enough user interest exists.  Other potential purchases
include a single-mode continuous-wave titanium sapphire laser
for applications ranging from atom trapping and cooling to
fluorescence spectroscopy and an IR narrow-linewidth OPO.

In order to aid the assessment of new purchases a user survey can
be found on the Loan Pool web page:
http://www.clf.rl.ac.uk/Facilities/Laser+Loan+Pool/14706.aspx

Acknowledgements
The Loan Pool wishes to thank the Loan Pool Steering Committee
members for their time, advice and suggestions.

Figure 3: Optical layout of the UFL3 system.

Table 2:  Specifications of the Loan Pool’s UFL3 tunable Ti:S
oscillator & OPO laser system.
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Lasers for Science Facility
Operational Statistics

RAL-based experiments
In the reporting period (April 2010 to March 2011), 21 different
User groups performed a total of 24 experiments in the LSF
laboratories at RAL. A total of 3005 hours laser time was
delivered to the UK User community and European Users
throughout the year, with 143 hours downtime. Biology/Bio-
materials formed the majority of the applications, see figure 1. 

A full breakdown of number of weeks applied for versus number
of weeks scheduled is shown in figure 2 indicating an
oversubscription ratio of 1.35:1. The RAL-Based schedule is
shown in table 1. The average User satisfaction marks obtained
from the scheduled Users are shown in figure 3, with an average
satisfaction of 93% across the categories.

There were a total of 32 formal reviewed publications produced
from the year’s efforts, with the LSF programme supporting 4
students completing a PhD in the reporting year. 

Loan Pool
Throughout 2010/11 the Laser Loan Pool continued to provide
laser loans to the UK research community supporting 11 research
groups and saw the publication of at least 9 articles in peer-
reviewed journals including one in Nature by Prof J Simons of
University of Oxford, “Sensing the anomeric effect in a solvent-
free environment” (doi: 10.1038/nature09693).

This year saw the introduction of a number of new laser systems,
namely an NKT supercontinuum source and a Coherent tuneable
Ti:S and OPO with dispersion correction.  These systems are
virtually “turn-key” and have a wide range of potential
applications to support research in the fields of physics, chemistry
and in particular the life-science interface.  Full details of these
systems can be found in the Loan Pool development article also
in this annual report.

The Loan Pool delivered 291 weeks of laser time in the reporting
period with a ratio of weeks applied for vs. weeks scheduled of
1.33:1. Downtime was 37 weeks which was mainly due to a
major UFL2 laser failure. Chemistry and Physics subject areas
dominated the applications; the breakdown is shown in figure 4.
The Loan Pool schedule is shown in table 2.

A. W. Parker
tony.parker@stfc.ac.uk B.C. Coles, D.T. Clarke, I.P. Clark, A.W. Parker   (CLF STFC, Rutherford Appleton Laboratory, UK)

Figure 1. RAL-based bids by subject group Figure 2. RAL-based experiments by subject Figure 3. RAL-based average User
satisfaction scores

Figure 4. Loan Pool bids by subject group Figure 5. Loan Pool experiments by subject Figure 6. Loan Pool average User
satisfaction scores
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Table 1. Lasers for Science Facility RAL-based Schedule 2010/11
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 Date Functional Biosystems Imaging Molecular Structural Dynamics Cross Department Research 

4 Oct M MARTIN-FERNANDEZ (STFC) 
101026 

 
 

11 Oct 
 P O’NEILL (Oxford University) 

101014 Dynamics of genomic DNA damage 
repair proteins

 

 

18 Oct ZA WILSON (University of Nottingham) 
101023  Plant protein interactions 

25 Oct 

1 Nov 

 JW HAYCOCK (Sheffield University) 

101031 Time-resolved emisison imaging 
microscopy with long-lived Pt(II) complexes 

M KING (RHUL/ISIS) 
91,017 Night-time oxidation of tracer 

species in atmospheric rainwater  

8 Nov ZA WILSON  (University of Nottingham) 
101023 Plant protein interactions  

15 Nov   

22 Nov 

 R BISBY (Salford University) 

101013 2-P stilbene activation 

Relocation to Research Complex 
R92 

 

29 Nov 
M GEORGE (University of Nottingham) 

101034  The Role of Nonstatistical Dynamics in 
the Chemistry of Reactive Intermediates 

 

6 Dec 

 A ALEXANDER (University of  
Edinburgh) 

101016 Laser scattering Microscopy  
  

13 Dec M MARTIN-FERNANDEZ (STFC) 
101026 

P PORTIUS (University of Sheffield) 
101033 M WATSON (Bristol) 

MSF/NERC Sandpit Access 
*PROVISIONAL* 

20 Dec 
 C STUBBS (STFC) 

101032 Interactions of mTOR signalling 
MAINTENANCE  

20
10

 

27 Dec CHRISTMAS 2010 

3 Jan MAINTENANCE  

10 Jan 

 S J QUINN (University College Dublin)  

1091003 
 

17 Jan M MARTIN-FERNANDEZ (STFC) 
101026 

A J ORR-EWING (University of Bristol) 
101006  Dynamics of Chemical and 
Photochemical Reactions in Solution  

24 Jan 
 P O’NEILL (Oxford University) 

101014 Dynamics of genomic DNA damage 
repair proteins

 

31 Jan 

S R MEECH (University of East Anglia) 
101005 Protein Photosensors 

M WATSON (Bristol) 
MSF/NERC Sandpit Access 

*PROVISIONAL* 

7 Feb 

M MARTIN-FERNANDEZ (STFC) 
101026 

MAINTENANCE  

14 Feb 
 C STUBBS (STFC) 

101032 Interactions of mTOR signalling 

A WARD (STFC) 
101021  Target Delivery using 

Optical Levitation (II) 

21 Feb 
 S J QUINN (University College Dublin)  

1091003 
 

28 Feb 

N T HUNT ( University of Strathclyde) 
101004 Dynamics and Reactivity of the 
FeFe[Hydrogenase] Enzyme System 

 

7 Mar 

 C HAWES (Oxford Brookes University) 

101003 The plant secretoryome 
 

J M KELLY (University of Dublin) 
1091001 Study of naphthalimides and their 

nucleotide complexes 
 

14 Mar MAINTENANCE S J QUINN ( University College Dublin) 
1091004 

21 Mar RB FREEDMAN  (University of Warwick)  
101019 Protein disulphide-isomerase MAINTENANCE 

20
11

 

28 Mar DILWORTH (University of Oxford) 
101025 

S J QUINN ( University College Dublin) 
1091004 

A WARD (STFC) 
101021  Target Delivery using 

Optical Levitation (II) 
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Table 2. Loan Pool Schedule 2010/11
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RAL Experiments
A total of two Astra Gemini and eight Vulcan experiments were
supported by Target Fabrication in the reporting period April 2010
to April 2011. All these experiments were ‘solid target’
experiments.  Target Fabrication provided a total of 41 weeks of
experimental support for Vulcan and 17 weeks for Astra Gemini
on solid target experiments. The report does not include the
extensive amount of filter and pinhole support provided from
Target Fabrication for some gas jet experiments or target support
provided to experiments on Artemis for which two experiments
were supported. 

1) Target Numbers
For the reporting year, the total target numbers produced are
shown in Table 1. The table is broken down into separate
experiments and gives data on total target numbers produced and
the subset consisting of high specification complex 3D targets
that have been produced. High specification 3D targets are
defined as targets that have taken significant highly skilled
microassembly or micromachining to be produced over and
above standard target manufacture. The total number of targets
for use at RAL produced by the group in 2010-2011 was 1532
compared to 1,424 in 2009-20101.  During 2010-2011, the
number of high specification targets produced was 256,
accounting for 17% of the total targets made.  This is lower than
the figure of 27% for 2009-20101 and 29% for 2008-20092.
This can be accounted for by the higher number of experiential
weeks supported in Astra Gemini which required slab targets for
multiple shots rather than a high volume of complex 3D targets.
However, as the experimental campaign on Astra Gemini ramps
up the number of complex targets required is expected to
increase significantly to numbers higher than previously seen.

2) Target Types
The high specification targets can be separated into 6 main types
as shown in Table 2 and Figure 1. Most notably, 53 multilayered
microsquare targets were delivered to the July 2009 TAP
experiment and 95 thin wire targets were delivered to the January
2010 TAW experiment requiring extensive highly skilled
microassembly.

3) Experimental Response
It is seen as a significant strength of Target Fabrication to be
rapidly responsive to experimental results and conditions by
working collaboratively with experimental groups. The Target
Fabrication group responds to experimental changes during a run
and often implements a number of modifications or redesigns to
the original requests. The number of modifications and variations
usually fluctuates widely across a year and is dependent on the
type of experiment and also on experimental conditions such as
diagnostic and laser performance. On average, during
experiments in the reporting period, 34% of the targets that were
shot were modified or redesigned from the planned target
specifications.  This is similar to the figures for recent years,
which were 30% in 2008-20092 and 32% in 2007-20083.
However it is somewhat lower than the figure for 2009-2010
which was 42%. Figure 2 shows the proportion of targets that
were redesigned or modified during the experiments supported in
2010-2011.

Target Fabrication
Operational Statistics

Experiment Targets Produced
High Specification

Targets

May 2010 TAP 145 48

June 2010 TAW 137 16

August 2010 TAP 169 16

September 2010 TAW 186 3

October 2010 TAP 320 52

January 2011 TAW 101 38

February 2011 TAP 211 22

February 2011 GTA 174 50

March 2011 TAW 21 0

March 2011 GTA 68 11

TOTAL 1532 256

Table 1: Target production summary for 2010-2011.

Target Type
Targets

Produced
High Surface Finish Foils 45

Precision Fabricated Limited Mass Target 24

Ultra-thin Foils 85

Multilayered foils (>3 layers) 37

Thin 3D Microstructures 17

Precision Machined Structured Foils 39

Other 9

Figure 1: High Specification Target Delivery Summary.

Table 2: High Specification Target Delivery Summary.

H.F. Lowe,
hazel.lowe@stfc.ac.uk H.F. Lowe, C. Spindloe, M.K. Tolley   (CLF STFC, Rutherford Appleton Laboratory, UK)
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The redesign of targets during experiments means that there are
often a number of targets that have been fabricated but that are
not shot by the end of experimental campaigns. As shown in
Figure 3,  an average of 23% of targets manufactured for each
experiment were either unissued contingency targets (having
been made in preparation for the experiment but not required
due to changes) or targets that were returned un-shot. 
This is a dramatic reduction from previous years.  In 2009-2010,
39% of targets that were fabricated were either returned un-shot
to Target Fabrication or were unused and the figures for 2008-
20092 and 2007-20083 were 35% and 36% respectively.  
This reduction can be accounted for by the implementation of the
ISO9001 Quality Management System which has allowed the
Target Fabrication Group to plan experimental delivery of targets
in a more structured way, has improved the quality of targets and
has allowed user groups to plan their shot lists with the
confidence that targets will be delivered with less need for
contingency targets that are made prior to an experiment. To
elaborate on this, for an experiment that requires many
multilayered coatings, materials must be prepared in advance of
an experiment as the coating processes required can take several
months, whereas some other target types can be manufactured
on much shorter timescales.  However, this reduction has not led
to less flexibility (as seen in figure 2) as the percentage of re-
designed and additional targets is in line with the figure for 2008-
20092 and 2007-20083. 

It is worth noting that any unissued or returned targets are
carefully sorted and high aspect ratio targets are stored under
closely controlled conditions for potential use on future
experiments.  Where possible, all spare target components and
mounts are also stored for future use.  The variety of mounts and
components held in stock by the Target Fabrication Group
contribute to their ability to adapt target designs quickly in
response to experimental changes.

External Contracts
Scitech Precision Ltd, (a spinout company from CLF Target
Fabrication) also supplied microtargets, specialist coatings and
consultancy to a number of external contracts.  In the year 2010-
2011 a total of seventeen contracts were completed for coatings,
characterisation and also full target design and assembly. These
contracts were delivered to external facilities in countries
including France, Germany, Italy, China and the US.  

Summary
Target Fabrication has supported ten internal and seventeen
external experimental groups in the last year as well as providing
an increasing amount of characterisation services and acting as a
knowledge base for Target Fabrication activities throughout
Europe.  There was an increase in the number of targets delivered
to experiments compared to 2009-2010 with one additional
experiment running compared to the previous period.

References
1. H. F. Lowe, C. Spindloe & M. Tolley, Target Fabrication

Operational Statistics,  CLF Annual Report 2009-2010, 
p55-56.
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Figure 2: The percentage of pre-requested targets compared to
redesigned targets fabricated throughout the year for each experiment.

Figure 3: The average proportion of targets shot, returned and unused
during solid target experiments on Vulcan in 2010-2011.
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Introduction
Vulcan has completed an active experimental year, with 44 full
experimental weeks allocated to target areas TAW and TAP

between April 2010 and March 2011.  This figure is down on
previous years due to single area operations being adopted in
January 2010 to enable front end tests to be undertaken.  

Table 1. Experimental schedule for the period April 2010 – March 2011

PERIOD TAW TAP

26 Apr – 20 Jun

P McKenna 
Magnetic collimation of fast electron transport in

“thick” solid targets 
(122, 38, 68.9%)
(39.1%, 109.5%)

28 Jun – 8 Aug

N Woolsey
Diffusive shock acceleration

(107, 15, 86.0%)
(86.4%, 108.3%)

30 Aug – 19 Sep (TAW)
16 Aug – 26 Sep (TAP)

D Riley 
X-ray scatter from shock compressed ions

(74, 10, 86.5%)
(87.8%, 110.8%)

P Norreys 
Source characterisation for electron and proton

beams for fast ignition
(114, 8, 93.0%)
(73.0%, 96.8%)

11 Oct – 21 Nov

Z Najmudin 
Uses of ultra-thin targets for ion acceleration at

ultrahigh intensity 
(83, 4, 94.0%)

(79.2%, 100.1%)

22 Nov – 12 Dec

M Borghesi 
Investigation of radiation pressure effects during

laser-driven ion acceleration from thin foils 
(95, 4, 95.8%)

(82.1%, 119.9%)

2011

10 Jan – 30 Jan

J Pasley
Radiation hydrodynamics studies with an ultra-

high power short pulse laser 
(43, 2, 95.3%)

(87.1%, 109.5%)

7 Feb – 20 Mar  

N Woolsey 
Constraining fast electron fundamental parameters

with hollow atom measurements
(95, 6, 93.7%)

(78.1%, 105.6%)

21 Mar – 29 Mar

R Deas
DSTL 

(31, 0, 100.0%)
(87.5%, 112.2%)

(Total shots fired, failed shots,
reliability)

(Availability normal, additional hours)
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Table 1 shows the operational schedule for the year, and
illustrates the shot rate statistics for each experiment.  Numbers
in parentheses indicate the total number of full energy laser shots
delivered to target, followed by the number of these that failed
and the percentage of successful shots.  The second set of
numbers are the availability of the laser to target areas during
normal operating hours and including outside hours operations.
The total number of full disc amplifier shots that have been fired
to target this year is 764.  This figure compares favourably with
recent years (Table 2).  87 shots failed to meet user requirements.
The overall shot success rate to target for the year is 89%,
compared to 85%, 91%, 90%, 85% in the previous four years.
Figure 1 shows the reliability of the Vulcan laser to all target
areas over the past five years. 

The shot reliability to TAW has remained roughly constant
compared with 2009-2010 at 89%, which is particularly
encouraging as this follows the rod amplifier upgrade [Ref. 1].
Front end contrast improvement has led to an improvement in
the reliability of the OPCPA front end system - the shot reliability
to TAP is around 89% - an increase from 80% in 2009-10.  
Analysis of the failure modes reveals that, as in recent years, the
two overriding causes of failed shots are alignment and front end
related issues.  It is difficult to distinguish these two causes and
we are in the process of commissioning further diagnostics on the
rod amplifier chain (energy monitors and beam profiling after
each amplifier).    

There is a requirement which was originally instigated for the
EPSRC FAA that the laser system be available, during the four
week periods of experimental data collection, from 09:00 to
17:00 hours, Monday to Thursday, and from 09:00 to 16:00 hours
on Fridays (a total of 156 hours over the four week experimental
period).  The laser has not always met the startup target of 9:00
am but it has been common practice to operate the laser well
beyond the standard contracted finish time on several days
during the week.  In addition, the introduction of early start times
on some experiments continues to lead to improvements in
availability.

On average, Vulcan has been available for each experiment to
target areas for 77.8% of the time during contracted hours and
103.6% overall.  These figures compare with 76.4% and 105.6%
in 2009-2010 to all target areas.  The time that the laser is
unavailable to users is primarily the time taken for beam
alignment at the start of the day.  

Reference
1. A K Kidd et al, “Vulcan rod amplifier upgrade”, CLF Annual

Report 2009-2010.

Table 2. Shot totals and proportion of failed shots for the past five years Figure 1. All areas shot reliability for each year 2006-7 to 2010-11

No of shots Failed shots Reliability

06 - 07 1043 149 85%

07 - 08 977 98 90%

08 - 09 646 61 91%

09 – 10 445 65 85%

10 – 11 764 87 89%
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An assessment of the reproducibility of the Gemini retro focusing system 
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R.J. Clarke, R. Pattathil, D. Neely 
*Central Laser Facility, STFC RAL, Oxfordshire OX11 0QX, 
UK 

Introduction 
In the Astra-Gemini target chamber solid targets are positioned 
relative to the tight focus of the laser for an F/2 off-axis 
parabolic mirror (OAP) using a retro-focusing system. This 
system uses the focusing OAP itself to collect back-scattered 
light from the target and sends it back along the beam path. A 
leak of this light is taken through a mirror and focused down 
onto a camera. The camera is positioned relative to the focusing 
lens such that the backscattered light is at tight focus on the 
camera at the point where the target is at the tight focus position 
of the OAP.  

In this report we present results from a test of the retro-focusing 
system. The test looked at the repeatability of bringing a target 
to focus with the system by a single user. We also compared 
repeatability across multiple users. This is important as 
positioning the target consistently in relation to the laser focus 
is essential for solid target experiments. 

Astra-Gemini Retro-focus system 
The retro focusing system for Astra-Gemini, see figure 1, uses a 
green (532 nm) laser injected through the back of a high 
reflectivity dielectric infra-red mirror which is matched to the 
main laser. The retro system images the green light back 
scattered from the target. The green laser is used to maximise 
light collected on camera (using infra-red would result in a 
much weaker signal through a high reflectivity dielectric infra-
red mirror) and the shorter wavelength means a tighter 
diffraction limited focal spot. This in turn means, if the system 
is fully optimised, that the green laser will focus and defocus 
faster than the infra-red laser light and so make it potentially 
easier for operators to bring targets to focus.  

 
Fig 1: Astra Gemini Beam path with Retro system layout. It 

also shows how the beam path is split between an upper and a 
lower level in the chamber. 

Retro-focus system test procedure 
A solid target with a flat surface, see figure 2, is used for the 
test, the target is the flat side of a 3 mm diameter Al stalk. The 

target is mounted on a three-dimensional motorised stage (dc 
motors) with magniscales that record the position of the target. 
The incident angle of the laser, focused with an F/2 OAP, onto 
target is 35 degrees.  

 
Fig 1: target stalk that was retro focused with. 

 

Five operators of various levels of experience in conducting 
experiments at the Central Laser Facility were asked to bring 
the target to the tight focus position of the laser five times in a 
row. Each operator looked at the retro focus system monitor and 
attempted to bring it to best focus (minimised spot size as they 
judged it) by moving the target along its z-axis, which is set by 
eye to be parallel to the focusing axis of the parabolic mirror. 
When the operator believed the target to be at tight focus the 
position value on the magniscale was recorded.   

Results 
The results of different operators’ multiple attempts to bring the 
target to tight focus are presented in table 1. The operators 
combined mean position was 1008.5 μm with a standard 
deviation of 15.5 µm. The full range of values within this is 57 
µm (27.5 µm below mean and 29.5 µm above mean). For the 
purpose of this report the mean position of all operators 
attempts at bringing the target to tight focus is assumed to be 
the tight focus position. 

The size of the focal spot of the laser in infra-red has previously 
been measured to be  ~2.5 µm diameter (d0, FWHM) [1]. The 
focal spot distribution is closer to a super Gaussian than a 
Gaussian, this means that the radius at 1/e2 (otherwise known as 
the beam waist, w0) has the following relation to the FWHM: 
w0 = 0.65d0. The beam waist is important as it enables us to 
calculate the Rayleigh range, zR, of the Astra-Gemini laser with 
an F/2 parabola: 

λ
π 2

0wzR =  

Where λ is the laser wavelength, this is 800 nm for the Astra-
Gemini laser. The Rayleigh range is 10.4 µm. Note that if the 
beam spot was a Gaussian distribution then zR = 17.7 µm. 

The standard deviation of the mean tight focus position for all 
operators (15.5 µm) is ~50% greater than the Rayleigh range for 
a super Gaussian spot (10.4 µm). Only one operator had their 
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standard deviation just within the Rayleigh range but even then 
the difference between their lowest and maximum value 
positions was double the Rayleigh range. 

 

operator 
position 
z (mm) 

Mean 
(mm) 

standard 
deviation 

Min 
(mm) 

Max 
(mm) 

Max-
Min 

(mm) 

1 1.003 

1.022 

1.006 

0.981 

5 years 
experience 

1.002 

1.0028 0.014618 0.981 1.022 0.041 

2 1.025 

1.004 

1.038 

1.001 

less than 1 
year 

experience 
1.022 

1.018 0.015411 1.001 1.038 0.037 

3 1.007 

0.99 

1.019 

1.018 

less than 1 
year 

experience 
1.006 

1.00800 0.011726 0.99 1.019 0.029 

4 1.007 

0.986 

0.996 

1 

5 years 
experience 

0.991 

0.996 0.008093 0.986 1.007 0.021 

5 0.988 

1.013 

1.029 

1.025 

1 year 
experience 

1.034 

1.0178 0.018377 0.988 1.034 0.046 

       

Combined values 1.00852 0.015541 0.981 1.038 0.057 
Tab. 1: The motor positions for five attempts at getting the 

target at tight focus for five different operators are listed. The 
average value for each operator and the overall average are 
listed along with the standard deviation, the minimum and 

maximum position values and the difference between these. 
 
When looking at individual operators multiple attempts at 
focusing there was no trend (limited over 5 attempts) of later 
attempts getting closer together. If operators got use to retro 
focusing and became more consistent we would expect later 
attempts to be closer together. 

operator 
Mean 
(mm) 

difference between operator mean and overall 
mean (µm) 

1 1.0028 -5.72 

2 1.018 9.48 

3 1.00800 -0.52 

4 0.996 -12.52 

5 1.0178 9.28 

overall  1.00852  
Tab. 2: The average positions for the five operators and the 
differences between these values and the overall average. 

 

If we look at individual operators average positions compared 
to the overall average position for all operators, we find that 
only one operator (admittedly the most self consistent) was just 
outside the Rayleigh range when comparing the differences 
between the individual averages to the overall group average, 

see table 2. This is considerably more consistent compared to 
the standard deviation of the individual attempts. 

Conclusions 
The retro-focusing system in the Astra-Gemini target area was 
tested for reproducibility for operators and across multiple 
operators. 

We recommend that with the current retro-focusing system, 
when bringing the target to best focus an average of multiple 
positions should be taken. It was found that all operators were 
either within or very close to the Rayleigh range when 
comparing individual averages to the overall average position. 

 This is especially important as the current trend for 
experiments on Astra-Gemini is the use of multiple shifts to 
maximise the utilisation of laser time. This means that there is a 
greater reliance on consistency of target alignment across 
multiple operators. 

Relying on getting close to best focus with a single attempt, 
even after multiple attempts, is not recommended as only one 
operator was consistent enough to have a standard deviation 
within the Rayleigh range and one other operator with a 
standard deviation close to the Rayleigh range. Even for these 
operators the differences between minimum and maximum 
positions was much greater than the Rayleigh range.  

There are several ongoing projects to improve the positioning of 
the target relative to focus currently being investigated for 
Gemini. These include adding a wavefront sensor to the current 
retro-focusing system which will enable the focusing parameter 
of the wavefront to be used to aid target positioning. Another 
project is the development of a modified interferometric target 
positioning system as an alternative to the retro-focusing 
system, this has the potential for sub-micron accuracy. 
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Introduction 
The relativistically oscillating plasma medium has been proven 
to provide a robust mechanism for the generation of bright 
beams of extereme ultraviolet (XUV) [1] and X-ray [2] 
harmonic radiation, with clear evidence attosecond phase 
locking in reflection[3]. However, under certain experimental 
conditions, generating HHG in transmission from ultrathin foils 
[4] may prove a more attractive geometry. For the first time 
coherent control of harmonic generation is performed using the 
Gemini laser system. This is achieved by varying the ellipticity 
of the generating laser pulses to switch on and off the 
generation mechanism for harmonic beams generated in 
transmission from ultrathin (nm scale) foils. This represents a 
key development in the proof of principle for polarisation 
gating of relativistic plasma oscillations for single intense 
attosecond pulse generation. Significantly, for the first time, 
fundamental predictions from simulations and analytic theory 
for harmonic generation from relativistically oscillating plasmas 
are examined experimentally in the context of a near 1-D 
interaction. 

High harmonic generation from relativistically oscillating 
plasmas – reflection and transmission 
When a laser pulse is incident on a solid density surface the 
leading edge of the pulse rapidly ionises the target via 
avalanche ionization creating an overdense plasma (with respect 
to the incident radiation). Under high contrast laser conditions  
(>10-9 of peak intensity at ~ 1-2ps before the main pulse) the 
plasma that is formed has a short scale length and becomes an 
efficient reflecting surface which couples to the oscillating 
electric field of the driving laser pulse. In essence this critical 
density plasma constitutes a relativistic mirror-like surface from 
which the incident radiation is reflected and subsequently up-
shifted in an oscillatory extension to Einstein’s relativistic 
Doppler effect. The theory of this oscillatory extension is 
described in the theory of relativistic spikes by Baeva et al [5]. 

It is important to remember, however, that this is a macroscopic 
picture of the microscopic physics that is at the core of the 
harmonic generation mechanism – coherently driven electron 
oscillations. While harmonic emission in the specularly 
reflected direction from bulk solid density targets is generally 
well understood it has recently become clear that in the limit of 
few nm foils the relativistically oscillating mirror 
approximation does not represent the full picture. The strongly 
driven electron oscillations not only emit in the specular 
direction [1] but also in the laser forward, or transmitted 
direction [4].  

The exciting possibility of coherently controlling beams of 
harmonic radiation from ultrathin foils in transmission is 
examined here for the first time. 

 

Experimental setup 
To investigate the transmission of harmonics from ultrathin 
foils the contrast enhancing double plasma mirror setup on the 
North Beam of the Astra Gemini laser was used to increase the 
near time laser contrast to ~10-9 at ~3ps before the arrival of the 
main pulse. The cleaned pulse, with ~7J in ~50fs, was focused 
using an F/3 off axis parabola to a ~3µm full width half 
maximum focal spot containing >50% of the incident energy. 
This resulted in an interaction intensity of  2.5±1 × 1020Wcm-2. 
The target was 200nm C placed normal to the incident beam 
implying an s-polarised interaction. The ellipticity of the 
incident radiation was varied using a ¼ λ waveplate. 

For this experiment a custom built diagnostic with the ability to 
simultaneously diagnose electron, ion and XUV spectra on a 
single shot was used. A schematic of the instrument is shown in 
figure 1. The key benefit of such a spectrometer design is that 
all aspects (in transmission at least) of the interaction can be 
examined on a single shot basis. 

 
 
Figure 1 Single shot XUV, electron and ion spectra detection. 
The double pinhole setup at the entrance allowed a narrow 
beam to be collected for high spectral resolution for ion and 
XUV spectra while a wider pinhole was used to collect the 
electron spectra. 
 
Results 
Figure 2 shows a typical image from the MCP detector (Figure 
1) recorded for a 200nm C target interaction with linearly 
polarized light. The saturated vertical feature is an ion spectrum 
with the Thompson parabola voltage turned off. The XUV 
spectrum from the transmission grating lies along the 45 deg 
line (labeled). As can be seen clearly the XUV spectrum under 
these conditions is dominated by harmonic emission. A lineout 
of this spectrum (Figure 3, black trace) shows the harmonic 
orders span the wavelength range ~115nm (7th) to <8nm 
(>100th). 
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Figure 2 Typical ion and X-ray spectra recorded on the MCP 
detector at the end of the detector. In this shot the voltage on the 
Thompson parabola plates is reduced for clarity of the XUV 
spectrum. 
 
A key feature of this spectrum is the very clear odd-even 
asymmetry of the harmonic orders. This asymmetry is due to 
the interaction geometry. Since the target is placed normal to 
the incident laser pulse the polarisation is predominantly s. As a 
result there is no strong component of the E-field of the incident 
laser pulse perpendicular to the plasma surface to drive an 
oscillation at ω0 (the laser frequency). Instead the oscillation of 
the surface is driven by the v × B force at 2ω0. Since the 
harmonic generation process is therefore largely driven twice 
per cycle only odd orders can constructively interfere, resulting 
in a spectrum dominated by odd order harmonics. This is a 
direct observation of the selection rules for harmonics from 
relativistically oscillating plasmas given by Lichters[6]. 
However, Figure 3 also shows that there is some even order 
contribution to the harmonic spectrum. Initial analysis indicates 
that this is due to a deviation from a pure 1-D interaction due to 
denting of the target surface via the ponderomotive force of the 
laser. This dent creates a p-polarised component of the 
interaction allowing the plasma to be driven by the electric field 
of the laser at ω0 and hence generate even orders, albeit at a 
significantly reduced efficiency. 
 
Coherent control of relativistically oscillating plasmas 
Another prediction of the Lichters selection rules is that high 
harmonic generation will be suppressed for circularly polarized 
light. This is due to the fact that the oscillatory components of 
the driving laser are absent for circular polarization – hence 
coherent oscillations of the plasma are inhibited. To investigate 
this the polarization of the Gemini North Beam was changed 
from linear to circular by the use of a ¼ λ waveplate. The 
resulting spectrum is shown in Figure 3, red trace. 

As can be seen there is a significant reduction in harmonic yield 
(>100 for some orders) under circularly polarized conditions. It 
appears that, although unresolved, there may be a significant 
harmonic contribution to the signal above 100th order for linear 
polarisation which is suppressed when using circularly 
polarized light. This important observation indicates that it will 
be possible to coherently control, under the correct conditions, 
harmonic generation extending to 100’s of eV. It is anticipated 
that this will permit the use of polarization gating [6] techniques 
to generate isolated attosecond pulses in the keV spectral range 
[2]. 

 

 
 
Figure 3 Coherent control of high harmonic generation from 
relativistically oscillating plasma surfaces in transmission from 
thin foils. The black trace shows strong harmonic emission for 
linear polaraisation while the signal is strongly suppressed for 
circular polarization. 
 
Conclusions 

The first observation of high harmonic generation for 
relativistically oscillating plasma surfaces in transmission from 
thin foils has been performed on the Gemini laser system. 
Unambiguous odd-even asymmetery has been observed in the 
harmonic spectrum indicating the preservation of near 1-D 
interaction conditions. This has permitted the first experiment to 
be performed that clearly shows that relativistic plasma 
oscillations can be coherently controlled by varying the 
ellipticity of the driving laser in the absence of other 
geometrical constraints (such as oblique incidence etc). This 
important advance is the first indication that polarization gating 
by using mixed polarization states [6] (i.e. elliptical- 
instantaneously linear-elliptical) will be possible, opening the 
door to intense single attosecond pulse generation for the first 
time. 
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Introduction
We present the experimental results from the radiological 
commissioning  of the Astra Gemini  laser upon installation of a 
new tight-focusing off-axis parabola (F/2 OAP) in the laser 
system. 
During the interaction of the intense laser pulse with a target, a 
large part of the laser energy is converted into a population of 
hot electrons. The electron population is created on the target 
surface irradiated by the laser, with a spectrum believed to 
follow a Maxwellian distribution  and moving inside the target 
they create a strong electric field (up to the order of TV/m). 
Given the very high current, their propagation requires a 
balancing return current from the background plasma. Upon 
reaching the rear surface of the target some of the hottest 
electrons escape, but most of them are attracted back into the 
target. A similar situation later occurs at the front of the target: 
most of the electrons  return to the front surface and some 
escape. This phenomenon is called electron refluxing [1]. The 
percentage of refluxing electrons and the number of refluxes 
change with the target and laser beam characteristics [2, 3]. 
During its multiple paths inside the target, the electron beam 
emits X-rays, strictly dependent on target and laser properties. 
With this  preliminary experiment we aimed to measure the dose 
due to the emitted photons and electrons and to characterise 
separately the two beams. These data will also lead to greater 
understandings of the reflux process. 

Experimental set-up
In the experiment we used Thermo Luminescent Dosimeter 
(TLD-700) chips to  record  the dose carried by electrons  and 
photons produced by the interaction the Gemini laser and solid 
targets. The TLD-700 chips used consisted of LiF: Mg, Ti. 
Their size was (3.2 x 3.2 x 0.89) mm, and they were inserted 
between absorbers to form a stack. 
When ionising radiation interacts with the TLD crystals, the 
radiation deposits either all or part of the initial energy in the 
material. Some of the atoms in the material absorb that  energy, 
producing free electrons and holes. The imperfections in the 
crystal lattice, due to  Mg and Ti impurities, act as sites where 
free electrons can become trapped, locking them in the crystal. 
Heating the crystal causes the release of those trapped electrons 
and their return into the original ground state releasing the 
acquired energy as light. This light is then detected and the 
number of optical photons counted  is proportional to the 
amount of initial energy deposited in  the crystal. It  follows that 
TLD chips can be read only once, but they can be reused many 
times after being annealed in order to remove any remnant 
signal. Their sensitivity is  slightly dependent on the energy of 

the ionising particles as shown in [4], but above 150 keV the 
efficiency is seen to approach 1.0. The minimum photon energy 
that can be detected is approximately 30 keV. The TLDs were 
calibrated using Co60 gamma rays, and was traceable to the 
appropriate UK Primary Standard.
In the Astra Gemini target chamber the TLD stacks were 
positioned around the target as shown in Fig.1 (a), (b). Each 
stack was composed of an alternating arrangement of TLD 
chips and filters made of aluminium and stainless steel (object 
on  the bottom of the Fig.1 (c)). The nine inner ring stacks 
contained three TLD chips  each and covered an angular range 
between -124 and 60 degrees (where 0 deg. is the laser 
direction), the five outer ring stacks instead contained six TLD 
chips and covered an angular range between -30 and 50 
degrees. In the majority of cases  each outer ring stack had on its 
front a dipole magnet (object on the top in Fig.1 (c)) to deviate 
the electrons and therefore measure only the dose due to the 
photons emitted by the target. Two stacks of the outer ring were 
placed under the laser axis (∼ 5  degrees). The inner and outer 
stack rings were placed at distances of 20 cm and 45  cm, 
respectively, from the centre of the target. 

Fig.1 Experimental set-up showing the stack disposition around 
the target:  (a) on ZX plane and (b) on XY plane. (c) Stack of the 
outer ring showing the magnet on the top and the sequence of 
absorbers and TLD chips on the bottom.

-124˚

-5˚

-60˚

20˚

7.5˚

-30˚

57.5˚
42.5˚

-20˚

-35˚

33˚,-5˚

17˚

3˚,-5˚

50˚

(b)

(c)(a)

Contact  fxf817@bham.ac.uk



Targets made of different materials and with different 
thicknesses were irradiated: Ta (0.1 mm, 1 mm and 3 mm), Cu 
(0.1 mm  and 3 mm), PMMA (3 mm) and SiO2 (6 mm). This 
wide selection were used to  find out which material and which 
thickness maximised the number of produced X-rays and/or 
electrons noticeable from the dose absorbed by the TLDs. 
In order to  achieve good signal to  noise levels, we fired multiple 
shots under identical conditions until the accumulated laser 
energy on each target was ~150 J. As we conducted the 
measurements at high contrast, the average deposited energy per 
shot  was (4.5 ± 0.7) J. The diameter of the focal spot of the laser 
was measured to be ~2.5 µm and the duration of the pulse ~ 60 
fs: the laser intensity was 8x1020 Wcm-2. The incident  angle of 
the laser on target, focused with an F/2 OAP, was 35  degrees. 
Each measured dose presented in this work was converted to the 
quantity ambient dose equivalent per Joule at 1m from the 
target and the related uncertainty is estimated to be ~3%.

Results
From the dose measured by the TLD, it is  possible to determine 
some of the characteristics of the X-ray and electron fields, such 
as the maximum energy and the angular distribution. Since the 
same target  was shot several times  (~ 32 shots per target), the 
dose measured represents an average. Even if the target and 
laser characteristics were kept constant during the irradiations, 
stochastic phenomena could affect the produced e- and X-ray 
beams, causing a lower or higher dose on the TLDs in a single 
shot. Collecting more than 30 shots per target these random 
effects affect the measured dose at any  angle, but the final 
contribution will be minimised. 
We found that the divergence along the y-axis for all the 
irradiated targets was lower than the divergence on the x-axis. 
This can be seen in Fig. 2, where the dose (due to only photons 
emitted from the target) absorbed by the TLD chips of the outer 
ring on the laser plane, even by those placed at a large angle, 
was almost always higher than the dose absorbed by the TLDs 
below the laser plane, even  if they were the stacks where, if 
placed on laser plane, a peak in the dose should have occurred. 
This is always verified for the doses measured from the first 
TLD chips of the stacks: the TLDs on laser plane were detecting 
much more low energy photons than  the TLD chips below the 
plane. The doses due to the highest energy particles are instead 
seen to be almost similar at any angle.  
At the same time, the divergence along the x-axis of both the 
electron and photon beams is shown to be very large and it 

cannot be explained only by multiple scattering of the electrons 
inside the target: the electronic reflux was having a large effect 
on  the electron beam spreading the particles at large angles on 
the laser plane. The measured dose due to electrons and photons 
is plotted in Fig. 3 as a function of the detection angle. 
Focusing  on the data from -40 to  +60 degrees, this  figure shows 
a large dose variation for all the TLDs in  the stacks, but the 
dose trend changes with the depth in the stack. In the first  plot 
representing the dose measured from the fist TLD chips of the 
inner ring  stacks  we can see that  the target producing  the 
highest dose is 0.1mm Ta, this means that this target was 
emitting the less energetic particles stopped mainly in the fist 
millimetres inside the stack. The least emitting target is instead 
the 3mm Ta. Looking at the dose measured from the second and 
the third TLD chips, the situation changes: now 1mm Ta is  the 
most emitting target at  all  angles and SiO2 is the least  emitting 
one. This means that there are no more very low energetic 
particles and the intensity of the beam is gradually decreasing 
crossing the absorbers of the stack. 

Fig.3 Dose measured in the TLD chips of the inner ring stacks 
as a function of the angle of detection. 

Looking at the dose peaks in the graphs (mostly  positioned 
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Fig.2 Dose measured from the TLD chips of the outer ring as  a function of the mass thickness along the stack. The dose due to the 
only  produced X-rays is shown to be similar if measured from the TLDs of the stacks  placed on  the laser plane (on the left) and 
almost always lower if measured from the TLD stacks placed 5 degrees below the laser plane (on the right), particularly for the fist 
TLD chips.



between -10 and 10  degrees) we can say that  the main 
divergence of the beams is ~30 degrees, but the tails at large 
angles can only be explained with the effects of the electronic 
reflux inside the target. Any time the refluxing electrons re-
enter the target modify their divergence spreading inside the 
target.
From Fig.3  we can see that  crossing the target for the fist  time, 
the electrons create a photon beam emitted with ~30 degree 
divergence: these photons together with the escaping electrons 
are the cause of the dose peak around 0 degrees. The lower tails 
at large angles must be due to the photons generated by  the 
refluxing electrons (the number of which decrease at each target 
crossing). The very high peak at -60  degrees must also be 
caused by the reflux mechanism.
  
The irradiation of the PMMA target was repeated twice. In one 
case, the magnets in front of the outer ring stacks  at 3 and 33 
degrees were removed. This allowed us to determine the 
contribution to the dose due to the electrons at those angles and 
also to  derive an estimate of the maximum electron energy. The 
comparison of the doses measured in presence and absence of 
magnets is shown in Fig.4. The doses due to electrons  and X-
rays measured in the first TLD of the stack at  about laser axis 
appear to be almost  two orders  of magnitude higher than  that 
measured in the case where the dose was due to only photons 
and in the case of the stack at about target normal the difference 
was almost an order of magnitude. This means that the electron 
beam divergence was lower than the divergence of the Xray 
beam, because the black curve is much higher in the first plot 
than in the second, but the red  one doesn’t  show such a large 
reduction. Moreover, since for both the angles from the 4th 
TLD the dose due to e-+X-rays is equal  to  the one due to  only 
X-rays, we can assume that starting from somewhere in 
between the 3rd and the 4th TLD the totality  of the electron 
beam and its secondary particles were stopped. 

Fig.4 Comparison of the dose released by electron and photon 
beam (black curve) and the dose released by the only photon 
beam (red curve) on the TLD chips of the 3 (plot on the top) 
and 33 degree stacks. The doses were obtained  shooting on  3 
mm PMMA target, once with magnets installed in front  of the 
stacks (red curve) and once without magnets (black curve).

Running  a Monte Carlo simulation, using the FLUKA code [5, 
6], of a monoenergetic electron beam crossing  an outer ring 
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stack, we could determine the maximum energy of the electron 
beam created by the interaction of the laser with the plastic 
target. According the simulations, using an incident  energy of 
(1.6 ± 0.2) MeV, the e- beam and the secondary particles stop 
before hitting the middle of the 3rd TLD chip. Using instead an 
incident energy of (3.6 ± 0.1) MeV, the e- beam and its 
secondary particles stop just before hitting the 4th TLD chip, so 
that there is no deposited energy on the 4th TLD of the stack. 
Thus the average maximum initial energy of the electrons 
escaping the target can be assumed as (2.6 ± 1.0) MeV.
Not having electrons reaching the 4th TLD of the outer stacks 
means that there are very few electrons reaching the 2nd TLD 
chips of the inner ring stacks (8.615 g cm-2) and no electrons at 
all reaching the 3rd TLDs (16.555 g cm-2). Looking also at  the 
amount of the deposited dose, we can assume that at low mass 
thickness the deposition of energy is  highly dominated by the 
electrons while at higher mass thickness (≳ 10 g cm-2) the 
energy deposition is dominated by the photons. 

Running  another Fluka simulation of the PMMA target  and of 
an electron beam with a Maxwellian spectrum, it  was possible 
to  determine the kBT of the experimental  initial  beam knowing 
that the very maximum initial  energy of the escaping electrons 
would have been 3.6 MeV. 
Fig.5 (a) shows in black the spectrum of the electron beam 
generated by the laser in  the front  surface of the PMMA target if 
the spectrum followed a Maxwellian distribution  and with 
maximum energies ≤ 3.6 MeV, and in  red  the distribution of the 
electrons at the rear surface of the target after having crossed 
the target thickness. The temperature of the initial  electron 
beam is  then determined to be ~0.38  MeV. As can be seen most 
of the initial electron beam is stopped in the target. 

Fig.5 (a) In black it  is  shown the supposed Maxwellian 
spectrum of the created electron beam in the front surface of the 
target (kBT = 0.38 MeV) obtained  from the fact that the 
escaping electrons had a maximum initial energy between 1.6 
and 3.6 MeV. The spectrum in red is the spectrum of the 
electrons at the rear surface of the target after having crossed 
the target. (b) In black it is shown the spectrum that according 
Wilk’s theory the electron beam should have had (kBT = 6.1 
MeV) given our laser intensity. In red it  is shown the 
consequent spectrum of the electrons at the rear surface of the 
target after having crossed the target.
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This analysis  assumes that the observed lower energy of the 
emitted electrons is accompanied by an electron spectrum 
within  the target which has a much lower energy than would be 
predicted by Wilk’s theory [8]. For our laser intensity  this 
theory explains that the temperature of the generated electron 
beam should be ~ 6.1 MeV according to the eq.1:

(1)kBT � 0.511MeV

��
1 +

Iλ2

1.37× 1018Wcm−2µm2

�
− 1

Fig.5 (b) shows in  black a Maxwellian energy distribution with 
kBT = 6.1 MeV and in red the distribution of the electrons 
reaching the rear surface of the target  after having crossed the 
target thickness. 

Conclusions
From the dose released in the TLD chips we found out that the 
angular distribution does  not  match that reported  in the 
literature: the divergence along both the x and y-axes is 
substantially different if compared to that reported in [7]. 
Further studies extending the covered angular range along the 
y-axis are required to characterise completely the electron and 
photon  beams and better understand the effect of the reflux. In 
particular other measurements with and without magnets need 
to  be performed to  obtain separately the contribution to the dose 
due to the electron beam and the one due to the photon beam 
and once the electron spectrum is determined to fully 
understand the discrepancy with Wilk’s theory in the beam 
temperature. 
With regard to the targets, we can see that in order to obtain the 
largest number of emitted particles, not only the material is 
important but also its thickness. Several applications can be 
found using these beams and knowing the best targets to obtain 
the desired beam characteristics (spectrum, divergence and 
quantity of created particles) would be an advantage. 
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Introduction 

The characterisation of high-intensity laser-plasma interactions 
is extremely challenging and normally relies on a combination 
of direct measurement of electron, ion and electromagnetic 
emission along with information gathered indirectly from 
interaction with probe beams of various types. Solid density 
thin foil experiments, often used in investigations into laser-
driven ion acceleration [1,2] or the production of relativistic 
electron bunches suitable for flying mirrors [3] for example, 
rely primarily on the direct measurement of the accelerated ions 
and electrons respectively. To date spectra for ions and 
electrons as well as XUV emission have been made but either 
not on the same shot or not on the same line of sight. This 
implies that the data interpretation is strongly dependant on 
assumptions about the angular distribution and the shot-to-shot 
reproducibility. It is therefore highly desirable to devise a 
measurement system that would allow the simultaneous 
measurement of the ion/electron/XUV emission along the same 
line of sight, removing the assumptions about spatial 
distribution and shot-to-shot variability when comparing 
diagnostics. Here we present the development and testing of a 
new compact combination diagnostic, permitting just such a 
measurement, which has locally been dubbed the Petatron. 

Diagnostic Overview 

This diagnostic, as shown in figure 1, utilises a dual pinhole 
arrangement (2mm and 200um) to enable the simultaneous use 
of a Lanex-screen for electron detection and an MCP for ion 
and soft-Xray detection, whereby the difference in pinhole size 
is chosen to compensate for the different sensitivity of the 
detectors. A 0.1T, 215mm in length, magnet was fielded in 
order to deflect the electrons upwards onto a Lanex screen 
inside the magnet body. The Lanex screen is shielded from 
extraneous light and is able to be adjusted vertically to enable 
selection of the range of electron energies being detected. This 
Lanex screen is then imaged onto an Electron Multiplying CCD 
(EMCCD) through a window. The ions travelling through both 
pinholes were deflected downwards and in order to resolve the 
different species electric field plates were included. An 
aluminium beam dump excluded the large pinholes ion track 
from propagating through the electric field plates and therefore 
only one set of non-saturated tracks were detected. A 
1000lines/mm Gold grating was positioned behind the electric 
plates, along the line of sight to the target in order that the light 
observed could be spectrally resolved and detected by the MCP. 
A compact spatial ion beam profiler was installed in front of the 
overall system, to provide a shot-to shot monitor of overall 
direction of the ion beam. 

 

Fig. 1. A schematic diagram of the Petatron, depicting from left to right the rotating pinhole wheel; the 215mm long 0.1Tesla  
magnet with a Lanex screen (seated inside the magnet unit) with a window and imaging camera directly above, outside the 
chamber; an aluminium ion block for the 2mm pinhole; the 12kV Electric field plates (10mm internal gap); a 10mm 
aperture 1000lines/mm freestanding Gold transmission grating placed along the line of sight; A 77mm diameter 
Hamamatsu MCP imaged by a 50mm Nikkon lens couple to a Andor Ixon EMCCD. 
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Fig. 2. A sample of the data that can be acquired simultaneously using this diagnostic. (a) and (b) display the imaged MCP. (a) 
clearly shows the resolved ion species tracks in the lower half of the image and at the top the zero deflection point. (b) has 
been scaled such that the soft x-ray spectra ranging from 10-100nm can be seen emerging from the zero point. Also in the 
top right of the image the shadow of the diffraction grating holder can be seen. (c) and (d) show the image from the 
compact ion beam spatial profiler for two different shots, with filter pack able to resolve from 1 to 5MeV. (e) shows an 
example electron spectra aquired.  

Detector Design 

Dual Pinhole  

The dual pinholes are separated by 7mm diagonally to allow 
maximum range for the ion and EUV spectra. To allow for the 
possible changes in flux with different targets, 6 different 
pinhole size combinations were mounted on a locating rotating 
wheel. The pinholes are backed with individual lead collimators 
to reduce hard x-ray shot noise.  

Magnetic and Electric Fields  

The magnet was 215mm in length (lm) and 0.1Tesla in field 
strength (B). The electric plates were 100mm by 100mm and 
had a separation of 10mm. The ion trajectories can easily be 
determined by the equations of motion of a charged particle 
through an external electric and magnetic field, as given by the 
Lorentz force: 

 F = q (E +v x B)    (1) 

producing a function of ion energy with respect to deflection: 

 Eion = [qBlm(lm/2+ld)]
2 / 2miy  (2) 

where  ld is the distance between the magnet and the detector, lm 
is the magnet length and y is the magnetic deflection at the 
detector plane. The electric deflection separates the ion species 
and allows for species identification. 

  

  

Microchannel plate 

This 77mm diameter MCP was operated with an average 
voltage of -1.1kV and +3.3kV. The chamber was operated at a 
chamber pressure of 10-6 mbar which was achieved using a 
turbo pump directly connected to the chamber and differential 
pumping. A cold finger was also implemented to speed up 
pump down times.   

Compact spatial beam profiler. 

In order to allow numerous other diagnostics to work in parallel 
this detector was designed to be as compact as possible. This 
section of the diagnostic comprised of a 1mm thick calibrated  
BC422Q plastic scintillator [4] , manufactured by Saint-Gobain 
Crystals that was flash coated with aluminium to minimise light 
leaks. This was mounted at the end of a 20cm long tapered light 
tight box that housed a TV lens which imaged the emission at 
the back of the scintillator. From the images in figure 2c and 2d 
it can be seen that the detector was mounted with the top-left 
corner injected close to the centre of the ion beam cone. 2 full 
layers of 5um thick aluminium were applied over the end of the 
scintillator box to prevent laser and other visible light emission 
from being detected. Since the scintillator is 1mm thick it is 
sensitive to all protons up to around 10MeV as well as electrons 
and x-rays and so a filter pack consisting of 6 layers, each 
increasing the attenuation by 20um Aluminium, were added 
over half the detector area to provide some energy resolution. 
This can be seen in the top right of images 2c and 2d. The 

(a) (b) 

(c) (d) 

(e) 



image from the scintillator was coupled to an EMCCD via an 
8mm square fibre optic taper to maximise the light collection. 

 

 

Detection Range 

The detector was designed to operate in the ranges that were 
expected from the interaction of the Astra Gemini laser with 
various nanometre scales foils, show in figure 3,whilst allowing 
for higher energy ions to be resolved should they appear. 

Ions 4-50 MeV 

Electrons 0.2-20 MeV 

Soft x-ray -EUV 10-110 nm 

Ion angular distribution 
sample                    

(Integrated over 1-10MeV) 

14 degrees    
from beam axis 

Fig. 3. Table of required simultaneous measurements.  

The diagnostic can be readily adjusted to tune different ranges. 
The position of the lanex can be used to view different electron 
energy ranges. The position of the grating can be modified to 
tune the EUV range and the ion spectra can have increased 
dispersion by adding an additional dispersive magnet. The ion 
angular distribution can be increased by adjusting the position 
of the footprint monitor with respect to the interaction point and 
also expanding the size of the scintillator.  

Future Plans 

This detector proved very valuable to the experiment in terms of 
enabling the simultaneous measurement of a number of 
desirable parameters that would otherwise not be explored, 
however there are a number of obvious lines for potential 
improvements. These include adding a scintillator channel to 
the large pinhole line to allow collection of data at lower ion 
energies while retaining the high dispersion and resolution on 
the MCP; providing a cut-away to allow for the detection of 
positrons; shaped electric field plates to allow a higher 
separation between species at the higher energies; motorisation 
of the pinhole wheel to allow remote control of the detector flux 
level and the easy addition of further magnet sections for the 
resolution of very high-energy ions.  
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Introduction 

Measurements of K fluorescence from buried layers of Ni and Cu have been used to investigate the 
energy of laser-generated hot electrons by characterizing their transport range. The x-ray emissions were 
recorded using a cylindrically bent crystal HOPG spectrometer. The approximate slope temperature of the 
hot electrons, Te, and its variation with laser intensity, IL, are inferred from the relative fluorescence 
intensities of the buried layers at different depths. The Monte Carlo code MCNP is used to model the 
transport of the hot electrons and infer Te. Simulations using non-relativistic calculations of the electron 
source and the hybrid PIC code LSP will be necessary to properly simulate the experimental results.  
Extensions of this experimental work combined with modeling have the potential to further reveal the basic 
physics of how hot electrons transport solid materials. 

Experimental Setup 

The experimental campaign was carried out at the Astra-Gemini laser at Rutherford Appleton Laboratory 
(RAL). Both beams were used; one delivered up to 12J of 800nm light in a 300fs (expanded from 50fs) 
beam focused with an f/20 off-axis parabola incident on the target at an angle ~10°. The ~25 µm diameter 
focal spot resulting from the f/20 mirror gave a pulse (calculated) intensity of ~1018 W/cm2 which produced 
the non-thermal fast electrons.  The other beam, 800nm 50fs, delivered 0-300mJ, focused with a 3.5m focal 
length spherical lens to 30μm, was timed to arrive ~1ps in advance of the main pulse to provide a 
controlled pre-plasma. The Astra-Gemini laser is capable of delivering full-power shots at a repetition rate 
exceeding one shot per minute. Laser pulse energy and focus were 
recorded shot-by-shot. 

Four types of targets were used; so-called “refluxing” and “non-
refluxing” each with either rough (~1μm rms) or smooth (<<1μm rms) 
front surfaces. Each target had a 4μm Al front layer, 36μm Ni middle 
layer, and 10.9μm Cu back layer. Layer thicknesses were controlled to 
±4%. The refluxing targets were large foils (100 targets per foil) 
sandwiched in a target holder with 1mm diameter holes on the front 
and back. The non-refluxing targets were 700μm diameter discs glued 
to a 50×50×1mm3 C “electron get-lost layer”; 100 disc foils were 
glued to each get-lost layer. A measurement of the average 
fluorescence yield from these layers with good statistics is made 
possible by taking repeated shots on nearly identical targets; over 200 
shots were taken in this campaign. 

Two cylindrically bent von Hamos HOPG crystal spectrometers were 
used to relay the Cu-K and Ni-Kemissions to a single Andor x-ray CCD whose quantum efficiency was 
~20%. The images appear as out-of-focus arcs because of the different focal lengths of the two 
spectrometers (Fig. 1). 

 

 

 

 

 

 
Fig. 1: X-ray fluorescence from 
(right to left) Ni-Kα, Cu-Kα, Ni-Kβ 
(very faint). 



Results/Analysis 

Kemissions from the Ni and Cu foils have similar absorption in both Ni and Cu, so the observed Ni-K to 
Cu-Kyield ratio is a measure of the electron current at the end of the Ni foil relative to that in the Cu foil.  
Calculations of this ratio using the Monte Carlo code MCNPi to model the electron propagation through the 
foils as a function of electron slope temperature (Fig. 2) show the dependence of this ratio with range. The 
ratio is ~ 2 for high energy electrons; in that case the current flowing through the layers are nearly equal, as 
one would expect for electrons with range longer than the foil thickness. The ratio is seen to be larger for 
Te<100 keV, for which the electrons reach their maximum depth near the Ni-Cu boundary, and only a few 
get into the Cu.  The experimental data (Fig. 3) show ratios corresponding to a slope temperature near 
Te~50-60 keV. 

Discussion 

The results of the Monte Carlo model suggest that the slope energy of the electron distribution is ~50-60 
keV, much different than the ~200 keV predicted by extrapolating from the ponderomotive scalingii.  This 
is not surprising, considering that the ponderomotive scaling was postulated by Wilks in a region of 
intensities where relativistic effects dominate, at least an order of magnitude greater than the intensities we 
estimate were used in our experiments.  We note that  Monte Carlo models simulate the transport of many 
particles, one at a time, through the target but includes only scattering and x-ray radiation production, with 
no physics model of current effects: e.g. “Ohmic” fields are not included. More sophisticated modeling 
using the hybrid PIC code LSPiii will be necessary for a proper simulation of the experiment. In this 
advanced treatment, no assumption is made of the slope temperature of the generated fast electrons as the 
simulation will model the laser-plasma interaction and the electron transport, including collective effects 
such as fields, and escaping particles; Kgeneration in LSP is modeled with ITSiv libraries.  

Summary 

Initial Monte Carlo analyses are not sufficient to explain the higher-than-expected observed fluorescence 
intensity ratio.  This difference is likely due to the naïve assumptions of the electron source characteristics, 
and lack of self-consistent electric fields, all problems which are correctly modeled by LSP.  Combining 
such analyses with experimental data similar to those presented here will be useful as an in situ measure of 
laser-generated electron spectra, particularly to examine predicted variations in the high energy tail of the 
distribution with pre-pulse variations. 
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Fig. 3: Ratio of K yields from Ni and Cu foils vs. laser 
intensity. The ratio would be ~2 if the current through 
the two layers were the same. 

 
Fig. 2: Fluorescence yield ratio predicted by MCNP 
modeling. 
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Introduction 

We have recently [1, 2] experimentally observed the generation 
of odd and even high order harmonics with smooth and 
modulated spectra from the relativistic laser – gas jet 
interactions. To explain these, we introduce and discuss a new 
harmonic generation mechanism. In this Paper we describe an 
experiment [2] performed with Astra Gemini laser [3], where 
we demonstrate that the harmonics are generated with linearly 
as well as circularly polarized pulses, have the angular 
distribution with the width of a few degrees, and the emitted 
photon number with the laser power of 120 TW is ~2 orders of 
magnitude greater than in the previous experiment performed 
with the 9 TW laser. 

Experiment 

The experimental setup schematic is shown in Fig. 1. Laser 
pulses from Astra Gemini laser are focused by an f/20 off-axis 
parabola into a 0.5 mm diameter Helium gas jet. The laser pulse 
has a duration of 50 fs, an energy of 7 J, a power of 120 TW, 
giving an estimated vacuum irradiance of 4×1018 W/cm2. The 
harmonics are observed with a two-channel grazing-incidence 
flat-field spectrograph [4] comprising two tapered ellipsoidal 
gold-coated mirrors, 200 nm thick silver optical blocking filter 
on 100 nm CH substrate, flat-field diffraction grating, and back-
illuminated CCD. The two spectrograph channels observe the 
harmonics source on-axis and slightly off-axis, 0.5° in the 
polarization plane for the shots with linear polarization. The 

spectrograph is operated in the 2nd and 3rd diffraction orders to 
reduce the amount of scattered light. The wavelength 
calibration is performed in-place using Neon plasma emission. 
The absolute photon yield is estimated using the known 
acceptance angle and idealized throughput, i.e. the product of 
the calculated [5] collecting mirror reflectivity and filter 
transmission, measured diffraction grating efficiency [6], and 
manufacturer-provided CCD efficiency. The high-energy (>100 
MeV) electrons accelerated in the gas jet are deflected out of 
the flat-field spectrograph by a permanent magnet and analysed 
with the electron spectrometer. 

Harmonic generation by linearly and circularly polarized 
pulses 

The harmonics are generated in a wide range of peak plasma 
densities from ~ 1.7×1019 to ~4.5×1019 cm-3. Typical single-shot 
raw data are shown in Fig. 2. With the linearly polarized pulses, 
both the odd and even harmonics with down-shifted base 
frequency are detected, Fig. 3, with deep equidistant spectral 
modulations in some shots. These features are consisted with 
those observed in [1]. In addition, we observed similar 
harmonics spectra with circularly polarized laser pulses, Fig. 2 
(b) and Fig. 3 (b). However, in ~90 shots with the circular 
polarization the large-scale spectral modulations have not been 
observed. 
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Fig. 2. Examples of raw data obtained with linearly (a) and circularly (b) polarized pulses; m denotes the diffraction order. The inset 
(a1) shows close-up with resolved harmonics. 

The harmonic structures and base frequencies obtained from the 
2nd and 3rd diffraction orders nearly coincide, while the spectral 
intensities differ by 12% only, Fig. 3 (a). These serve as 
additional confirmations of the correct wavelength calibration 
and throughput calculation. The highest resolved harmonic 
orders recorded are about 370, Fig. 3 (b). 
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Fig. 3. (a) Spectrum obtained from the 2nd and 3rd diffraction 
orders of the shot shown in Fig. 2 (a) using idealized 
spectrograph throughput. (b) Narrow (3-pixel wide) lineout of 
the raw data shown in Fig. 2 (b) with resolved harmonic orders 
up to ~ 370. In (a) and (b) the top axes show the harmonic order 
nH = É /É f, where É f is the base harmonic frequency. 

Angular distribution 

Two spectrograph channels observing the harmonics on-axis 
and ~0.5° off-axis show spectra with similar intensity, taking 
into account ~2.5-fold difference in the acceptance angles 
determined from the nearly isotropic Neon plasma emission, 
Fig. 4. However, in some shots one of the channels show 

several times greater signal than another. These observations 
indicate that the angular distribution of the harmonic emission 
has a characteristic size of a few to several degrees and there are 
few-degree direction fluctuations. Comparison with the high-
resolution 2D PIC simulations performed with the code REMP 
[7], see below, suggests that the harmonics are emitted slightly 
off-axis and for harmonic orders about hundred the angular 
width of the lobes is ~3° [8]. 
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Fig. 4. Comparison of total signals recorded with various 
experimental parameters by the on-axis and off-axis channels, 
the colour encodes the He backing pressure. In majority of the 
shots, the signal ratio of the two channels is close to the 
acceptance angle ratio (slope of the dashed line), although in 
some shots the signal ratio deviates from the general trend. 

Power scaling 

One harmonic at 120 eV contains (per unit solid angle) 2×1012 
photons/sr and 40 J/sr (Fig. 5). Using the angular width of 3° 
found in the previous section, we can estimate the total yield per 
harmonic per shot as 4×109 photons and 90 nJ. The comparison 
of several strongest harmonic spectra obtained with 7 J, 120 
TW and 0.4 J, 9 TW laser pulses shown in Fig. 5 indicates that 
the achievable photon number is scalable with the driving laser 
energy and power. Taking into account many possibilities for 
the harmonic signal optimization which are not yet explored 
and the quick grows of the available femtosecond laser power, 
we believe that the relativistic harmonics generated in 
underdense plasmas may become one of the strongest available 
coherent XUV and soft X-ray sources. 

New harmonic generation mechanism 

The observed harmonics cannot be explained by previously 
known scenarios. Atomic harmonics are excluded because both 
odd and even harmonic orders with a weak sensitivity to gas 
pressure are observed using linearly and circularly polarized 



pulses. Betatron radiation is not relevant because the base 
frequency of its harmonics is determined by the plasma 
frequency and electron energy, not the laser frequency. The 
nonlinear Thomson scattering cannot provide the observed 
photon numbers even under the most favourable assumptions. 
Based on the experimental observations and extensive 2D and 
3D PIC simulations [7], we introduce a new mechanism, in 
which the harmonics are collectively emitted by oscillating 
electron spikes, which are cusp singularities formed at the joints 
of two lower-order fold singularities, the boundaries of a cavity 
and bow wave created by a relativistically self-focusing laser in 
underdense plasma, Fig. 6. The spike sharpness and stability are 
explained by catastrophe theory [9]. The high-resolution 2D 
PIC simulation performed with the parameters close to the 
experiment with Astra Gemini laser, Fig. 7, shows harmonics 
spectra consistent with the experimentally observed. 
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Fig. 5. Comparison of representative strongest spectra obtained 
in the experiments with 0.4 J, 9 TW J-KAREN and 7 J, 120 TW 
Astra Gemini lasers [for 120 TW, the same shot is shown as in 
Fig. 2 (a) and Fig. 3 (a)]. 
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Fig. 6. 3D PIC simulation (a) and model (b) of relativistic high-
order harmonic generation in underdense plasma. 
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Fig. 7. 2D PIC simulations with the parameters close to the 
experiment with Astra Gemini laser. (a) Electron density 
(black) and laser field (colour). (b-d) Harmonics spectrum in the 
region shown in (a) by the dotted rectangle. 

Conclusions 

We experimentally studied properties of high-order harmonics 
generated in gas jet with relativistic-irradiance laser. We 
demonstrate that the harmonics are generated by linearly and 
circularly polarized pulses, extend to orders of at least ~370, 
and have the angular distribution width of a few degrees. Using 
120 TW pulses from Astra Gemini laser, we demonstrate that 
the harmonic yield is scalable with the laser power, and reaches 
~90 nJ in one harmonic at 120 eV. Our findings may open way 
to a next-generation compact coherent X-ray source realizable 
with a university laboratory scale repetitive laser and accessible, 
replenishable and debris-free gas jet target. 

Acknowledgements 

We acknowledge the financial support from MEXT (Kakenhi 
20244065, 21604008, 21740302, and 23740413), JAEA 
President Grant, and STFC (facility access funding). 

References 

1. A. S. Pirozhkov, M. Kando, T. Zh. Esirkepov, E. N. 
Ragozin, A. Ya. Faenov, T. A. Pikuz, T. Kawachi, A. 
Sagisaka, M. Mori, K. Kawase, J. K. Koga, T. Kameshima, 
Y. Fukuda, L.-M. Chen, I. Daito, K. Ogura, Y. Hayashi, H. 
Kotaki, H. Kiriyama, H. Okada, N. Nishimori, K. Kondo, T. 
Kimura, T. Tajima, H. Daido, Y. Kato, S. V. Bulanov, "X-
ray harmonic comb from relativistic electron spikes," 
arXiv:1004.4514v1 (2010). 

2. A. S. Pirozhkov, M. Kando, T. Zh. Esirkepov, P. Gallegos, 
H. Ahmed, E. N. Ragozin, A. Ya. Faenov, T. A. Pikuz, T. 
Kawachi, A. Sagisaka, J. K. Koga, M. Coury, J. Green, P. 
Foster, C. Brenner, B. Dromey, D. R. Symes, M. Mori, K. 
Kawase, T. Kameshima, Y. Fukuda, L. Chen, I. Daito, K. 
Ogura, Y. Hayashi, H. Kotaki, H. Kiriyama, H. Okada, N. 
Nishimori, T. Imazono, K. Kondo, T. Kimura, T. Tajima, H. 
Daido, P. Rajeev, P. McKenna, M. Borghesi, D. Neely, Y. 
Kato, and S. V. Bulanov "Soft X-ray harmonic comb from 
relativistic electron spikes," (submitted to Phys. Rev. Lett.). 

3. C. J. Hooker, J. L. Collier, O. Chekhlov, R. Clarke, E. 
Divall, K. Ertel, B. Fell, P. Foster, S. Hancock, A. Langley, 
D. Neely, J. Smith and B. Wyborn, "The Astra Gemini 
project - A dual-beam petawatt Ti:Sapphire laser system," J. 
Phys. IV France 133 673-677 (2006) 

4. D. Neely, D. Chambers, C. Danson, P. Norreys, S. Preston, 
F. Quinn, M. Roper, J. Wark, and M. Zepf, "A multi-
channel soft X-ray flat-field spectrometer," AIP Conf. Proc. 
426, 479 (1998) 

5. B. L. Henke, E. M. Gullikson, and J. C. Davis, "X-Ray 
Interactions: Photoabsorption, Scattering, Transmission, and 
Reflection at E = 50-30,000 eV, Z = 1-92," At. Data Nucl. 
Data Tables 54, 181-342 (1993); R. Soufli, and E. M. 
Gullikson, "Optical constants of materials for multilayer 
mirror applications in the EUV/soft x-ray region," Proc. 
SPIE 3113, 222-229 (1997); 
http://henke.lbl.gov/optical\textunderscore constants/ 

6. T. Imazono, K. Sano, Y. Suzuki, T. Kawachi, and M. 
Koike, "Development and performance test of a soft x-ray 
polarimeter and ellipsometer for complete polarization 
analysis," Rev. Sci. Instr. 80, 085109-8 (2009). 

7. T. Zh. Esirkepov, "Exact charge conservation scheme for 
Particle-in-Cell simulation with an arbitrary form-factor," 
Comput. Phys. Comm. 135, 144-153 (2001). 

8. P. Gallegos et al, in preparation. 

9. T. Poston and I. Stewart, Catastrophe theory and its 
applications (Dover, 1996). 

http://henke.lbl.gov/optical/textunderscore%20constants/


Characterization of temporal contrast following a double plasma mirror system

 

D. R. Symes, K. Poder, P. S. Foster, N. Booth, Y. Tang, O. 

Chekhlov, S. J. Hawkes & P. P. Rajeev 

Central Laser Facility, Rutherford Appleton Laboratory, 

Didcot, OX11 0QX 

 

Introduction 

Many of the experiments performed using intense short pulse 

lasers require an exceptionally high level of pulse contrast. With 

short focal length optics (e.g. an f/2 off axis parabola) t

Gemini laser can generate a focused intensity approaching 10

Wcm-2. Most materials ionize close to an intensity of 10

cm-2 so for the main pulse to interact with an undisturbed target 

the contrast must be ~10-9 on a sub-picosecond timescale.

is crucial for cutting edge experiments such as harmonic 

generation from solid surfaces [1] and ion acceleration from 

ultra-thin foils [2]. A certain level of light before the main pulse 

is inherent to chirped pulse amplification laser systems as 

discussed in detail elsewhere in this annual report [3]. 

Figure 1. A typical contrast trace from Astra

peak intensity and typical ionisation threshold are indicated. 

Also indicated are the three features of the contrast

ASE background, prepulses and the coherent pedestal

In a typical contrast trace from Astra-Gemini (shown in Fig 1), 

although the baseline level from amplified spontaneous 

emission is very low at <10-9, we identify discrete prepulses on 

the timescale of tens of picoseconds and a coherent pedestal [4] 

starting to rise at ~20 ps. The pre-pulses here, which originate 

from post-pulse conversion [4, 5], are being systematically 

identified and eliminated. However, at present there is no 

known technique for removing the coherent pedestal and for the 

foreseeable future it will be necessary to perform contrast 

enhancement using plasma mirrors.  

Plasma mirror system in Target Area 3 

In the Astra-Gemini target chamber there is a compact plasma 

mirror (PM) arrangement for use on experiments demanding the 

highest levels of contrast. This has been described in a previous 

report [6] and a diagram is shown in Fig. 2. In this system the 

beam is focused and recollimated by two f/7 parabolic mirrors. 

To act as PMs, rectangular anti-reflection coated windows are 

placed either side of the focus where the intensity is ~10

Wcm-2. High reflectance bypass mirrors can be driven in when 

the plasma mirrors are not required. In theory, before the laser 

intensity reaches the ionization threshold of the PM (~10

Wcm-2) the laser is attenuated by a factor of ~10

of ionization the substrates become reflective transmitting 

Contact  dan.symes@stfc.ac.uk 
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Many of the experiments performed using intense short pulse 

lasers require an exceptionally high level of pulse contrast. With 

short focal length optics (e.g. an f/2 off axis parabola) the Astra-

Gemini laser can generate a focused intensity approaching 1022 

Most materials ionize close to an intensity of 1013 W 

so for the main pulse to interact with an undisturbed target 

picosecond timescale. This 

is crucial for cutting edge experiments such as harmonic 

generation from solid surfaces [1] and ion acceleration from 

thin foils [2]. A certain level of light before the main pulse 

is inherent to chirped pulse amplification laser systems as 

cussed in detail elsewhere in this annual report [3].  

 

A typical contrast trace from Astra-Gemini. The 

ionisation threshold are indicated. 

Also indicated are the three features of the contrast trace: 

prepulses and the coherent pedestal. 

Gemini (shown in Fig 1), 

although the baseline level from amplified spontaneous 

, we identify discrete prepulses on 

s and a coherent pedestal [4] 

pulses here, which originate 

pulse conversion [4, 5], are being systematically 

identified and eliminated. However, at present there is no 

pedestal and for the 

foreseeable future it will be necessary to perform contrast 

Gemini target chamber there is a compact plasma 

mirror (PM) arrangement for use on experiments demanding the 

highest levels of contrast. This has been described in a previous 

report [6] and a diagram is shown in Fig. 2. In this system the 

is focused and recollimated by two f/7 parabolic mirrors. 

reflection coated windows are 

placed either side of the focus where the intensity is ~1015 

. High reflectance bypass mirrors can be driven in when 

rrors are not required. In theory, before the laser 

intensity reaches the ionization threshold of the PM (~1013 

) the laser is attenuated by a factor of ~104. At the onset 

of ionization the substrates become reflective transmitting  

 

Figure 2. The double plasma mirror system employed in 

Astra-Gemini target area for contrast enhancement.

~70% of the laser energy per PM and maintaining the beam 

profile. Such PMs are commonly employed to prevent 

amplified spontaneous emission, low level prepulses an

coherent pedestal from reaching the target. In this work we have 

directly measured the pulse contrast after the plasma mirrors. 

Measurement of pulse contrast 

Ordinarily the contrast of the laser is measured using a scanning 

third order autocorrelator building up a contrast trace over many 

shots as the delay between the fundamental and second 

harmonic is changed. On Astra-Gemini we employ a 

commercial device (Amplitude Sequoia [7]) and average 10 

shots for each delay position with the laser operating 

repetition rate. A scan with the 10Hz beam from 

is shown in Fig. 3 (grey line). We also scanned around 

and -90ps where we have known prepulses. 

full power laser it is necessary to perform this same task w

laser shots once per minute so we reduced each data point to an 

average of only two shots. This worked surprisingly well and 

the full power Sequoia scan with a data point every 1 ps closely 

matches the 10Hz scan (Fig. 3) showing the falling edge of the

coherent pedestal and a prepulse at -14 ps. 

We repeated this scan using the beam transmitted through the 

double PM system. The 50% transmission fraction was 

compensated by removing a neutral density filter so that the 

peak signal level was the same in both cases. We took shots 

either side of the peak to ensure our zero time was correct. With 

the PMs active the -30ps and -90ps prepulses are not reflected 

and the signal level remains below the Sequoia detection 

threshold (10-9) until 2 ps before the peak of

measured in 200 fs steps to map out the rising edge of the 

cleaned pulse. We found that the intensity at 

the peak intensity. At this point we had no free space remaining 

on the PM substrates so unfortunately do not k

shape of the pulse between -1.1 ps and -100 fs.
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ouble plasma mirror system employed in the 

for contrast enhancement. 

~70% of the laser energy per PM and maintaining the beam 

profile. Such PMs are commonly employed to prevent 

amplified spontaneous emission, low level prepulses and the 

coherent pedestal from reaching the target. In this work we have 

directly measured the pulse contrast after the plasma mirrors.  

Ordinarily the contrast of the laser is measured using a scanning 

r building up a contrast trace over many 

shots as the delay between the fundamental and second 

Gemini we employ a 

commercial device (Amplitude Sequoia [7]) and average 10 

shots for each delay position with the laser operating at a 10 Hz 

A scan with the 10Hz beam from -20ps to +20ps 

is shown in Fig. 3 (grey line). We also scanned around -30ps 

90ps where we have known prepulses. To characterize the 

full power laser it is necessary to perform this same task with 

laser shots once per minute so we reduced each data point to an 

average of only two shots. This worked surprisingly well and 

the full power Sequoia scan with a data point every 1 ps closely 

matches the 10Hz scan (Fig. 3) showing the falling edge of the 

14 ps.  

We repeated this scan using the beam transmitted through the 

double PM system. The 50% transmission fraction was 

compensated by removing a neutral density filter so that the 

th cases. We took shots 

either side of the peak to ensure our zero time was correct. With 

90ps prepulses are not reflected 

the signal level remains below the Sequoia detection 

) until 2 ps before the peak of the pulse. We then 

measured in 200 fs steps to map out the rising edge of the 

cleaned pulse. We found that the intensity at -1.1 ps is <10-6 of 

the peak intensity. At this point we had no free space remaining 

on the PM substrates so unfortunately do not know the temporal 

100 fs.  



Calculation of expected performance 

Although we have found that the plasma mirrors work 

efficiently, eliminating prepulses and most of the coherent 

pedestal, the fact that their reflectivity turns on at -2 ps is not 

understood. The expected reflectivity of the two anti-reflection 

coated substrates is shown in Fig. 3. This is calculated using a 

measured reflectivity versus intensity dependence from Ref. 8 

multiplied by the intensity measured in the 10 Hz contrast scan. 

For a peak intensity on the first plasma mirror of 1015 Wcm-2, 

the ionization threshold of the glass is not reached until about 

200 fs before the peak of the pulse. Activation of the plasma 

mirror at –2ps where the intensity is ~1011 Wcm-2 suggests a 

significant lowering of the ionization threshold. This is possibly 

caused by irradiation with several long prepulses and the 

several picosecond long coherent pedestal leading to plasma 

formation at a much earlier time [9]. It is interesting to note that 

a recent report on the characterization of a similar double PM 

system found the same switch on time of ~2 ps even though at 

that point their laser intensity was 10-5 of the peak intensity 

[10]. 

 

 

 

Figure 3. (a) Pulse contrast measured with the 10Hz beam 

(grey) and with full power shots (blue). The green data was 

measured after passage through the double plasma mirror 

system. (b) Detail of the rising edge of the pulse measured 

with the 10Hz beam (black solid) and after the plasma 

mirrors (black squares). The red line is a calculation of the 

expected contrast taking into account the intensity 

dependent reflectivity of the plasma mirrors. 

 

 

 

 

 

Conclusions 

We have characterized the Astra-Gemini double plasma mirror 

system in terms of the temporal contrast and measured the 

intensity at 1.1 ps before the main pulse to be at a level of 10-6 

of the peak intensity. Further tests are necessary with different 

focusing conditions to optimize plasma mirror performance. 

The onset of substrate reflectivity is earlier than expected (-2 ps 

rather than -200 fs) which may indicate degradation of the 

optics through irradiation with low level prepulses.  
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Introduction 
 

Collisionless shocks are among the most interesting phenomena 

in plasma physics, since they play a fundamental role in many 

astrophysical scenarios such as the generation of highly 

energetic particles and cosmic rays during supernova explosions 

[1, 2]. There are two possibilities for collisionless shocks 

formation in unmagnetized plasma; electrostatic shocks [3, 4] 

and Weibel mediated shocks [5]; As a result of progress in laser 

technology, now it is possible to replicate the astrophysically 

relevant conditions in laboratory and the study of these 

phenomena has received great attention in last decade [2]. The 

relation of collisionless shocks with other non linear entities 

(such as ion acoustic solitons (IAS) [4], in acoustic solitary 

waves [6] and phase space electron-holes [7],etc) also plays a 

vital role for many astrophysical phenomena [1]. In a laser 

plasma context, collisionless shocks were observed following 

the interaction of fast expanding plasma with a solid obstacle. 

However the observation was carried out employing optical 

probes, which did not allow to resolve the shock structure and 

therefore to distinguish between the different possible shock 

typologies [3].  More recently, collisionless shocks  have been 

observed by employing proton projection imaging (PPI) 

techniques, which  resolve the front with simultaneous 

measurement of propagation velocity, associated electric field 

with high temporal and spatial resolution [4,8].   
 

In this report, we present the experimental observation of 

propagating laser driven electrostatic shocks in tenuous plasma.  

These shocks are generated by the expansion of warm plasma 

into a rarefied ionized background [9], and characterized using 

laser accelerated protons as a charged particle probe [10]. This 

particular generation scenario has been proven to be of direct 

relevance to a wide range of possible applications which 

include laser-driven particle acceleration [12] and inertial 

confinement fusion [13]. 
 

Experimental Setup 

The experiment was carried out using the VULCAN laser 

system at RAL. The schematic of the experimental setup is 

shown in figure1. The CPA pulse of duration ~1ps, focused by 

an off axis (f/3) parabola to an intensity ~5x1019 W/cm2, onto 

20µm Au target (proton target), is used to produce the proton 

probe beam. A ~1 ns pulse was focused onto a Au stripe target 

of thickness 50µm and width 700µm with an incidence of 45° 

with an intensity ~1015 W/cm2.  The set-up was enclosed in a 

gas cell filled by nitrogen at pressure between 10-1-10-4mbar. 

The proton imaging technique was the main diagnostic 

employed to detect and characterize the shock waves 

propagating in the low density plasma resulting from 

background ionization. The distance between the proton target 

and the shock target was l=4 mm and the distance between the 

shock target and the proton detector was L=3.6cm, giving a 

projection magnification M=(l+L)/l~10. The proton beam, after 

having probed the plasma, was recorded on a stack of several 

layers of dosimetrically calibrated radio chromic Films (RCF). 

Additionally, Nomarski Interferometry was employed to 

characterize the laser ablated plasma. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Results and Discussion 

Data exemplifying the features observed by PPI is shown in 

figure 2. As a rule of thumb the electric fields are directed from 

the regions of a lighter blue color compared to the background 

(zones of reduced probe proton flux) towards the regions of 

darker blue color (increased flux). A pronounced modulation in 

the probe proton density, revealing a strongly modulated field 

distribution is observed at ~1mm from the target. This 

modulation is interpreted as a shock structure propagating in the 

tenuous plasma. The shock has average radius of curvature ~ 

700µm and thickness δR ~ 50-100 µm and expands with 

approximately spherical symmetry from the target. 

 

 

 

 

 

 

 

 

 

 

 

The observed proton density modulation reveals an electric field 

which changes sign across the shock [4]. The proton density 

modulation can be related to deflecting transverse electric field 

by [8] 
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Figure2: (a) Proton Image of the interaction of nanosecond 

pulse with 50µm thick Au stripe, showing shock structure 

created by the expansion of laser-ablating plasma into 

tenuous plasma at 350ps after the interaction. b) Zoom of 

observed structure.  

 

Figure 1: Schematic of the experimental setup. 



Where δnp=np-npu with np and npu perturbed and unperturbed 

density, εp is the proton energy, M is the magnification, L is the 

distance between interaction region and detector; and b is the 

region of non zero charge density crossed by protons given by  

b=2[(R+ δR/2)2-R2]1/2 with R the radius of the structure and δR 

its thickness. The proton density modulation profile is shown in 

figure 3(a) and the electric field profile at the shock front is 

shown in figure 3(b), having amplitude 3x107 V/m. We 

interpret the data within the framework of the nonlinear wave 

description based on the KdV equation.   

                  

The second term on the left hand side is associated with 

nonlinearity, which causes wave steepening and the third term 

is associated with wave dispersion. The competing action of 

nonlinearity and wave dispersion leads to the formation of   

IAS. The proton density modulation and electric field profiles 

of IAS predicted by KdV equation [4], are in qualitative 

agreement with the experimentally observed profiles shown in 

figure 3(a) and (b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

We note that the observed shock structure must be collisionless 

and is likely to be nonmagnetized. It has recently been shown 

that the presence of rarefied background plasma can forbid 

magnetic field generation, leading to a purely electrostatic 

evolution of the plasma, and to an electrostatic shock at the 

expanding plasma front [10]. In order to verify whether the 

shock is collisionless, we estimated the various particle mean 

free paths in the background plasma and compare them to the 

measured shock front widths. In order to do so, it is assumed 

that the background gas (nitrogen) is fully ionized, and ion 

charge state to be Z=7 and the ion mass (in units of proton 

mass) to be µ=14. For mean free estimations we use the highest 

experimental pressure employed i.e 3×10-1mbar.  At this 

pressure, the ion and electron density are ni~1.5×1016cm-3 

and ne~ Zni~ 1×10
17cm-3 respectively. An electron 

temperature can also be estimated from the balance of the 

electrostatic and thermal energy of the electrons in the shock, 

giving kBTe ~ e E (δR/2) ~ 1 keV. Using these estimations, the 

electron-electron, electron-ion, and ion-ion mean free paths are 

of several cm or more and, therefore, are much larger than the 

shock width which is in the range δR ~ 50–100μm, ruling out 

the possibility that the observed shocks have a collisional 

character [4].  

 The time of flight arrangement of proton probing resulting 

from a multilayer RCF detector and the broad spectral content 

of the proton beam provided multi-frame capabilities of the 

proton probing within a single laser shot.  The proton probing 

timing can be calculated by 

      
 

 
  

   

   
 
 

    

  

Where τo is the optical delay between the two laser pulses, εp 

and mp are the energy of protons and mass of proton 

respectively. Thus proton beams will cross the interaction area 

at different times and, the shock propagation velocity can 

therefore be measured in a single laser shot, as different shock 

front position in consecutive RCF layers will be observed, 

corresponding to different probing times.  

As an example, the shock structure moves with 8x105m/sec at 

0.3mbar pressure of the ambient gas, with the velocity varying 

for different pressures (i.e different plasma density when 

ionized). The variation of velocity versus the background 

pressure is shown in figure 3(c).  The shock velocity decreases 

as the background plasma pressure is increased. As the PPI 

technique resolves the shock front, the width of the shock 

structure can also be measured. The width of the shock also 

varies with the background plasma pressure as shown in figure 

3(b), decreasing with the increase of background pressure. The 

relation between the shock velocity and its spatial width is in 

agreement with the theoretical interpretation of IA KdV solitons 

(i.e. narrower solitons are faster and vice versa) 

Due to the qualitative agreement of theory and observations, in 

addition to correlation between velocity and width variations, it 

is inferred that the observed excitations are ion-acoustic shocks.  

In some shots at the highest pressures employed, the shock 

front displayed periodical modulations, which points to the 

development of an instability. While the interpretation of this 

data is still ongoing, it is interesting to note the qualitative  

resemblance with  situations found during the development of 

supernova remnants [2].  Among the possible causes for the 

development of the instability, we are currently considering 

Rayleigh-Taylor (RT) or  the effects of an increased dispersion 

in the  tenuous plasma, which can cause imbalance in 

competing action of nonlinearity and dispersion.  

 

 

 

 

 

 

 

 

 

 

 

 

Conclusions 

The electrostatic shock launched by the expansion of dense 

plasma into tenuous plasma, has been observed and 

characterized by means of the proton projection imaging 

technique. The employment of the proton projection imaging 

allows the simultaneous measurement of the spatial profile, 

electric field distribution and propagation velocity of a shock 

with a high temporal (~ps) and spatial (~μm) resolution. The 

shock width and velocity variation as a function of the 

background gas pressure has been observed. The reconstructed 

electric field profile qualitatively agrees with the theoretical 

predicated pattern of IAS.  

 

Figure 3: (a) Proton density line out across the ion acoustic 

soliton (IAS) (b) reconstructed electric field associated with 

shock structure,   (c) Variation of velocity and (d) the width 

versus the tenuous plasma pressure.  

Figure 4: (a) Proton radiograph of an ion acoustic soliton, 

RT Instability in the soliton front at ~1mm from the focal 

spot is clear and the inset shows a zoom-in view of the 

instability front (b) Schematic view of the shock waves and 

in the inset: X-ray and optical image of supernova remnant 

SNR extracted from [2].  
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Introduction 

Research into laser driven proton acceleration has been a very 

active area of laser plasma physics ever since the first 

observations of MeV proton beams produced using the 

interaction of an intense laser pulse with a solid foil target were 

reported just over a decade ago [1-3]. Since then, a great deal of 

effort has gone into understanding the acceleration mechanisms, 

with the view that one can optimise and control this interaction 

through careful selection of the target and laser parameters. 

Signature qualities of laser accelerated proton beams which 

make them markedly different from conventionally sourced 

proton beams include ultra-short pulse duration (ps), high single 

shot brightness (~1011 protons per bunch) and small source size 

(~ µm). These qualities mean that laser accelerated protons are  

well suited for applications such as proton heating [4-6], 

radiography [7] and probing of electric fields [8] for example. 

However, qualities such as the proton flux and angular 

distribution need to be improved upon before these, and other, 

applications can be fully realised.  

Reported here are the results of an experimental campaign in 

which two, relativistically intense laser pulses are incident on a 

solid foil with a very fine temporal separation of a few 

picoseconds. Encouraged by previous numerical investigations 

[9] of double-pulse laser acceleration of protons, which predict 

a significant enhancement in the proton flux and thus laser-to-

proton conversion efficiency, we investigated this technique 

experimentally using the Vulcan laser system in double-pulse 

mode [10].   

For the laser intensities used in this campaign, Target Normal 

Sheath Acceleration (TNSA) [11] is considered to be the 

dominant mechanism behind the acceleration process. Upon 

interaction with a pre-formed plasma on the front surface of a 

target foil, the large electromagnetic fields of the laser pulse act 

to accelerate electrons up to relativistic energies into the target. 

A charge separation exists as soon as some of those electrons 

penetrate through to the rear surface of the target foil, leaving 

behind a strong, electrostatic sheath field (TV/m) which then 

ionises the atoms and accelerates the ions on the rear surface up 

to multi-MeV energies over micron scale lengths. Double-pulse 

acceleration is an advanced form of TNSA, in that it relies on 

the same principle of sheath formation and acceleration of ions 

from the rear surface.  

The first pulse is intense enough to initiate multi-species TNSA 

from the rear surface. Repulsion between the carbon front and 

the protons in its vicinity results in a modulation of the proton 

phase space in the plasma expansion at the rear of the target. A 

structure is formed in the proton population which is made up 

of a dense region of slower protons sitting behind an 

exponentially decreasing distribution of higher energy protons. 

The second pulse drives an increase in the hot electron 

temperature and 1D PIC simulations [10] have shown that the 

strongest accelerating field is generated at the interface of the 

two proton density layers, thus leading to the formation of a 

rarefaction wave as protons in the slow dense layer surge 

forward.  

Commonly, sheath accelerated protons beams can be 

characterised as having a centrally peaked dose distribution, 

with an almost Gaussian-like drop off in proton flux in the 

wings of the beam, thus leading to strong variations in proton 

dose across the delivered beam [12,13]. This compares badly to 

the top-hat dose profile of conventionally sourced proton 

beams, which is far more desirable for most applications.  We 

report here on how, along with enhancement of the laser-to-

proton conversion efficiency (as reported by Markey et al [10]), 

the double-pulse acceleration technique can also be used to 

improve and change the distribution of the proton beam in the 

detector plane. 

 

Experimental set-up 

The experiment was performed using the 1054 nm, petawatt 

arm of the Vulcan laser system at the Central Laser Facility, 

Rutherford Appleton Laboratory. A plasma mirror [14] was 

used in order to increase the nanosecond laser contrast to better 

than 10-8, which was necessary to ensure that pre-plasma 

formation on the front surface of the target was negligible 

before the arrival of the first pulse. The focusability of the laser 

spot after the plasma mirror degrades over the pulse separations 

of the delays used here, and so to preserve the intensity ratio the 

focal spot was defocused away from tight focus.  

 

The Vulcan laser system was set-up to generate double pulses 

with temporal separations of a few picoseconds. This was 

achieved with the introduction of a half-wave plate and 

polarizing beam cube into the beam between the picosecond 

and the nanosecond stretcher. The orientation of the half-wave 

plate was used to control the intensity ratio between the first 

and second pulse. Both pulses were retro-reflected using roof 

prisms, with one of these mounted on a translation stage in 

order to introduce a controllable, temporal delay into the double 

pulse structure. The polarisations of the pulses were then 

matched before being brought onto the same alignment using a 

non-polarising cube. By interfering the 100 fs pulses from the 

seed oscillator and observing the interference, the zero position 

of the relative path length between the two pulses was 

established to within 50 fs.  
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Figure 1: Schematic of the experimental arrangement 

showing the main diagnostic used. A plasma mirror was 

incorporated into the setup in order to produce a high 

contrast laser pulse. The incident angle of the laser onto the 

target was 40° to the target normal and the RCF stack was 

positioned 35 ± 1 mm from the target foil, centered to the 

laser axis height. Inlaid is the single pulse intensity profile 

and an example of a double pulse profile with a delay of 1.5 

ps. 

 

Laser pulses of duration ~700 fs and intensity ratio, Iinitial: Imain, 

of 1:10 were delivered on to target containing a total energy 

(regardless of the time delay) of ~130 J. The beam was focussed 

onto the target at 40° incidence, in p-polarised geometry.The 

area of irradiation was increased to ~ 30 µm so as to lower the 

effective intensity on target with the intention of decreasing the 

maximum energy of the accelerated proton beam to within the 

energy region of interest (5-25 MeV) whilst maintaining the 

maximum laser energy available for absorption. Therefore, the 

intensity of the initial pulse was ~ 3.2 x 1018 W/cm2, yielding a 

peak intensity of ~ 2.9 x 1019 W/cm2 in the main drive pulse.  

 

Planar, gold foil targets of thickness 100 µm were irradiated 

using a temporally shaped laser intensity profile with delays 

(tdelay) of 0 ps, 0.75 ps, 1.5 ps and 2.5 ps between the pulses. 

The beams of accelerated ions were compared using a suite of 

diagnostics, which included Thomson parabola ion 

spectrometers, however the main diagnostic employed to record 

the dose delivered by forward accelerated proton beams was a 

stack of radiochromic film (RCF). The 50 mm x 50 mm RCF 

stacks were centered along the target normal axis and 

positioned 35 ± 1 mm from the target. A slot was machined into 

the RCF films to allow a clear path through which particles 

could pass and then be sampled by ion spectrometers which sat 

behind the RCF stack. This diagnostic was designed to provide 

information on the angular and energy distribution of the proton 

beam within the energy region of interest and as such, the 

majority of the results reported here have been obtained using 

the RCF stacks.  

 

Results 

Example radiochromic film pieces, irradiated by the proton 

beams produced using the double-pulse technique with varying 

delays between the pulses, are shown in figure 2. Features 

common to all of the proton beams generated under this regime 

of double pulse laser acceleration include a maximum proton 

energy of approximately 14 MeV (± 2 MeV depending on the 

pulse separation) and an exponentially decreasing proton dose 

spectrum, as described in Markey et al [10]. A proton spectrum 

extracted from a stack of RCF will give the integrated dose, for 

each proton energy bin, deposited across the film. However, 

another important quality of the beam that is easily extracted 

from the RCF stacks is the angular distribution of the proton 

beam dose.  

 

 

Initial analysis of the footprint left by the proton beams in the 

RCF (see figure 2), suggests that the improvement in the overall 

dosage in the beam when using the double pulse technique is 

not the only effect. For shots taken with a double pulse profile, 

one observes a smoothing of the dose deposition across the 

diameter of the beam accompanied by a steadier decrease in the 

proton beam width with proton energy as compared to the 

single pulse (tdelay = 0 ps) case. This effect is particularly 

significant when a 0.75 ps delay between the pulses is 

employed (see figure 2).  

 

Figure 2: Example pieces of RCF irradiated with a proton 

beam produced by using (left to right) the single pulse and 

the double pulse technique with temporal separation of 0.75 

ps, 1.5 ps and 2.5 ps respectively, with a 100 µm thick Au 

foil target. The proton energy that this piece represents is 

7.3 ± 0.2 MeV.     

 

 

Within a typical laser accelerated proton beam, the angular 

envelope of the protons tends to decrease with increasing proton 

energy [1,15,16]. This is a consequence of the combination of 

Liouville’s theorem applied to a beam of particles and that, in 

the framework of the TNSA mechanism, the highest energy 

protons are accelerated when the sheath field is strongest, which 

coincides with when the emission area is a minimum [16,17]. 

However, because the protons are accelerated normal to the 

contours of the sheath [18], it also follows that the trajectory of 

the protons, and hence the spatial profile of the beam, is heavily 

dependent on the shape of the sheath and its evolution during 

the acceleration process. One can observe the effect of a change 

in the sheath shape by measurement of the proton beam 

divergence with proton energy. To illustrate the effect of using 

the double pulse technique on the divergence of the entire 

proton beam, a plot of the half-angle width of the proton beam 

against proton energy has been produced for both data sets (see 

figure 3). 

 

 

Figure 3: Half angle envelope divergence of the beam 

plotted against proton energy. The corresponding delay 

between the pulses is given in the legends. 

   

Comparing the shape of the divergence graphs for that of a 

single pulse (highlighted in black) with the optimum double-

pulse delay for angular distribution (highlighted in red), one can 

see that with a double pulse, the decrease in the half angle width 

of the beam is at a much slower rate. For proton energies up to 

0 ps 0.75 ps 1.5 ps 2.5 ps 



10 MeV, an almost plateau-like region emerges in the 

divergence when a double pulse is employed, before dropping 

off steadily, to approximately half the initial width of the beam. 

Between proton energies of 1 MeV < Ep < 10 MeV, the half-

angle width decreases by 40 ± 5 % when a single pulse is 

employed.  Whereas when a double pulse is employed, it only 

decreases by 16.9 ± 8.0 % at a pulse delay of 0.75 ps. 

Furthermore, the width of the higher energy component of the 

beam is significantly larger than when a single pulse is 

employed. In each instance of using a double pulse, the beam 

width has increased significantly for energies more than 10 

MeV and has more than doubled for proton energies more than 

12 MeV.  

 

Examining the spatial profile of the beam in more detail, line-

outs of the dose maps for the proton beams were taken in order 

to compare the dose distribution across the beam that results 

from the single pulse acceleration technique and the double 

pulse acceleration technique (see figure 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Normalised dose map profiles for three energy 

bands, taken from proton beams produced using a single 

pulse and a double pulse with delay of 0.75 ps. 

For each energy band shown, the double pulse accelerated 

proton beam dose profiles contained at least twice as much 

proton dose, therefore normalised dose profiles have been 

presented, so that the distribution of the proton dose across the 

beam is more easily compared. The profiles were extracted 

from the top half of the beam, above the machined slit, as seen 

in figure 5 and the 0° point was taken as being the centre of the 

beam.  

 

Figure 5: Example dose map images for single pulse (left) 

and double pulse (right) accelerated protons of energy 8.7 ± 

0.2 MeV are shown using the same colour scale. 

It is interesting to note the change in the distribution of the 

proton flux when the double pulse mechanism is employed. The 

proton flux is more evenly spread and a much larger proportion 

of the proton flux is found in the wings of the beam compared 

to the single pulse accelerated proton beam. The shape of the 

dose profile for the double pulse accelerated proton beam 

begins to approach that of a top-hat profile for the higher energy 

components of the beam, which is clearly evident from the dose 

profiles for protons of energy ~ 10 MeV (see figure 4). For the 

single pulse accelerated beam, it seems as though there is a 

significant amount of structure in the dose maps (see figures 4 

and 5) and this makes the double-pulse accelerated dose profiles 

appear much smoother in comparison. It is likely that the 

features seen in the single pulse dose maps emanate from ridge-

like structures on the target’s rear surface and it is these ridges 

that have been imprinted into the beam, similar to what has 

been observed previously with micro-grooved targets [19]. 

However, the very smooth profile of the double pulse 

accelerated proton dose map is not the result of more ideal 

target surface conditions, as these targets were of similar 

surface quality, and so we conclude that the apparent beam 

smoothing is a result of the double-pulse technique.   

Discussion 

Markey et al [10] made note that the proton flux enhancement 

resulting from the double pulse technique, as observed 

experimentally by a Thomson parabola spectrometer, was more 

pronounced at 12° to the laser axis as compared to the 

spectrometer placed along the target normal axis. This work 

goes some way to explaining this observation, in that it shows 

that the double pulse technique appears to have a significant 

effect not only on the integrated flux of protons, but also on 

how those protons are distributed across the beam. As can be 

seen in figure 4, for the double pulse accelerated beam, the 

proton dose remains above 80% of the maximum within angles 

up to 15° from the centre of the beam. This will be beneficial 

for proton heating and imaging applications where a more 

uniform dose profile is required.    

In the double laser pulse acceleration mechanism, the 

generation of an enhanced accelerating field after a sufficient 

amount of plasma expansion on the rear surface has already 

occurred also supports our observations whereby imperfections 

on the rear surface are smoothed out and that the proton flux is 

more widely spread across the beam.  It is likely to be the result, 

in part, of the pre-expansion on the rear surface and the fact that 

the highest accelerating gradient is found at the boundary of the 

two proton distributions, rather than at the plasma-vaccum 

interface, which gives rise to a smoother, more evenly 

distributed transverse sheath density profile. 2D simulations are 

currently underway in order to decipher the underlining 

mechanisms behind the observed enhancement in the angular 

9.7 ± 0.3 MeV 

8.7 ± 0.2 MeV 

10.3 ± 0.3 MeV 



distribution and the changes in the envelope divergence of the 

proton beam. 

In the studies carried out by Carroll et al [20], they reported the 

use of a model which maps the resulting divergence versus 

proton energy graph for a given input sheath field spatial 

distribution on the rear surface of the target. The shape of the 

divergence graph resulting from a gaussian shaped sheath is 

remarkably similiar to that of the double pulse accelerated 

divergence graphs (see figure 3), in that it displays the plateau-

like region followed by a fast drop-off. Whereas the single 

pulse divergence graph appears to be a convolution of the 

divergence graphs resulting from an inverse parabolic and a 

gaussian shaped sheath as given in reference [20]. As a result, 

this suggests that the effect of the double pulse interaction here 

is to change the shape of the sheath field on the rear surface to 

one that is more gaussian-like than the characterisitic shape of a 

single pulse generated sheath.   

The double-pulse mechanism of laser acceleration has already 

proven [9,10] to be a way in which one can enhance the 

properties of the proton beam produced. As it is an optically 

based method, rather than reliant on target engineering, it is 

much better suited for high repetition rate laser systems. This 

technique is very promising and suggests that temporal shaping 

of the laser pulse would be a useful feature in the design of a 

laser-proton source for applicative use.   

 

Conclusions 

We have demonstrated the effect on the angular distribution of a 

laser accelerated proton beam when a double-pulse profile is 

introduced into the interacting laser pulse. In particular, our 

results show that, with the double-pulse configuration, the 

envelope divergence of the proton beam decreases much slower 

with proton energy compared to the single-pulse accelerated 

proton beam divergence. We have compared this result to the 

model used by Carroll et al [20] to deduce that the sheath 

profile becomes more Gaussian shaped with the use of a 

double-pulse laser profile. Furthermore, the distribution of the 

proton flux changes when a double pulse is employed. There is 

an increased proportion of protons in the wings of the beam, 

making the dose profile appear more top-hat like, accompanied 

by a visible decrease in the appearance of structure in the dose 

maps which results in high quality, smooth proton beams.   

These preliminary results merit further investigation using 

multi-dimensional simulations of double pulse acceleration in 

order to fully resolve the underlining reason for the 

improvement in the angular distribution and the changes in the 

beam divergence as seen here. It is hoped that further 

investigation into this effect will lead to optimisation of the 

enhancement.  
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Introduction 
The interaction environment of laser-solid interactions is 
becoming of greater interest to the research community. As high 
repetition rate high power laser projects, such as ELI [1] and 
HiPER [2], develop a concern that has come to the fore is the 
effect of residual plasma and debris in the interaction region on 
the survival of subsequent targets injected into the area. With 
laser-plasma ion acceleration research pushing for the thinnest 
targets [3,4], going from previous micron thickness now down 
to nanometres, targets have are also more fragile. 

During a recent experiment in Target Area Petawatt (TAP) 
ultrathin targets down to the 10’s of nanometre range were shot. 
An issue that arose during the experiment was the survivability 
of targets during multi-shot cycles of the target chamber. This 
report describes how the issue was identified to be debris hitting 
the targets waiting to be shot and how this issue was resolved.  

Experiment Setup 
The experiment was performed using the Vulcan laser in TAP, 
delivering pulses of 1.053 µm wavelength light, with an energy 
of up to 200 J (on target) and duration equal to 1 ps, FWHM. 
The p-polarized pulses were focused to an 8 µm diameter 
FWHM spot. The majority of the targets were 10nm and 25nm 
C with a few above 100 nm Al. A Cu frame was used to support 
the targets (see figure 1) as they were sufficiently thin that they 
could not be free-standing. Two different set-ups were used 
during the experiment, initially the setup included a plasma 
mirror but this was removed during the later stages of the 
experiment. The main diagnostic for the experiment was stacks 
of dosimetry film which included in their mount design a sheet 
of lead to protect stacks on the mount that were not being used 
during the shot (i.e. for multi-shot cycle of the chamber). The 
laser incident angle on target was either at 0 degrees (relative to 
target normal) with the plasma mirror (PM) or at 2 degrees 
when the PM was not being used. 

The problem: target survivability 
During the latter stages of the experiment, where the setup had 
been changed to accommodate shots without the plasma mirror 
in place, target survivability became an issue when the vast 
majority of the targets were ultrathin (below 100 nm thick). The 
target wheel was typically loaded with 4 targets for a 4 shot 
pump down cycle of the target chamber. However, not all 
targets were surviving on the wheel long enough to be shot, 
resulting in an unexpected shortening of the planned shot 
sequence as the chamber had to be let-up to replace the lost 
targets. The initial solution was to load 6 targets (maximum 
possible whilst keeping a reasonable separation between the 
targets) onto the target wheel. Typically 2-3 targets were lost 
during a pump-down cycle, with the worst case being the loss of 
all 5 other targets after the first shot. Note that the foils 

themselves did not survive, but the Cu frame of these lost 
targets was unaffected. 
 

 
Figure 1: a) shows the basic experiment set-up. b) The 

specifications of the Cu frame which the ultrathin foils are 
mounted on. c) Shows a sketch of the target wheel and the 

rough equal spacing for 6 targets. 
Eliminating pump down as a cause of the target loss 
The initial thought as to what was causing the loss of targets 
was the pumping down of the chamber itself. This has in the 
past caused thin targets and filters to be damaged or lost during 
experiments. The slow pump down sequence available in the 
vacuum controls was used to minimize this risk. However, the 
loss of targets continued. To confirm that targets were surviving 
the slow pump down a camera was setup with a x2 
magnification looking at the target front surface. This enabled 
the targets to be checked once the pump down had finished. It 
was found that the targets were surviving the pump down but 
were still be lost during the shots. 

Debris sources 
As the Cu frame supporting the shot target was typically 
destroyed during the interaction (even though the laser was not 
hitting the frame directly), it was suggested that target and 
frame debris was destroying the neighbouring targets. However, 
this does not account for the loss of targets on the other side of 
the target wheel. 

After studying the setup (and photos of the earlier setup with 
plasma mirror) we came to the conclusion that there are two 
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major distinct sources of debris in the interaction environment 
of the experiment. 

The first source is debris from the target and the more massive 
supporting Cu frame. This theory is supported by the 
observation of Cu deposition on the plasma mirror, see figure 2, 
and the fact that the Cu is deposited within a well defined area 
around the target normal axis. Typically the whole top part of 
the Cu frame where the target foil would be mounted is 
observed to be missing. The reason for the Cu frame being 
destroyed is uncertain at present as the frame is ~320 μm from 
the laser focus spot, however it is likely due to the lateral 
expansion of the plasma 

The second source of debris arises from the lead radiation 
shielding for the RCF stacks, as a thin coating of lead was 
observed to be on the target wheel side which was facing the 
shielding. This is a secondary debris source generated from 
debris from the target (including Cu frame) hitting the shield. 
This is also supported by the observation of discolouration of 
the surface of the lead stack shield and is also observed for the 
lead shielding used during the plasma mirror setup shown in 
figure 2. 

 

 
Figure 2: Photo of experiment setup when the plasma mirror 
was being used. This shows the target wheel which is used to 
mount multiple targets on. a) The plasma mirror in this photo 
clearly shows Cu debris deposited on the surface which comes 
from the Cu frame that the ultrathin foil is mounted on. Note 
that the debris region on the plasma mirror at 33 mm from 

target is roughly 10-15 mm across for the highest 
concentrations. b) The lead shielding around the gap left for the 

stacks is discoloured; this was also observed in the setup 
without plasma mirror and is from either coating or ablation of 

the surface by target debris. c) Stalk which the Cu frame is 
attached to mounted on the target wheel 

Hypothesis of target destruction 
An interpretation of the available evidence points to targets 
being destroyed by target debris bouncing off the lead shield 
back towards the target wheel, with additional debris ablated 
from the stack shield surface. In the setup without the plasma 
mirror the stack shield is perpendicular to the target normal 
axis. This means that debris emitted along the target normal 
axis will hit and be reflected back along this axis. As the debris 
would be coming roughly along a direction perpendicular to the 
target surface in this case, the Cu frame mounts of the targets 
would offer minimal protection. For the setup with the plasma 
mirror the lead shield was at an angle to the target normal axis, 
see figure 2, which means any debris reflected from the shield is 

unlikely to return back along the target normal axis and hit any 
other targets. 

Testing of hypothesis and protecting targets 
To test the hypothesis that debris is coming back towards the 
target wheel from the stack shielding, and also with the aim of 
protecting any remaining targets, a PTFE plastic shield was put 
in place as shown in figure 3. The top edge of the PTFE was 
placed roughly half-way down the stalk holding the target in the 
top position and was 1 cm from target. The initial test resulted 
in debris from the stack being prevented from reaching the 
target wheel. The debris deposited on the PTFE can clearly be 
seen in figure 3. For this pump down one target was lost, which 
was the neighbour of a shot target. This was either from debris 
coming from the side or possibly target debris hitting the top of 
the PTFE shield and bouncing back. At the top of the PTFE on 
the target wheel side debris deposition was observed which 
indicated that the PTFE shield was too high. 

 
Figure 3: The left side shows a schematic of the PTFE debris 

shield put in place to protect the targets. Note that the top edge 
of the shield should be low enough to avoid target debris hitting 

it and bouncing back as this defeats the purpose of the shield. 
The right side shows the debris shield after a single pump down. 

The debris deposited coming from the stack direction can 
clearly be seen on the white PTFE. 

A second attempt involved positioning the PTFE shield top 
edge roughly level with the bottom of the stalk, with a similar 
horizontal distance from the target. During this pump down no 
targets were destroyed other than those directly shot by the 
laser. 

Conclusions 
In conclusion we find that even though ultrathin targets 
themselves may not produce significant debris when irradiated 
by a high power laser pulse, the frames supporting the targets 
must also be considered. The debris from the target frame was 
found to be generating secondary debris when hitting a soft 
material, lead, and resulting in the destruction of the very fragile 
neighbouring ultrathin foil targets. This was a significant 
problem as it was slowing down the rate of shots because the 
chamber had to be cycled sooner than planned to replace these 
targets. This also added significant pressure to the target 
fabrication team who were struggling to keep up with the 
demand for targets needed to replace those lost. A simple and 
quick solution implemented on the experiment involved 
positioning a PTFE shield that enabled primary debris from the 
main target to propagate away from the target wheel, but 
blocked any reflected and secondary debris coming back and 
hitting the targets waiting to be shot.  

This is an issue which has not arisen previously as target foils 
typically used on experiments in TAP are thicker and less 
fragile. These measurements also raise concern about the 
possible sources of secondary debris arising from the use of 
‘soft’ materials such as lead in close proximity to the main 

 

a) 

b) 

c) 
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laser-solid interaction. Any experiments that expect to use 
ultrathin targets should take these findings into consideration 
during planning of the experiment. 
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INTRODUCTION

Generation of MeV ion beams, following the interac-
tion of high intensity laser pulses with solid targets, has
been actively studied by many international groups since
the discovery of the phenomenon1,2. The ion acceleration
mechanism from the target rear, referred to as target nor-
mal sheath acceleration (TNSA)3, is the dominant accel-
eration process for relativistic laser intensities and target
thicknesses of ∼100 µm used in this study. High power
laser systems generate ultra-bright, low emittance multi-
MeV proton beams4. The high beam quality has poten-
tial for applications in proton radiography5, medicine6

and fusion studies7. During the laser-solid interaction,
a large number of relativistic electrons is generated and
propagate through the solid target. The electron beam
forms, at the rear-surface, a dense plasma sheath with
a ∼ TV/m field which lasts for a period of the order of
the laser pulse duration. This field ionizes the target sur-
face atoms and accelerates ions in the direction normal to
the surface. Since the protons, originating from contam-
ination layers, are accelerated in this electrostatic field,
maximizing the coupling of laser energy into electrons is
crucial to optimising the proton energies.
In this report, we present experimental results obtained
using the Vulcan Petawatt laser demonstrating the de-
pendency of the maximum proton energy and laser-to-
ion energy conversion efficiency on the laser pulse energy
and focal spot size.

EXPERIMENTAL SETUP

The Vulcan Petawatt laser provides p-polarized laser
pulses with energies up to 400 J , and pulse duration of
∼ 1 ps, at a wavelength λ of 1.054 µm. The laser pulse
was focused onto the target at an incident angle of 23◦,
using an f/3 off-axis parabolic mirror (OAP). Peak in-
tensities, IL, up to 6 × 1020 W/cm2 were delivered on

target, as the laser energy, EL, is ∼ 30 % of the total
laser energy. The layered targets used are 2 mm × 2
mm foils of a 100 µm Al as a generation and propaga-
tion layer, a 5 µm Cu sandwiched fluorescent layer and
a 1 µm Al layer. Monochromatic and spatially resolved
two-dimensional (2D) images of the of the Cu Kα X-ray
emission are recorded using an imaging system consisting
of a spherically bent Bragg crystal that images emission
from the fluorescent layer near the target rear-surface
onto a FujiFilm BAS image plate detector. The magni-
fication is set to 10, giving a spatial resolution of 20 µm,
and the crystal angle is set at 1.31◦ satisfying the Bragg
condition in the second diffraction order for Cu Kα at
8.048 keV8.
The Proton beam spatial and energy distributions are
measured using radiochromic films (RCF)9. The RCF
stack (HD 810) are positioned 4 cm away from the rear
of the target and cover an energy range from 1.2 MeV up
to 40 MeV .

EXPERIMENTAL RESULTS

Two experimental scans were performed to investigate
the effect of the laser energy on the relativistic electron
beam and consequently on the TNSA generated proton
beam. One scan, referred as to the energy scan, consists
of varying EL from ∼ 3 to 150 J at a fixed laser spot
diameter of ϕ ∼ 8 µm. The second scan, referred as to
the focus scan, consists of defocusing ϕ from ∼ 8 to 100
µm at a fixed EL ∼ 150 J.
Figure 1 presents the measured maximum proton energy
Emax and laser-to-ion energy conversion efficiency
obtained for both scans. Experimental results show a
greater maximum proton energy, Emax, for the focus
scan compared with the energy scan, at the same laser
intensity. A similar trend is observed for conversion
efficiency. The FWHM of the Cu Kα source size, used to
infer the rear sheath diameter, shown in Figure 2, varies
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Figure 1: a) Proton maximum energy Emax as a function of laser
intensity. b) Laser-to-ion energy conversion efficiency as a function

of laser intensity.
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Figure 2: Cu Kα FWHM as a function of laser intensity. No signal
was recorded at IL ∼ 2x1020 and 5x1020 W/cm2, missing values

(open blue square) are extrapolated from the recorded data.

from ∼ 250 to 180 µm with increasing laser intensities
for the focus scan. Results from the energy scan show a
FWHM ∼ 180 µm.

SUMMARY

The results clearly show that the maximum proton en-
ergy cannot be defined in terms of laser pulse intensity

alone and that laser pulse energy plays a key role. At a
given intensity, large energy defocused irradiation results
in considerably higher energy protons than the equivalent
intensity for lower energy tight focus irradiation. Mod-
elling is presently underway to determine the functional
dependencies on the laser pulse parameters.
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Introduction 

During the last decade there has been a great deal of 
experimental, numerical and theoretical research into the 
understanding and improvement of laser-plasma energetic ion 
accelerators.  Until recently, the majority of research focused on 
sheath acceleration, which relies on the laser heating up 
electrons at the laser-plasma interface to a high temperature [1-
2].  These fast electrons then propagate through the overdense 
target, and, as they exit the rear of the plasma, create space-
charge fields along the plasma-vacuum interface.  These electric 
fields are quasi-static, and cause the proton and ion species to 
expand into the vacuum, creating a highly laminar, low 
emittance hadron beams.  However, the heating of the electrons, 
and hence the ions, by high intensity lasers scale poorly with 
intensity [3-4]. This may limit the applicability of this scheme 
for certain applications, such as hadron therapy. 

Hence, an ion acceleration scheme that can achieve higher 
energies and scales well with increasing intensity is desirable.  
Furthermore, for many applications, it is vital to have a beam 
with high charge at high energy, as opposed to the broad 
exponentially decreasing spectrum typically produced by sheath 
acceleration.   For this reason, there has recently been 
considerable interest in investigating acceleration regimes 
utilising ultra-thin nanometre scale targets. These have become 
viable not only due to advances in target manufacture but also 
due to recent improvements in laser technology, in particular 
improvement in the contrast of the pulses, which is the ratio of 
main pulse intensity to pre-pulse intensity,   

The most actively investigated scheme is to harness the 
radiation pressure of the laser to directly accelerate overdense 
plasma; radiation pressure acceleration (RPA) [4-8]. RPA is 
often split into two phases. The first is called hole-boring 
acceleration, where the high-intensity laser bores a hole into an 
overdense plasmas and accelerates ions at this boring interface 
in the same way as in other collisionless electrostatic shocks. 
The second phase is light-sail acceleration in which the plasma 
acts like a solar sail, and is directly pushed forward as a thin 
slab.  Simulations of RPA have predicted beams with 
exceptionally small energy spreads and promising intensity 
scaling. Unfortunately, despite a number of recent experiments 
in conditions apparently suitable for RPA, the high quality 
beams promised have not yet been achieved.  Recent studies 
have found clear signatures of RPA [9], but laser-plasma 
instabilities, imperfections in laser conditions, and three-
dimensional effects have conspired to limit the efficient 
acceleration of ions with this scheme at currently available laser 
intensities.   

For radiation to exert a pressure on plasma, the plasma must 
remain opaque to the plasma.  However, due to the small initial 
thickness of the targets, the use of Vulcan Petawatt length 
pulses causes the plasma to heat up and expand prior to the 
arrival of the high intensity peak of the laser pulse.  If the 
density of the plasma drops below the relativistic critical 
density before the pulse reaches maximal intensity, the radiation 
pressure scheme ceases to be applicable.  It has been shown in 
numerical simulations and experiments that there can then be 
considerable acceleration of ions and protons in this relativistic 
transparency regime, in which, after an initial hole-boring 
phase, the laser bulk heats the electron population in the target, 
which then transfers its energy further to the energetic ion 
species [10-12].   

The experiment summarised here was designed to investigate 
proton and ion acceleration from ultra-thin targets in conditions 
suitable for radiation pressure acceleration using the Vulcan 
Petawatt laser, providing a higher energy and intensity at a 
longer pulse length than that of the experimental work 
published thus far on RPA.  This report provides an update on 
the preliminary analysis of the experiment thus far.  Further 
analysis and numerical simulation is still ongoing to more 
comprehensively investigate the interaction and acceleration 
processes. 

Experimental setup 

 

Figure 1.  Experimental setup 

The experiment was performed using the Vulcan Petawatt laser 
system at Rutherford Appleton Laboratory. The pulse contained 
(430 ± 70) J before the compressor, and a pulse length after the 
compressor of approximately 700 fs FWHM.  The beam was 
focused to a focal spot of 8 µm FWHM, with 35% of the energy 
in the FWHM.  A plasma mirror was used, at intensity on the 
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plasma mirror of 3×1014 Wcm-2, in order to improve the 
contrast to an estimated 10-10.  The improvement to the contrast 
was to try to minimise the “blowing-up” the target before the 
arrival of the main pulse by the laser prepulse.  The throughput 
of the compressor and parabola was measured with calorimetry 
to be 43%.  The throughput of the plasma mirror was tested in 
linear polarisation, both s and p, and was found to be 72% and 
69% respectively.  For part of the experiment, the beam was 
circularly polarised by inserting a ½ and a ¼ waveplate into the 
beam before the plasma mirror.  The combination of waveplates 
allowed the differences in reflectivity in s and p polarisation to 
be accounted for, in order to give circular polarisation after the 
plasma mirror.  The intensity averaged over the FWHM was 
estimated to be 2.4×1020 Wcm-2, equivalent to a0 ~ 14.   

The laser pulse was focused onto diamond-like-carbon (DLC) 
foils at normal incidence.  DLC foils have been widely used 
recently when investigating ultra-thin targets in laser-plasma 
interactions due to their high tensile strength, heat resistance 
and mechanical stability.  DLC targets of density 2.7 g/cc were 
used with thicknesses between 5 and 500 nm.     

The energetic proton beams were measured using two different 
types of diagnostics.  A radiochromic film (RCF) stack was 
placed approximately 10.6 cm directly behind the target.  The 
stack contained alternating layers of Gafchromic HD-810 
radiochromic dosimetry film and iron of differing thicknesses, 
allowing the extraction of information regarding the proton 
beam profile and crude energy spectrum of the proton beam.  
The RCF stack was split into an upper and lower half, with a 7 
mm slit between them, to allow rear diagnostic access.  
Thomson parabola (TP) spectrometers were placed at 0, 10 and 
20° from the target normal direction, at a distance of 76, 80, and 
104 cm respectively.  These spectrometers use collinear electric 
and magnetic fields to disperse ions spectrally and also separate 
them by the ion specific charge to mass ratio, allowing the 
extraction of proton and ion energy spectra with fine energy 
resolution.  A pinhole was placed in front of the entrance to the 
0, 10 and 20° spectrometers, with diameters of 50, 50 and 100 
µm respectively.  The pinhole size is determined by a trade-off 
between signal to noise ratio and spectral resolution.   

Results 

 
Figure 2. Example of RCF scans for a 5 nm DLC target.  From 
a) to f), the energy corresponding to each layer is 4, 8, 14, and 
20, 24 and 30 MeV respectively, where d-f) have been 
individually contrast enhanced to see detail.  There was a gap 
of 7 mm between the top and bottom pieces. 
 
An example of the RCF data is shown in figure 2.  Darkening of 
the RCF indicates the regions of higher energy deposition. Note 
that heavy ions would be stopped in the aluminium light shield 
placed in front of this stack, and so these features can be 
attributed to protons alone. A number of different structures are 
apparent in the proton beam profiles.  Firstly there is a clear 
ring structure at the edge of the profiles, which is present at the 
lowest energy film in the stack, but disappears quickly at higher 
energies.  Then, there is a central beam with a very small 
divergence (~5°), which has a different energy distribution 
compared to the ring structure – it is still clearly visible up to 
higher energies, and usually brighter at 8 MeV than at 4 MeV.  

There are also some highly filamentary structures that cover 
most of the RCF film and have again a different energy 
spectrum from the other two features. Finally, up to 30 MeV 
(figure 1 e), it is possible to see a smooth, broad signal pointing 
off-axis to the right.  These four different features have different 
structures and different energy spectra, indicating that the 
protons have been accelerated via different mechanisms. 

The Thomson spectrometers, placed in the slit between the top 
and bottom half of the RCF stack, and placed at 0, 10 and 20°, 
allowed for a more detailed look at the energy spectrum at 
different parts of the beam, for protons as well as the carbon 
species.  By matching up features on the RCF with the spectra 
from the Thomson spectrometers it is possible to extract more 
information to diagnose the acceleration mechanisms at each 
location.  

Low Energy Ring 

A ring was visible on almost all of the shots regardless of target 
thickness.  The apex angle of the ring was never less than 30°, 
and always only visible on the 1st RCF piece in the stack, 
corresponding to 4 MeV protons.  As the next layer corresponds 
to ~8 MeV, this indicates an extremely high flux, low energy 
proton emission.  With very thin targets, the ring sometimes 
appeared to have some angular edges and corners, instead of a 
smooth annular ring, as seen in figure 3. 

 

 

Figure 3. RCF stack layers at 4 MeV (a) and 8 MeV (b) for a 10 
nm foil shot with circular polarisation.  The ring structure here 
appears non-annular in shape, with some straight edges and 
sharp corners.  A higher energy central beam is still visible, but 
pointed away from target axis. 
 

Filamentary structure 

The filamentary structures were seen very clearly for the 5 and 
10 nm foils, and still somewhat visible on the 20 nm foils.  The 
next thinnest target shot was a 100 nm foil, for which there was 
no filamentary structure visible.  Due to the quickly spatially 
varying nature of the filamentary structure, it is difficult to 
determine whether the Thomson spectrometers were sampling a 
part of the high flux filament, or the low flux region in the 
centre of the ‘bubbles’.  As can be seen in figure 2 (d), the 
protons in the filaments reach over 20 MeV.   

Non-thermal, peaked proton beam 

A ‘central’ beam was seen for all thicknesses, but the 
characteristics of the beam varied with thickness.  A very clear 
difference was seen between 20 nm foils and 100 nm foils.  For 
the 20 nm foil and below, the beam always has a very low 
divergence (~ 5°), shows variation in position with respect to 
target normal, and occasionally has some structure (see, for 
example, the beam in figure 3).  However, even when it is 
slightly structured, it is visibly different to the filamentation, 
being localised and with a higher flux.  The central beam is 
visible for thicknesses down to 5 nm, although at 5 nm it was 
only present for 1 out of 3 shots.  The two shots that did not see 
the beam were shot 2 weeks after the first 5 nm foil, and could 
be indicative of a worsening contrast during the run.  At 
thicknesses of 100 nm and above, a beam is often seen with a 

a) b) 

a) b) c) 

d) e) 
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larger divergence (> 20°), and does not exhibit as much 
structure. 

 
Figure 4. Energy spectra from the Thomson parabola 
diagnostic for a) 10 nm DLC (the same shot as seen in figure 2) 
and b) 100 nm DLC target, both shot at focus with circular 
polarisation.   

From figure 2, it can be seen that for this shot, the low 
divergence central beam was pointed centrally, approximately 
where the 0° Thomson was positioned.  The retrieved proton 
and carbon energy spectra are seen plotted in figure 4 a).  The 
proton spectrum indicates a high flux, low energy component 
up to 2.5 MeV, then a further high flux peak in the spectrum at 
6 MeV which decreases exponentially to 25 MeV, agreeing well 
with the features seen on the RCF.  The carbon spectrum 
extends up to about 6 MeV/u (total energy ~70 MeV).  The 
carbon signal therefore drops off for approximately the same 
velocity of ions as for the peak in the proton spectrum. A 
similar spectrum can be seen in figure 4(b), which is for a 100 
nm target, and corresponds to the same location as a central 
beam on the RCF.  Again, the carbon spectrum extends up to 
the same velocity at which the proton signals peaks.  On all 
shots where a central beam overlapped with the Thomson 
parabola, a similar feature was seen. 

Low flux high temperature smooth proton beam 

The final feature, which was seen on almost all shots from 5 to 
500 nm, is the low flux, smooth and divergent off-axis beam 
similar to that seen in figure 2 (e) and figure 5 (c-d).  The 
maximum energy in this beam did vary with thickness, being 
maximum for 10 and 20 nm foils, and smallest for 5 and 500 
nm foils. 

 
Figure 5. RCF films at a) 4 MeV, b) 8 MeV, c) 14 MeV and d) 
20 MeV for a 20 nm DLC and a linearly polarised pulse. Both 
c) and d) have been contrast enhanced to see low flux detail. 

The beam was also evident on the Thompson spectrometers.  
For example, the beam in figure 5 is very smooth and pointed 
up and to the right, only partly overlapping with the central 
beam.  The edge of this low flux beam is seen in both the 0° and 
20° Thomson spectrometers.  Figure 6 (a) shows the relative 
proton signals in all 3 spectrometers.  Above 10 MeV the proton 

signal for TP1 (0°) and TP3 (-20°) look very similar, decreasing 
with the same temperature to similar maximum energies.  
However, below 10 MeV very different signals are evident in 
the two different spectrometers.  This would suggest that the 0° 
spectrometer sees a combination of the low flux high-energy 
beam, and a higher energy, narrower bandwidth (Non-thermal 
peaked) peak, whereas at -20° only the low flux high-energy 
beam is seen.  The 10° spectrometer shows a thermal, but lower 
temperature proton beam reaching a lower maximum energy.  
Further differences are seen in the carbon spectra, where the 0° 
spectrometer sees a much higher flux of particles accelerated to 
3-4 MeV/u than the off-axis spectrometers.  This is seen on all 
shots with a peaked proton beam measured by the Thomson 
spectrometer. 

 

 

 

Figure 6. Energy spectra for protons and carbons from the 
same shot as figure 5.  The variation in proton spectra (TP1 = 
0°, TP2 = 10°, TP3 = 20°) is shown in a), followed by the 
relative proton and carbon spectra for b) 0°, c) 10°, and d) 20°. 

Ion acceleration mechanisms 

The ion and proton diagnostics therefore show a variety of 
different ion features with markedly different proton and carbon 
spectral properties.  Some of the structures were consistent 
throughout the parameter scan undertaken on the experiment, 
whilst some varied.  Due to the comparatively long length and 
high energy in the laser pulse it is expected that the target will 
expand quickly due to electron heating during the rising slope 
of the laser pulse, which results in a reducing density.  If the 
target remains over-dense long enough, the laser pulse can exert 
a pressure on the front surface of the target and some radiation 
pressure type acceleration can take place.  However, if the 
target becomes transparent to the radiation before the highest 
intensity part of the pulse, then direct radiation pressure 
acceleration of the target cannot take place, and the interaction 
becomes underdense.   

Two papers recently published have numerically investigated 
the interaction of an ultra-intense laser with DLCs in very 
similar laser conditions to those in this experiment, using 2D 
and 3D particle-in-cell simulation [11-12].  Very high energy 
carbon beams (> 40 MeV/u) are predicted to be accelerated in 
the relativistic transparency regime at an optimum thickness, 
which was found in the simulations to be between 50-120 nm.  
It is also proposed that for the thinnest targets, 5-10 nm DLC, 
quasi-monoenergetic carbon beams can be produced via the 

b) a) 

c) d) 

a) b) 



acceleration of ion solitary waves, which are a result of the 
formation of an ion density spike at the laser-plasma interface 
before the target becomes relativistically underdense.  This 
quasi-monoenergetic feature was amplified by using circular 
polarisation.  For all thicknesses, the comparatively low charge 
density combined with the lower mass to charge ratio of the 
proton species compared to the carbon species results in the 
proton species being pushed out in front of the carbon species. 

Due to the similarities between the numerical simulations 
carried out and the experimental conditions in this experiment, 
it is instructive to compare our results with those predicted in 
the above publications.  Firstly, in this experiment the predicted 
40 MeV/u carbon beams were not observed.  The maximum 
carbon energy seen on the experiment was ~ 8 MeV/u.  The 
carbon beams were significantly lower energy for the 500 nm 
targets, but were similar for 5, 10, 20 and 100 nm, and did not 
vary much between circular and linear polarisation.  However, 
the 5 and 10 nm target interactions do show some similarities 
with those predicted [10], achieving similar maximum energies 
to those predicted and occasionally showing non-thermal 
spectra (see carbon spectra in 4 a)).  Furthermore, in the 
experiment a non-thermal peaked proton signal was seen for all 
thicknesses except 500 nm.  This is consistent with the proton 
species being pushed out in front of the expanding carbon 
species in the ‘self cleaning’ process.  The peak energy of the 
non-thermal peaked part of the proton beam did not vary much 
with polarisation or thickness, suggesting that in all cases the 
carbon species expanded at a similar rate.  This is consistent 
with the lack of variance in the maximum carbon energies.  

A further similarity with the relativistic transparency regime is 
in the prediction of peak energies off-axis.  For linear 
polarisation, the beam is predicted to be off-axis in the direction 
along the polarisation direction.  In the experiment, a low flux 
high temperature proton beam was seen off-axis on many shots, 
reaching higher energies than those in the non-thermal peaked 
feature.  Furthermore, the carbon beam captured in the 
Thomson parabolas also was generally higher in the 20° 
spectrometer than the other two. 

Apart from the central non-thermal peaked beam and the low 
flux high temperature beam, we also observed two other effects 
in the experiment – a ring structure which was consistent for all 
thicknesses and always at very low energies, and a 
filamentation structure which only appeared for 5 and 10 nm 
foils.  The origin of the ring may be from a hollow jet due to 
channel formation after the target becomes relativistically 
underdense.  The ponderomotive force will push electrons out 
of the focal spot, forming a channel, and a hollow jet is formed 
at the edge of the plasma along the walls of the channel.  This 
feature can be seen on transverse shadowgraphy images taken 
of the interaction, and has been observed in a previous 
experiment using Vulcan Petawatt with similar targets.  Finally, 
the filamentation seen for the 5 and 10 nm foils has also been 
seen on a similar previous experiment and has been attributed to 
Rayleigh-Taylor instabilities during the overdense phase of the 
interaction.  The radiation acts as a light fluid pushing against 
the denser fluid of the target, resulting in the instability growth 
and a break-up of the target.  This break-up is maintained 

throughout the underdense phase of the interaction, resulting in 
the bubble shapes visible in figure 2. 

Conclusion 

Preliminary analysis of the interaction of the Vulcan Petawatt 
laser with nm-scale carbon targets has been performed to 
investigate the different mechanisms that can accelerate protons 
and carbon ions.  Multiple features were observed, including 1) 
low energy ring structures, due to channel formation as the 
target becomes underdense; 2) filamentation for 5 and 10 nm 
targets due to the Rayleigh-Taylor instability; 3) central non-
thermal peaked proton beams due to ‘self cleaning’ of the lower 
charge density proton species; 4) a smooth off-axis proton beam 
going to high energies but with a characteristic low flux, 
possibly related to the post-acceleration in the relativistic 
transparency regime.  Further analysis includes extracting 
spectra from different regions in the RCF stack, further 
investigation of the low energy ring from analysing transverse 
probe images, confirming calibration of the image plate 
diagnostic, and performing numerical 2D PIC simulations to 
further understand the interaction.  By gaining a deeper 
understanding of the acceleration mechanisms, further 
experiments should be in a better position to optimise the 
experimental parameters needed to reach high proton and 
carbon energies with higher efficiencies. 
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I. Introduction

The potential applications of intense laser-plasma sci-
ence include fusion energy1, oncology2, accelerator tech-
nology and defense. The future development of these ap-
plications require, not only a thorough understanding of
the bulk transport physics but also a detailed knowledge
of the complex laser-plasma interaction at the front sur-
face of the target. Increased understanding in this area
could lead to source optimisation and improved coupling
efficiency into the plasma.

High power lasers often have significant levels of ampli-
fied spontaneous emission which drives preplasma expan-
sion on the front surface of the target. The density profile
of this plasma has significant implications for the laser
energy absorption and laser-electron coupling as well as
introducing a number of nonlinear optical and collective
plasma effects. Given that the plasma responds to the
presence of the laser pulse and laser pulse propagation is
in turn effected by the preplasma, the underlying physics
can very quickly become intractably difficult to decon-
volve. With the aid of both hydrodynamic and Parti-
cle in Cell (PIC) simulations many insights have been
gained in this area. Conversly, direct experimental mea-
surements of the front surface have been limited by the
lack of effective techniques which can probe not only the
underdense region but also the region of the relativisti-
cally corrected critical density surface. Previously pub-
lished results which relate the reflected laser energy to
the density scale length are restricted to a qualitative
comparison for a given parameter scan3,4.

In this Report we present experimental results in which
the spatial distribution of the laser, reflected from the
relativistic critical surface is measured at two different
plasma density scale lengths. The divergence of the re-

flected laser beam is found to be related to the plasma
density scale length. Using these results we demonstrate
a novel experimental technique which provides a measure
of the plasma density profile in the region of the relativis-
tically corrected critical density.

II. Experimental Setup

The experiment was conducted on the Vulcan Petawatt
laser facility at the Rutherford Appleton Laboratory. A
1 ps, 1054 nm pulse was generated with energy on target
of 175 J and a contrast of 109 on the nanosecond time
scale5.
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FIG. 1: Top view of experimental setup

The laser was focused by a f/3 OAP to a spot of ≈8 µm
in diameter with a Gaussian spatial-intensity profile. In
addition to the main CPA picosecond laser pulse a second
(long pulse) laser with a 5 ns pulse duration and 6 J in
the beam was used to generate a controlled 1D plasma
expansion on the front surface of the target, prior to the



2

arrival of the short pulse. The long pulse laser was timed
to arrive on target 1.5 ns before the short pulse.

The addition of a phase plate in the long pulse beam
path produces a 270 µm focal spot with a top hat spatial-
intensity profile. This configuration drives an approxi-
mately 1D shock, and plasma expansion. The combina-
tion of the very high contrast short pulse and the long
pulse laser facilitates a high level of control over the front
surface plasma density scale length. A transverse optical
probe is used to image the plasma expansion on the front
surface of the target. The probe beam was timed to co-
incide with the arrival of the short pulse laser on target.
A schematic of the setup is shown in Fig.1.

In all of the shots presented here the target front sur-
face consisted of a coating of plastic (5-15 µm thick).

The spatial profile of the laser pulse, specularly re-
flected from the critical surface, is measured using a
PTFE scattering screen which is viewed in transmission
with a CCD camera. The CCD has a zoom lens to image
the screen and is filtered using a 1054nm bandpass fil-
ter. Further (neutral density) filtering is used to prevent
saturation.

III. Results & Discussion

Example images of the reflected laser beam profile are
shown in Fig.2(a) and (b) for short (no long pulse) and
long (with long pulse) density scale lengths, respectively.
There are distinct differences in the spatial-intensity pro-
file between the two cases, specifically structures in the
beam are smoothed out for long scale length preplasma.
The similarity to the defocused laser spot, measured by
replacing the target with a CCD with a microscope objec-
tive, (Fig.2(c)) is obvious and gives some confidence that
the laser reflection from the critical surface is mirror-like
at short density scale lengths and is modified by prop-
agation through the underdense plasma at long density
scale lengths. The mechanism which causes “smoothing”
of the reflected beam is presently unknown. However,
filamentation of the laser beam in the long density scale
length plasma is expected, as is the formation of fine
structure modulations in the critical surface6. Both ef-
fects are likely candidates for washing out structure in
the reflected beam.

A lineout of the spatial-intensity profile is taken and a
Gaussian distribution is fitted, as shown in the example
in Fig.3. The effective f-number of the reflected beam
is calculated using the 1/e2 diameter of the Gaussian fit
and the distance from the target to the screen. The f-
number for short density scale length preplasma is found
to be 1.96±0.12, averaged over three comparable shots.
At longer density scale lengths the f-number decreases to
1.54±0.1 (also averaged over three comparable shots). In
both cases the reflected beam is significantly more diver-
gent than the incoming beam which has an f-number of
≈3. That the reflected laser is found to be consistently

(a) (b) (c)

(d) (e)

FIG. 2: Images of reflected beam hitting scattering screen (a) At
short density scale length (b) At long density scale length (c) Laser
spot, 100µm defocused. (d) Optical probe shadowgraphy for a typ-
ical short density scale length shot(e) Optical probe shadowgraphy

for a typical long density scale length shot.

more divergent at long density scale lengths compared to
short density scale lengths indicates that the preformed,
underdense plasma plays a key role in modifying the re-
flected laser.

Schumacher et al7 investigate this effect with both PIC
simulations and an analytical model. The model con-
siders an idealised Gaussian spatial-intensity profile and
treats the propagation through the preplasma, the re-
flection from the critical surface and the second transit
through the preplasma as an optical system consisting of
a lens, a mirror and a second lens. In the case of the pre-
plasma, the “lens” is diverging as a result of the negative
refractive index of the plasma. Due to the relativistic cor-
rection made to the critical density at the laser intensities
used in this experiment the position of the critical sur-
face varies along the spatial-intensity profile resulting in a
curved critical surface. This effect becomes more extreme
as the plasma density gradient is decreased (longer den-
sity scale length) due to the increased spatial separation
of the critical surface at the wings of the pulse compared
to the peak. In this way the diameter of the reflected
laser beam is correlated to the density scale length of
the front surface plasma and the curvature of the critical
surface.

Previous experimental techniques rely on the use of a
transverse optical probe beam to measure the preplasma
density profile8. The drawback with this technique, in
addition to the complicated deconvolution and setup, is
that the critical density of the probe beam is significantly
lower than the relativistically corrected critical density
of the pump due to high degree of refraction of the opti-
cal beam near the critical density surface. The resulting
measurement is restricted to the underdense region, with
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the density profile of the overdense region being inferred
from hydrodynamic simulations9. It has been shown in
hydrodynamic simulations that the scale length of the
underdense region, which can be optically probed, can
be very different to the scale length in the region of the
corrected critical density9,10. Instead, by measuring the
divergence of the reflected light the plasma density pro-
file is probed exactly up to the relativistic critical surface.
In order to retrieve a quantitative measure of the density
profile the emphasis is shifted from setting up the diag-
nostic in chamber and deconvolving the interferogram,
via abel inversion, to applying the analytical model pre-
sented in Ref.7, which is an inherently simplier task.

0 2 4 6 8 10 12
0.0

0.2

0.3

0.5

0.6

0.8

1.0   Short Density Scale Length
  Long Density Scale Length
  Idealised Laser Input

In
te

ns
ity

 (A
rb

. U
ni

ts
)

Position (cm)

FIG. 3: Example Gaussian fits (black) to spatial-intensity pro-
files of reflected laser beams, for both short and long density scale
lengths. Additionally, shown in green, an idealised laser profile

with f-number equal to 3.

IV. Conclusion

In conclusion, we have described the application of a
novel diagnostic of the front surface plasma density pro-
file by measuring the divergence of the reflected laser
spot. In principle this technique extends the measur-
able density range, beyond that covered by transverse
optical probe interferometry, up to the relativistic criti-
cal density. The divergence of the reflected spot is found
to be consistently larger at long density scale lengths. In
both cases considered here (short and long density scale
length) the divergence of the reflected spot is consider-
ably larger than the incoming laser. A full quantitative
analysis of these results, to determine the density scale
length, is the subject of ongoing work.
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Introduction 

Laser-driven ion acceleration has been a rapidly 

progressing field of great interest since the first 

observations [1] of energetic ion beams from laser-

irradiated foil targets. High quality ion beams have many 

prospective applications in scientific, technological and 

medical areas such as medical isotope production, tumor 

therapy, ultrafast radiography and laser-driven fusion [2]. 

For the interaction of a laser with solid-density targets, 

several ion acceleration mechanisms have been identified 

and investigated. Among them the two most discussed are 

Target Normal Sheath Acceleration (TNSA) and Radiation 

Pressure Acceleration (RPA). 

Ion beams with energies of several tens of MeV 

have been obtained in experiments via the TNSA 

mechanism [1, 3, 4], where the ions are driven by the 

sheath fields established at the target rear surface, due to 

the relativistic electrons produced at the target front surface 

during the intense laser interaction. However, low particle 

density, large divergence, and almost 100% energy spread 

of the proton beam poses significant limitations for many of 

the envisioned applications, for instance hadron therapy of 

deep-seated cancers. By contrast, ion beam production by 

the radiation pressure of intense lasers has been  predicted 

to be a promising route for accelerating large numbers of 

ions quasi-monoenergetically to „„relativistic‟‟ energies 

(GeV/nucleon range), in a significantly more efficient 

manner compared to TNSA [5-7].  

There are two regimes of RPA, viz. hole-boring 

(HB) and Light sail (LS), which have been identified by 

simulations and recent experimental results [8]. In the RPA 

mechanism, ions are accelerated by directional momentum 

transfer from laser to target via the laser‟s ponderomotive 

force, which acts as a snow-plow on the target front surface 

and launches a dense ion bunch into the target. The 

radiation pressure instantly pushes the electrons in the skin 

depth which sets a strong accelerating field for ions to 

follow promptly the electrons. Consequently, the laser 

pulse bores through the target (Hole-boring (HB) regime) 

where the ion front velocity (hole boring velocity) depends 

on the laser intensity (I) and target mass density ( ).  If the 

target thickness is less than the product of the laser pulse 

duration and hole boring velocity, the ions will pile up at 

the target rear surface before the end of the laser pulse. As 

the thickness of the compressed layer becomes comparable 

or less than the evanescence length of the ponderomotive 

force, the whole layer is cyclically accelerated with high 

efficiency for the rest of the duration of the intense laser 

pulse. The latter scenario of whole foil acceleration is 

called light-sail (LS) regime.  

In the experiment mentioned here, both the Hole-

boring (HB) and Light sail (LS) regimes of RPA have been 

extensively explored employing the Vulcan Petawatt laser. 

For thick targets, where the product of the HB velocity and 

the laser pulse duration is less than the target thickness, 

collimated ion jets were observed, emerging from the rear 

surface of the targets over a hydrodynamic time scale [9].  

On the other hand, for sufficiently thin targets, the LS 

mechanism resulted in narrow band heavy ion spectra with 

energy up to 20 MeV/nucleon, which is discussed in this 

report. The scaling for ion energy is obtained by varying 

the laser and target parameters over several shots.  

 

Experimental Setup 

  The experiment was carried out using the 

VULCAN Nd:glass laser, operating in chirped pulse 

amplification (CPA) mode. The laser wavelength and full 

width at half maximum (FWHM) pulse duration are 1.053 

µm and 750 fs respectively. The laser was focused down on 

the target at near normal incidence by using an f/3 off-axis 

parabola.  In order to reduce the pre-pulses and to suppress 

the intensity of amplified spontaneous emission, a plasma 

mirror was employed before the target. A schematic of the 

experimental setup is shown in the Fig. 1. A zero order 

quarter wave plate was used in the focusing beam, before 

the plasma mirror, in order to change the polarisation of the 

laser on the target. The intensity on the target was varied 

from 5×1019 W/cm2 to 3×1020 W/cm2 by increasing the laser 

spot size on the target, by translating the parabola along the 

focussing axis. Targets of various materials (Cu, Al, Au 

and CH) and thickness (10 µm down to 100 nm thickness) 

were used.  
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        Fig 1.  Schematic of the experimental set up. 

 

 

 

 

 

 

 
 

 

 

 

Thomson Parabola Spectrometers (TP –Spec) 

were employed as the main diagnostic for measuring 

spectra of multi-MeV ions produced by the interaction. 

Two high resolutions TP –Spec were fielded, one along the 

target normal direction and the other looking at 220 off axis 

to the target normal. Image plates (IP) were used as 

detectors to record the spectra. IP were cross calibrated 

with solid state nuclear track detector (CR39) for absolute 

particle number determination. The energy resolved spatial 

flux profile of protons was diagnosed by using stacks of 

radiochromic films (RCF) placed in the bottom half of the 

beam. 

 

Result and Discussions 

 

         Spectra of accelerated ions of different species 

resulting from the interaction were diagnosed for different 

laser and target parameters over many shot. We detected 

not only ions of the main target components, but also, as 

usual in these experiments, several other ion species such 

as C, O, H present in surface contaminant layers. Instead of 

the quasi maxwellian energy spectra typically observed in 

case of TNSA, the spectra from thin targets contains  a  

peaked  feature towards  the higher energy side. 

 

 
 

Since for the thin targets, the HB accelerated ions 

from the target front surface are expected to reach the target 

rear surface in less than the laser pulse duration (0.1 ps for 

the case shown in the fig. 2(a)), the remaining duration of 

the CPA pulse is spent in accelerating the ions in the LS 

regime. We believe that this is the cause of the peaked 

spectral feature observed in the spectra. On the other hand, 

for thicker targets we obtained exponential ion spectra (fig. 

2 (b)) typical to TNSA mechanism.  

It is most likely that the proton spectral profile in 

fig. 2(a) results from the overlap of a narrow band proton 

spectrum originated by the LS mechanism, with an 

exponential spectrum by TNSA mechanism taking place 

over an extended area (of several 100s of micron)  on  the 

target rear surface, due to recirculation of hot electrons 

[10]. However, such an exponential feature is not 

prominent in the spectra for the species with e/m=0.5 

(which could correspond to fully ionized Carbon), as 

protons get preferentially accelerated by the TNSA 

mechanism. The dominance of proton acceleration in a 

“pure” TNSA scenario can in fact be seen in the fig. 2(b).     

 Ion energy attained by the LS mechanism scales 

with the ratio between laser intensity and target areal 

density, given by [7, 11, 12] 
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Here                            is dimensionless 

laser amplitude; λ is the laser wavelength, ,     and     are 

the electron density and thickness of the compressed layer. 

    is the duration of the laser pulse used for LS 

acceleration. Z and A are the atomic number and mass 

number of the target ions, and,      and     are the masses 

of an electron and proton respectively.  

Using the laser and target parameters relevant to the 

case shown in the Fig. 2(a) in a simple numerical model 

based on the equation (1), we found that an ion energy of 8 

MeV/nucleon is expected by the LS mechanism, which 

agrees well with the experimental data (see the data point 

„A‟ in the Fig. 3). A particle-in-cell simulation carried out 

for scaled down laser and target parameters also shows a  

quasi-monoenergetic peak in the ion spectra at around 10 

MeV/nucleon, which further substantiates the role of LS 

mechanism during the interaction.   

 

 The scaling of the spectral peak has been 

obtained by a methodical scan over a range of target 

thickness, density, laser intensity and polarization. Fig 3 

shows the energy scaling of the ion peak with the relevant 

scaling parameter   
       . We can also see that, there is a 

good agreement between experimental data and RPA 

estimations. The experimental data points show that the ion 

energy scales with (  
      )1.5, which is significantly 

faster  than the TNSA scaling, E  ao. 

 Fig 2.  Experimental obtained spectra of two ion 

species for (a) thin (100 nm) and (b) thick (10 um) Cu 

targets irradiated at similar laser intensity  



Conclusion 
The role of the radiation pressure of an intense 

laser beam in the formation of narrow band proton and 

carbon spectra from thin foils has been discussed. The data 

presented suggests that the onset of the LS regime of RPA 

can be obtained, for suitably thin targets, at currently 

available laser intensities, in competition with the TNSA 

mechanism. 

 

Acknowledgements 

This work was funded by EPSRC (LIBRA 

Consortium, Grant No: EP/E035728/1) and by STFC 

Facility access. We acknowledge the support and 

contribution of the Target Preparation Laboratory, TAP 

laser staff and the Engineering workshop at CLF, RAL.  

 

References 

[1] E. L. Clark et al., Phys. Rev. Lett. 84, 670, (2000); 

A.Maksimchuk et al., ibid. 84, 4108 (2000). 

 

[2] M. Borghesi et al, Fusion Science and Technology, 49, 

412 (2006) and thereferences therein. 

 

[3] B. M. Hegelich et al., Nature (London) 439, 441 (2006). 

 

[4] H. Schwoerer et al., Nature (London) 439, 445 (2006). 

 

[5] A. Macchi, F. Cattani, T. V. Liseykina, and F. Cornolt, 

Phys. Rev. Lett. 94, 165003 (2005). 

 

[6] A. P. L. Robinson, M. Zepf, S. Kar, R. G. Evans, and C. 

Bellei, New. J. Phys. 10, 013021 (2008). 

 

[7] B. Qiao, M. Zepf, M. Borghesi, and M. Geissler, Phys. 

Rev. Lett. 102, 145002 (2009). 

 

[8] A. Henig et. Al, Phys. Rev. Lett. 103, 245003 (2009); C. 

Palmer et al, Phys. Rev. Lett, 106, ISSN:1079-7114 (2011) 

 

[9] K. F. Kakolee et. Al, CLF-RAL Annual Report 2010. 

 

[10] F. N¨urnberg et al, Rev. Sci. Instr., 80, 033301 (2009). 

 

[11] A. Robinson et. al., New. J. Phys. 10, 013021 (2008. 

 

[12] A. Macchi et., al., Phys. Rev. Lett. 94, 165003 (2005); 

A. Macchi et. al, New J Phys., 12, 045013 (2010). 

 

 

 

 

 

 

 

 

 

 

Fig 3.  Graph showing the peak energy (/nucleon) of the ion 

species with e/m=0.5. The red diamond with the black outer 

line represents the previously reported experimental data by 

Henig et. al. [8]. The experimental parameter set (intensity, 

target material, target thickness) for the data points marked 

as A, B, C and D are (3×1020 W/cm2, Cu, 0.1µm), 

(1.25×1020  W/cm2, Cu, 0.05µm), (2.2×1020  W/cm2, Cu, 

0.1µm), (6×1019  W/cm2, Al, 0.1µm) respectively. The 

circles represent the results from simple numerical modeling 

based on the eq. (1) . Data point „A‟ corresponds to the case 

shown in the Fig. 2(a).     
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1. Introduction
The  physics  of  high  intensity  laser-plasma  interactions  is  of 
fundamental importance to a number of applications that require 
an  understanding  of  extreme  states  of  matter,  such  as  those 
present in ion acceleration [1] and the Fast Ignition [2] approach 
to Inertial Confinement Fusion.

However,  the  physics  of  front  surface  plasma  dynamics  is 
extremely  challenging.  The  various  absorption  mechanisms, 
relativistic  movement  of  the  particles  and  complex  energy 
transport provide a complicated backdrop in which to  analyse 
experimental results.

When  an  ultraintense  laser  pulse  of  intensity  >1018Wcm-2 

impinges on the surface of a solid target, the energy content of 
the pulse pedestal is sufficient to ionize the front surface of the 
target prior to the arrival of the main, high intensity pulse. This  
preformed plasma has unique properties such as high density, 
on  the  order  of  solid  density,  and  high  temperature  (~10-
100eV). The incident, high intensity laser pulse will propagate 
through this preformed, underdense plasma up until a critical 
density,  where  the  laser  frequency  is  equal  to  the  electron 
plasma frequency. At this point, known as the critical density, 
the  laser  can  no  longer  penetrate  the  plasma  and  is  instead 
reflected. Measurement of spectral modulations of this reflected 
laser light gives an excellent diagnostic of plasma kinematics in 
the vicinity of the critical surface, and can highlight effects such 
as hole boring [3].  

In  this  report,  we  describe  spectral  measurements  of 
backreflected light from laser-plasma interactions at intensities 
>1020Wcm-2.  We show that  these  measurements  can  give  an 
indication  of  the  the  critical  surface  dynamics  under  intense 
laser drive. Preliminary examination of the underlying physics 
is given, as well as potential future directions for this research.

2. Experimental Setup
The experiment was undertaken using the Vulcan Laser, in the 
Target  Area  Petawatt  (TAP)  chamber.  In  the  TAP 
configuration,  the  laser  delivers  450J  before  compressor  in 
approximately 1ps. For the experiment detailed in this report, 
the  intensity  on  target   is  calculated  to  be  approximately 
4x1020Wcm-2.  The  experimental  chamber  setup  is  shown  in 
Figure  1.  The  incident,  high  intensity  pulse  is  directed  by  a 
turning mirror to an f/3 off-axis parabolic mirror (OAP) where 
it  is  focused  to  a  diffraction  limited  spot  diameter  of 
approximately 4µm. Measurements were made by collecting the 
laser light that is reflected from the surface of the interaction.

The diagnostic  arrangement  used to  collect  the backscattered 
light is shown below in Figure 2.

Contact david.maclellan@strath.ac.uk

Figure 1 - Experimental Setup. The black cross defines TCC, with the 
reflected spectra being collected from the OAP and directed to external 
diagnostics.  The  RCF  stack  and  transmission  diagnostics  are  also 
shown.

Figure  2 -  Backscatter  diagnostics,  showing  the  backscattered  laser 
light directed to the entrance of the GRENOUILLE, where the spectrum 
collected from a scattering screen.



A 2” silvered mirror, positioned in the shadow of the optical 
probe collection optics in the main beam, collects a portion of  
the light  that  is  reflected  back along  the  laser  axis  from the 
target and re-collimated from the OAP. This reflected beam is 
then directed outside the chamber to the diagnostics shown in 
Figure  2:  a  1ω imaging  Firewire  camera,  GRENOUILLE 
autocorrelator  and  a  fiber  spectrometer.  The  results  in  this 
report are obtained using the fiber spectrometer, which collects 
the  diffusely  scattered,   backreflected  light  at  5cm  from  a 
scattering screen surrounding the GRENOUILLE entrance. The 
spectrometer is an Ocean Optics MayaPro 2000, with an HC1 
grating with 300 lines/mm, a 10μm slit, an optical range of 200-
1100 nm and a resolution of 0.32 nm/pixel . 

In this experiment, the parameters that were varied were:

1. Target thickness and material

2. Contrast (clean pulse created by Plasma Mirror [4])

3. Polarization

This report will only consider the effect of target thickness on 
the  backscattered  spectrum.  Analysis  is  currently  ongoing  to 
understand the effect of varying pulse contrast and polarization. 
The  laser  pulse  parameters  including  p-polarization,  pulse 
contrast  (no  plasma  mirror),  laser  energy  and  intensity,  and 
angle of incidence of 2o to target normal were kept fixed.

3. Results and Discussion
Before we consider the variation of target thickness,  we first 
report on measurements of the incident pulse spectrum. This is 
shown below in Figure 3.

We see that the spectral shape of the incident pulse is centered 
at 1054nm with a FWHM of 4.024nm, as shown by the red line 
at  the  half  maximum value.  All  subsequent  analysis  will  be 
undertaken  in  reference  to  this  incident  pulse.  In  all  these 
spectra, a positive (+) line shift represents red-shifting, where 
line  shift  corresponds  to  a  shift  of  the  peak  intensity  while 
linewidth corresponds to a broadening of the peak.

Results  from  different  thicknesses  of  carbon  target  for  the 
reflected fundamental and second harmonic are shown in Figure 
4 and 5 respectively. 

The experimental data are summarised below in Table 1.

Target
Thickness 
(nm)

1ω 2ω

Δλ1ω (nm) δλ1ω (nm) Δλ2ω (nm) δλ2ω (nm)

10 5.162 +0.55 12.52 +11.10

25 5.813 +0.10 2.952 +1.55

50 10.79 +1.40 9.512 +5.18

Table 1 - Experimental results for the reflected fundamental (1ω) and 
second  harmonic  (2ω)  wavelengths.  In  this  table,  Δλ  represents 
linewidth modulations and δλ represents line shifts.

Upon  increasing  target  thickness,  an  increasing  linewidth 
broadening and shifting of the fundamental harmonic spectra is 
observed. We see a steady  increasing linewidth of 5.162nm to 

Figure 5 - Reflected second harmonic wavelength from carbon targets 
of  varying  thickness.  The  blue  line  represents  the  second  harmonic 
wavelength of 527nm, while the red lines represent the FWHM of each 
target, displaced for clarity.

Figure 4 - Reflected fundamental wavelength from carbon targets of 
varying thickness.  The blue line represents the central wavelength of 
1054nm,  while  the  red  lines  represent  the  FWHM  of  each  target, 
displaced for clarity.

Figure 3 - Incident spectrum. The blue line represents the fundamental 
wavelength  of  1054nm  and  the  red  line  represents  the  FWHM  of 
4.025nm.



10.79nm  and line shift  increase from +0.55nm to +1.40nm, 
with  a  slight  reduction  to  +0.10nm  for  25nm  carbon.  The 
increasing  red  shifting  suggests  an  increasing  hole  boring 
velocity for thicker targets,  while increasing linewidth suggests 
that acceleration is greater for thicker targets. 

The second harmonic spectra  are observed to be much more 
sensitive to spectral  modulations and shifts than the reflected 
fundamental.  This  observation  is  consistent  with  previous 
literature [5, 6]. We will therefore analyse the line shifts of the 
second harmonic,  as  in  previous  work  [5].  For  the  reflected 
second harmonic, we see a decrease in line shift from +11.10nm 
for 10nm to +5.18nm for 50nm, with 25nm displaying a red-
shifted  peak  of  +1.55nm.  Using  the  relativistically  corrected 
Doppler  equation,  this  corresponds  to  recession  velocities 
between 9x107cms-1  and 7x108cms-1.  For increasing thickness, 
we  observe  a  decrease  in  linewidth  from 12.52nm  at  10nm 
thickness,  to  9.512nm  at  50nm,  with  25nm  displaying  the 
largest  narrowing of  2.952nm.  Again,  the linewidth gives an 
indication  of  the  acceleration  profile  of  the  critical  density 
region.

In  summary,  for  all  of  the  reflected  spectra  we  observe  a  
significant departure from the 4.024nm FWHM of the incident 
pulse.  This  indicates  that  the  critical  surface  movement  is 
determined  by  a  complex  interplay  between  critical  surface 
acceleration  and  transitions  between  blue-shifted  coronal 
expansion and red-shifted hole boring.

4. Conclusions and Future Work
In  conclusion,  measurements  are  presented  of  backscattered 
spectra from laser-produced plasma. The measurements show 
spectral  line  shifts,  linewidth  broadening  and  spectral 
modulations for varying target thickness for both the reflected 
fundamental  and  second  harmonic.  These  spectral  shifts 
correspond to a Doppler hole boring velocity varying between 
9x107cms-1  and 7x108cms-1  which is in agreement with previous 
experimental results [5, 6] and the current analytical model [3]. 

4.1 Future Work

From the results presented in this report, we can clearly see that  
reflectivity  measurements  in  ultraintense  laser-plasma 
interactions  offer  a  promising  diagnostic  of  the  interaction 
environment in the vicinity of the critical surface. This report 
details  a  pilot  study.  In  order  to  fully  quantify  the  physics 
behind  these  processes,  dedicated  shots  must  be  taken  with 
parametric  scans  of  target  thickness  and  material  for  a  wide 
range  of  thicknesses  (from  10nm  to  1μm),  incidence  angle, 
polarization and incident pulse contrast.  We will also test the 
validity of the analytical model at intensities greater than those 
previously studied [4, 5], and study the effect that the transition 
to relativistic intensities has on the back reflected spectra. By 
extending the range of intensity, we may perhaps begin to enter  
regimes  where  Radiation  Pressure  Acceleration  (RPA)  [8] 
begins to dominate. This may be observed by an extreme red-
shifted,  backreflected  spectra,  as  the  light  pressure  of  the 
incident  pulse  drives  the macroscopic  critical  density  surface 
inwards.

4.2 Chirp and Acceleration

While  considerations  of  the  critical  surface  movement  by 
relating the red and blue line shifts to a Doppler velocity seem 
reasonable,  recent  research  [7]  has  shown  that  we  should 
consider  the  broadening  of  each  peak  instead  of  the 
instantaneous velocity that is given by the line shift. Depending 
on the linewidth and chirp of both our incident and reflected 
pulses,  a  measure  of  the  acceleration  of  the  critical  density 
surface can be obtained,  giving an indication of the direction 
and magnitude of the acceleration. Since we are collecting the 
reflected  light  from a  moving  source,  a  measurement  of  the 
chirp  of  the  reflected  light  will  give  a  measurement  of  the 

acceleration. Analysis is currently ongoing to determine the role 
that acceleration plays in critical density surface dynamics. 
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Introduction 
Improving our understanding of the physics of energetic 
(‘‘fast’’) electron transport in dense matter is critical for many 
applications in high energy density physics. Examples include 
the fast ignition approach to inertial confinement fusion [1], the 
development of laser-driven ion sources [2], and for laboratory 
astrophysics. During the interaction of an ultraintense (> 1019 
Wcm-2) laser pulse with a solid target, a significant fraction of 
the laser energy is absorbed, producing a multimega-ampere 
current of relativistic electrons. Due to instabilities in the 
transport of this current, filamentation of the electron beam can 
occur during propagation. There are a number of plasma 
instabilities that can result in filamentation, including the 
Weibel [3,4], two-stream [5], and resistive filamentation 
instabilities [6].  

It is well known from solid state physics that the conductivity of 
a material is strongly affected by its lattice structure [7]. The 
propagation of a high current of fast electrons in a solid target 
irradiated by a high energy picosecond laser pulse requires, by 
charge neutrality, a ‘‘return’’ current of thermal electrons which 
are collisional. This return current rapidly, on the order of 
picoseconds, heats the target to temperatures in the range 1–100 
eV. Due to this rapid heating a nonequilibrium state of warm 
dense matter (WDM) occurs in which the electrons are 
‘‘warm’’ (1–100 eV) but the ions remain essentially cold and 
maintain temporarily the structural arrangement they possessed 
in the condensed matter state. The conductivity of the material 
in this transient nonequilibrium state is strongly affected by the 
retained lattice structure of the ions. 

In this report we demonstrate the effects of lattice structure on 
the electron propagation through a solid target. Using various 
allotropes of a single element, carbon, it is shown that lattice 
structure alone can determine whether or not fast electron beam 
filamentation occurs in solid targets irradiated by intense 
picosecond laser pulses. It is shown that for the highly ordered 
carbon allotrope, diamond, a metallic-like propagation of the 
electron beam occurs, indicating a transient state of diamond. In 
contrast, for the disordered allotropes of carbon, undergoing a 
similar laser interaction, it is shown that the electron beam 
suffers filamentation similar to that typically associated with 
plastic targets. The report presents an overview of the paper by 
McKenna et al [8] 

Experiment 
The experiment was performed using the Vulcan laser, 
delivering pulses of 1.053 µm wavelength light, with an energy 
of 200 J (on target) and duration equal to 1 ps, FWHM. The p-
polarized pulses were focused to an 8 µm diameter FWHM 

spot, to a calculated peak intensity of 2×1020 Wcm-2. The main 
target samples were three different allotropes of carbon: (1) 
single-crystalline diamond, (2) vitreous carbon (disordered), 
and (3) pyrolytic carbon. Pyrolytic carbon is similar to graphite 
but with some degree of covalent bonding between its graphene 
sheets, thus presenting an intermediate degree of atom ordering. 
Figure 1 illustrates these structural differences. Aluminium and 
plastic (Mylar) targets were also used as reference materials due 
to the differences in their ordering and room temperature 
electrical conductivity. The target size in all cases was 5 mm×5 
mm and 500 µm thick.  

 
Fig 1. Different carbon allotropes: a) diamond with a tetrahedral 

crystalline structure with strong covalent bonds resulting in a 
very high room temperature electrical resistivity (image from 

quantum molecular dynamic calculations). b) graphite is 
stacked graphene layers that have strong bonds within the layers 

but weak bonds between the layers. These weak bonds enable 
graphite to be conducting parallel to the layers (image [9]). c) 
pyrolytic carbon is similar to graphite but the graphene layers 

are disrupted (image [10]). d) vitreous (glassy) carbon is highly 
disordered but the majority of bonds are covalent resulting in a 
higher resistivity than graphite (image from quantum molecular 

dynamic calculations). 
 

The fast electron transport pattern was inferred by recording 
and analyzing the spatial-intensity profile of the proton beams 
accelerated from the target rear surface. The acceleration is a 
result of an electrostatic sheath field established by the fast 
electrons at the target rear surface [2]. Fuchs et al. [11] have 
previously demonstrated that modulations in the sheath field, as 

a) b)

c) d)

a) b)

c) d)
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a result of filamentation of the electron beam within the target, 
are mapped into the expanding proton beam spatial-intensity 
distribution. A stack of dosimetry film, which enables 
measurement of the dose deposited by the proton beam at 
discrete energies given by the stopping range of protons within 
the stack, is used to measure the proton beam profile. Each 
piece of film was optically scanned and the modulations within 
the proton dose were quantified. 

Results 
It was found that the different allotropes of carbon produce very 
different proton beam patterns indicating differences in the fast 
electron transport patterns. In figure 2 examples of the proton 
beam spatial-intensity profiles for diamond and vitreous carbon 
are shown. Notice the smooth spatial-intensity profile for 
diamond in figure 2a). This profile is normally associated with 
metallic targets, such as aluminium, rather than insulators. The 
highly structured proton beam profile, see figure 2b), for 
vitreous carbon is more typical of that associated with insulator 
targets. Figure 2(c) shows the variance in proton dose 
(normalized to the average dose level) for the range of targets 
explored against the targets room temperature electrical 
conductivities. Larger variance values correspond to a more 
structured proton beam and therefore more filamentation of the 
electron beam. In figure 2c) there is no clear pattern associated 
with room temperature electrical conductivity and beam 
variance. When the results are plotted, from left to right in 
figure 2d), in terms of increasing degree of initial order of the 
atoms in the target material a clear trend is observed. The 
proton beam becomes more uniform, indicating less electron 
beam filamentation, with increasing atom order. As noted 
above, heavy filamentation is observed for vitreous carbon 
while pyrolytic carbon, with an intermediate degree of atom 
ordering, produces intermediate levels of beam filamentation. 
Repeat shots were taken on each of the carbon allotropes and 
the results are fully reproducible, as shown in figure 2c) and d). 
These results are explained by the effect of lattice structure on 
electrical conductivity and the fact that the structure is 
temporarily maintained during rapid thermal excitation of the 
material [12]. 
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Fig 2. Spatial-intensity profile measurements (lower half) of the 

proton beam, at energy 10 MeV, for (a) diamond and (b) 
vitreous carbon. c) Variance in the proton signal (mean of 10 
samples) near the centre of the proton beam, for given target 

materials with increasing room temperature conductivity left to 
right. d) Variance in the proton signal with increasing atom 

ordering from left to right. Error bars correspond to statistical 
variations over the multiple samples. 

Modelling 
To investigate this in more detail, the electronic structure and 
electrical conductivity of two different allotropes of carbon 
were modelled: diamond [tetrahedral lattice; figure 1a)] and 
vitreous carbon [disordered; figure 1d)] as a function of 

temperature. The electrical conductivities were derived using 
quantum molecular dynamics calculations as described in 
reference [8]. 

Figure 3a) shows the calculated conductivity as a function of 
temperature for both carbon allotropes. Diamond is strongly 
insulating at room temperatures due to the large gap between its 
valence and conductance bands. However, the electrical 
conductivity rises sharply with the electronic temperature as 
soon as the electrons are excited enough to reach above the 
band gap. In contrast, the conductivity of vitreous carbon, 
which is low but finite at ambient conditions, rises only weakly 
with increasing electronic temperature, even when heated in the 
same way. In the transient WDM regime (~10 eV), the 
electrical conductivity of diamond becomes nearly 2 orders of 
magnitude greater than that of the disordered carbon. At even 
higher temperatures ( >100 eV), the conductivities rise sharply 
for both materials. 
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Fig 3. a) Calculated electrical conductivity as a function of 
temperature for diamond and vitreous carbon. Fast electron 

transport simulation results (electron density at the rear of the 
targets) for b) diamond and c) vitreous carbon after 1.5 ps 

(when the main part of the current has reached the rear surface). 
Smooth transport is observed with diamond, compared to 

heavily filamented transport in vitreous carbon. 
 

The physical origin of the effects of atom ordering on electrical 
conductivity in the nonequilibrium regime centres on the 
electron mean free path in the material [7]. If the ions are highly 
disordered, then electrons will scatter incoherently and the 
electron mean free path will be limited to the mean interionic 
distance, leading to a low conductivity. If, however, the ions are 
in a well-ordered geometric lattice, then constructive 
interference of the scattering of the wave function from multiple 
ions results in a mean free path considerably longer than the 
mean interionic distance. Thus, for an ordered structure of ions 
the material conductivity is larger than for a disordered material 
of the same atomic element, and similar density. At very high 
temperatures ( > 100 eV) the scattering cross sections diminish 



rapidly with increasing mean electron momentum, typical of 
Coulomb scattering processes, and hence the conductivity 
increases irrespectively of atom ordering.  

Next we consider how the calculated differences in electrical 
conductivity affect the propagation of fast electrons by 
performing simulations using the 3D ZEPHYROS particle-
based hybrid code [13]. Simulation details can be found in 
McKenna et al [8] Example simulation results are shown in 
figure 3b-c), in which 2D slices of the fast electron density in 
the y-z rear plane are plotted (i.e. rear surface of target). In the 
simulation of diamond, the fast electron beam is smooth and 
nonfilamented along its whole length and in its transverse 
profile at the rear surface. In clear contrast to this, the results of 
simulations for vitreous carbon show a beam that is filamented 
along most of its length and exhibits a strongly filamented 
transverse profile at the rear surface. The simulations start at a 
temperature of 1 eV and the conductivity curves converge at 
>100 eV, and therefore the predicted differences in electron 
transport result entirely from the differences in conductivity of 
the two targets in the transient WDM regime. 

Conclusions 
In summary, these results show that in the interaction of a short 
high intensity laser pulse with a solid target the effects of lattice 
structure need to be considered. The electrical conductivity of 
the induced transient WDM state is shown to be determined by 
the atomic ordering in a material and plays a key role in the 
transport of fast electrons within the target. For the many 
potential applications of high power laser-solid interactions 
involving the conduction of large currents of energetic electrons 
these results have significant implications. It shows that the 
choice of allotrope of a given element is important, which 
impacts on the choice of materials used in the fabrication of 
advanced targets for applications such as the fast ignition 
scheme [14] for fusion and laser-driven ion acceleration. 
Further details can be found in McKenna et al [8]. 
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Introduction 
Achieving ever-higher irradiance for lasers holds 

great promise as it opens access to applications ranging from 
extreme nonlinear physics  to the generation of bright sources of 
coherent radiation and particles for e.g., ultrafast (~10-18 sec.) 
atomic-scale imaging, fast ignition of fusion targets, or hadron 
therapy. Present-day highest irradiances are obtained using the 
CPA technique [1] and further enhancement is planned through 
laser energy increase and pulse-duration reduction. An alternate 
route would be to decrease the focused spot size, but this is 
limited by the impracticality of extremely low f-number (high 
NA) focusing optics for conventional parabolic reflectors. 
Recently, we demonstrated an f/# = 0.4 optic that is a plasma-
based, compact (~ 1 cm3), ellipsoidal reflector [2]. It reduces the 
spot size 5-fold compared to standard focusing, leading to 
substantial enhancement to both the laser intensity and the 
maximum energy of the resultant proton beam. Furthermore, 
this ‘switching’ mirror can increase the laser pulse temporal 
contrast, a crucial factor in accessing promising new interaction 
regimes 3,11,12. Our ambition of this experiment at the Vulcan 
PetaWatt facility was to apply this novel plasma optic to 
accelerate the laser-generated protons to a much higher energy 
than previously observed. High-intensity laser driven ion 
acceleration is an extremely active area of research. 
Applications such as proton imaging [3] have already been 
realised, and it is hoped that future applications will include 
medical isotope production [4], proton oncology [5], injection 
into large-ion accelerators, and fast-ignitor beam for laser-
driven fusion 6 . Among the challenges remaining for proton 
sources in these potential applications is to increase the 
numbers and/or energies of the protons accelerated.  

 
 In this report, we describe 2 main results we observed 
during the campaign.  
 

I. Tight focusing utilizing a re-focusing plasma mirror 
II. Almost constant maximum energy of protons 

observed from 25 nm to 100 µm thickness foil 
 

Experimental setup 
The experiment was conducted on the Vulcan 

PetaWatt laser facility at the Rutherford Appleton Laboratory, 
operating in chirped pulse amplification (CPA) mode. A sketch 
of the setup is given in Fig. 1: approximately 200 J of 1 µm 
wavelength, linearly-polarized laser light contained in a ~1 ps 
pulse duration were focused using an f = 3 off-axis parabola 

mirror (OAP) down to a 7 ± 2 µm full width at half maximum 
spot measured with reduced energy laser (LA4), attaining an 
expected peak intensity of 9 x 1019 W cm-2 on target.  

 
Tight focusing utilizing a re-focusing ellipsoidal plasma 
mirror (EPM)  

 To reduce this spot size and to achieve increased 
focused laser intensity and proton acceleration, we placed a 
small ellipsoidal plasma mirror (EPM) after the OAP, with one 
of the foci of the EPM coinciding with the OAP focus, to 
receive the laser beam and then to relay it to the second focus of 
the ellipsoid. As shown in Fig. 1, this geometry transforms the 
beam’s solid-angle, producing an extremely small f-number 
(here, f/0.6). The magnification of the spot from the first focal 
point (OAP focus) to the second one was measured using 
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Figure 1  Experimental setup and measured focal spot 
with or without an ellipsoidal mirror. (a) Experimental 
setup for tight focusing of ultrahigh intensity Vulcan PW 
laser pulses by low f/# confocal ellipsoid plasma mirrors 
(EPM). Direct measurement of the focal spot using reduced 
energy LA4 alignment laser (thus without plasma on the 
EPM surface) shows that the focal spot size is reduced by a 
factor (b) ~3 in the 2009 campaign and (c) ~2 in the 2010 
campaign.   



reduced laser energy (LA4), and gave a factor of ~0.3 of 
reduction in the 2009 campaign which was slightly reduced to a 
factor of ~0.5 in the 2010 campaign. Therefore the focal spot 
was reduced due to the EPM. This resulted in an enhancement 
of the focused laser intensity by a factor of ~2.5 compared to 
the case utilizing a flat plasma mirror as indicated in the fig. 1 
(c). However, the factor is much less pronounced compared to a 
similar configuration measured at a different facility (100 TW 
laser facility, LULI, France) that gave a measured magnification 
of 0.2 []. Realignment of diagnostic optics (combination of a 
f/0.67 microscope objective with a f = 200 mm focusing lens) 
didn’t improve the result. We note that the wavefront quality of 
alignment LA4 laser potentially affected the focus quality 
especially in such a tight f-number  configuration.  

 Proton acceleration without Plasma Mirror  
At first, we took a shot without any plasma mirrors 

(direct shot) that served as a reference shot. The laser of 415 J 
(43% of which only remained) after the OAP as measured with 
calorimetry) was irradiated on an Al target which was 5.6 µm 
thick and had transverse dimensions of 1 mm × 1 mm. For 
proton detection, we used stacked calibrated radiochromic films 
(RCF). The stack contained alternating layers of Gafchromic 
HD-810, MD-V2-55 and EBT2 type dosimetry film and indium 
or aluminum filters of varying thickness. The stack was placed 
~27 mm behind the target foil in the normal direction. The 
RCFs measured the spatial distribution of the proton beam at 
discrete energies corresponding to the proton deposited energy 
in the form of Bragg peaks. Figure 2 shows a proton pattern that 
demonstrates up to 37 ± 2 MeV protons. The beam divergence 
half angle was 45° at 27 MeV and 15° at 37 MeV. 

Proton acceleration with an ellipsoidal plasma mirror 
(EPM) 

In order to enhance the focused intensity and suppress 
the intensity of amplified spontaneous emission and prepulses, 
we employed an ellipsoidal plasma mirror (EPM). The distance 
on the optical axis between the focal point of the OAP to the 
ellipsoidal surface was 20 mm. The reflectivity of the plasma 
mirror was measured to be ~70%. The maximum energy we 
observed utilizing the same target as a reference (direct) shot 
was 15 ± 2 MeV.  Contrary to the prediction, it was much lower 
energy than the reference shot without any plasma mirror. To 
understand the reason of reduced efficiency of proton 
acceleration and to try to improve it, we performed several 
trials.  

(1) Placed the target out of focus 

(2) Changed the target thickness 

(3) Used a gold-coated high-reflectivity EPM to 
change the temporal contrast of the laser 

The results of these results are summarized in fig. 4.  

 

Trial (1) Place the target out of focus  

The purpose of the defocusing shot (trial (1)) was to 
check the longitudinal shift of the focal spot of the high-power 
laser compared to the LA4 alignment laser. There could be 
some variation due to the thermal lens effect in the laser chain, 
which could potentially modify the divergence of the laser. To 
evaluate the effect on the final focal spot after the EPM, we 
have performed a ray-trace calculation. The result is shown in 
Fig. 3. When the actual focal spot position of the OAP is shifted 
away from the OAP by 100 µm for the high-power shot, the 
spot size at the secondary focal point of the EPM becomes 6.3 
µm. In this case, the effective best focus after the EPM comes 4 
µm away from the ellipsoid focus. The spot size at this point is 
0.7 µm, i.e., very good. Note that due to geometrical optics 
calculation, the focal spot size in the calculation could be 
smaller than the wavelength. Figure 3 (d) summarizes the focal 
spot diameter at the location of the EPM secondary focus when 
the incoming laser is focused away from the EPM primary 
focus (closed square). Also shown is the minimum focal spot 
size achievable when the misalignment is compensated by 
placing the target away from the EPM focus (open triangle). 
The open circles indicate the position of this effective best 
focus. The figure indicates that even if the OAP focus point is 
shifted longitudinally by 200 µm during the high-power shot, a 
focal spot size down to 1.5 µm would be achievable utilizing 
the EPM if the target was set 8 µm after the nominal EPM 
focus.   

During the experiment, we performed 2 defocus 
shots; we put the target 25 µm and 100 µm after the nominal 
focus point of the ellipsoid, which correspond to 600 µm and 
2.5 mm longitudinal shifts of the OAP focus. The value seems 

Figure 3 Evaluation of the influence on the final focal spot size 
when  the OAP  focus point  is  shifted  longitudinally during  a 
high‐power shot.   (a) Setup (b)  left : Focal spot pattern at the 
secondary  focus  after  the  EPM  when  OAP  focus  point  is 
longitudinally shifted by 100 µm. right : focal spot pattern at 4 
µm after the EPM focus. (c) Summary of the calculation.  
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Figure 2  Angular distributions of protons measured by RCF 
films. 180 J, approximately 1 ps duration pulse is irradiated 
directly (no plasma mirror) on a 5.6 µm thick Al target. Up to 
35‐40 MeV protons are observed. 
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large  compared to the calculation, but the observed results 
showed practically the same proton maximum energy for these 
defocus shots. We observed ~15 MeV for 25 µm out of focus 
and ~12 MeV for 100 µm out of focus. The result indicates the 
potential issue of the longitudinal shift of the OAP during high-
power shot was masked by other problems.  

 

Trial (2) Changing the target thickness 

 Reducing the target thickness helps to enhance the 
proton accelerating sheath field due to reduced spreading of the 
fast electrons which are responsible for creating the electrostatic 
sheath field which accelerate the protons. The minimum 
possible target thickness is limited by the temporal contrast of 
the interaction laser because the pedestal preceding the main 
laser pulse preheats the target plasma which inhibits the sheath 
field. We systematically changed the target thickness to scan the 
optimum condition for the proton acceleration. The target 
material was chosen to be aluminum, gold or diamond-like-
carbon (DLC), as indicated by the fig. 4. Surprisingly, we 
observed practically no improvement or degradation of the 
proton maximum energy by changing the target thickness by 4 
orders of magnitude. When we reduced the target thickness, 
down to 25 nm, the proton maximum energy remained ~15 
MeV. We finally observed a slight improvement of energy up to 
~25 MeV when shooting a 5 nm thick DLC foil.  When 
increasing the thickness, the proton maximum energy stayed 
again ~15 MeV up to 100 µm thick target, then slightly 
decreased for a 500 µm thick target shot. The reason of this 
surprising result remains unclear. It is obvious that using the 
EPM, and hence improving the laser contrast helped for keeping 
good interaction conditions for the 5 nm foil. Indeed, when we 
shot a 5 nm thick foil without using the EPM (direct shot), we 
observed a significant reduction of the proton maximum energy 
(3 ± 1 MeV). This means that the pedestal preheated the foil 
and caused significant plasma expansion before the main pulse 
arrived.  

When we increase the target thickness, we observed a 
clear reduction of proton divergence angle, which indicates a 
flat sheath field at the rear surface. 

 

Trial (3) Using a gold-coated high-reflectivity EPM to 
change the temporal contrast of the laser 

 Despite changing the target thickness and placing the 
target out of focus, no improvement of proton energy was 
achieved, i.e., we couldn’t observe higher proton energy than 
the direct shot. It is known that in the very high temporal 
contrast regime, where the main laser pulse interacts with very 
steep density gradient plasmas, the effective electron 
temperature becomes lower than the value predicted by the 
ponderomotive scaling [7]. This is because in an overdense 
plasma the collisionless skin depth is less than the laser 
wavelength. At IL >> 1018 W cm-2 (relativistic), electrons 
traveling near the speed of light traverse a distance greater than 
the skin depth before acquiring the full ponderomotive potential 
[8]. To address this effect, we applied an Au coating to our 
EPM surface to enhance the reflectivity of the pedestal part of 
the pulse, which should provide a similar laser temporal 
contrast as the direct shots. However, contrary to our prediction, 
proton maximum energy was reduced to 12 ± 1 MeV when 
utilizing the highly reflective EPM. The target thickness was 
5.6 µm for this shot. 

 

 
Figure 4 Summary of the experimental result. Experimentally 
observed  proton maximum  energy  vs.  target  thickness when 
utilizing  the  EPM.  Red  squares  indicate  direct  shot  (without 
plasma mirror). 

 
Conclusions 
 We performed an experiment utilizing a re-focusing 
ellipsoidally shaped plasma mirror (EPM) to increase the 
focused laser intensity of the Vulcan PetaWatt laser and thus 
facilitate proton acceleration to high energies. Despite the 
reduction of the focal spot size, we observed practically no 
improvement in proton energy when the EPM was employed. 
Changing the target thickness, defocusing or increasing the 
pedestal level did not improve the result. The most interesting 
result we observed was a constant proton maximum energy 
(~15 MeV) between 25 nm up 100 µm target thickness (4 
orders of magnitude difference). The reason of this result has 
not yet been clarified. Reduction of the proton maximum energy 
compared to a direct shot (without a plasma mirror) was 
observed also when utilizing a plane plasma mirror (see the 
report by N. P. Dover et. al.).  One potential reason for that 
might be due to the spatial intensity fluctuation of the near-field 
pattern of the laser, which could interfere with the ionization 
dynamics of the plasma mirror. Such an effect needs to be 
investigated in future campaigns.  
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Introduction 
The Rayleigh-Taylor (RT) instability occurs when a lighter 
fluid accelerates a heavier fluid, causing instability between two 
layers.  The instability begins as slight irregularities between 
otherwise planar layers which increase in time, creating ‘finger-
like’ ridges of dense material moving around bubbles of the less 
dense fluid [1].  The Rayleigh-Taylor instability in plasmas is 
observed in inertial confinement fusion [2], and in astrophysics 
such as within the outer portion of a collapsed, massive star [1].  
The Rayleigh-Taylor instability in short pulse laser-produced 
plasmas has recently had to be taken into account in order to 
explain the expansion behavior of two layer targets of 25 and 
50m thickness [3].  In the experiment of Lancaster et al. [3], a 
target consisting of adjacent Cu and CH layers was found to be 
RT unstable as the copper layer cooled quickly via radiative 
emission and was then ‘pushed’ by the higher temperature, 
lower density plastic, leading to instability. For a laser-produced 
plasma experiment, this situation is unusual since the RT 
instability is not ablatively stabilized. This makes the situation 
more representative of many astrophysical situations, and also 
more akin to the stagnation phase of the instability seen in ICF 
capsule than the more commonly studied effect which occurs at 
the capsule surface. 

The Rayleigh-Taylor Instability 

The aim of this experiment is to further investigate the RT 
instability in a configuration similar to that used by Lancaster et 
al [3], by imaging titanium K emission through a RT unstable 
target.  As in the Lancaster et al. experiment, plastic and copper 
layered targets were used to create the Rayleigh Taylor unstable 
plasma.  In this experiment, however, the instability is seeded 
by introducing an approximately sinusoidal perturbation at the 
interface between the copper and the plastic.  In order to 
achieve approximately uniform heating a more compact target 
of dimensions 200m × 200m x 27m is used to encourage 
hot electron refluxing [4-7]. 

The RT instability will cause a sinusoidal interface, with wave 
number k, will grow such that its amplitude at a given time, t, 
will be proportional to exp(t) [8].  The growth rate, , is a 
function of the acceleration, g., and the material properties of 
the target. 

Experimental Set-up 

The K back-lighter was created using a pulse from the 
VULCAN Nd:Glass laser system at the Rutherford Appleton 
Laboratory’s Central Laser Facility to irradiate a titanium target 
of thickness 25m.  A chirped pulse amplified (CPA) pulse of 
duration 2ps and energy of 100J was focused to a spot ~ 200m 
in diameter, using an f/3 parabolic mirror, giving an irradiance 
of ~ 2 × 1017 W cm-2.  A second CPA pulse of 3ps duration with 
energy of 300J was focused into a spot ~ 10m in diameter 

(~ 1 × 1020 W cm-2) onto the RT unstable target described in the 
following section.  The delay between the heating pulse and the 
back-lighting pulse was varied between 50 and 150ps to study 
the evolution of the RT instability.  A HOPG (highly ordered 
pyrolytic graphite) spectrometer was used to record the time 
averaged copper K (8.05 keV) spectrum to investigate the 
plasma conditions within the copper layer.  A spherically bent 
SiO2 quartz (2023) crystal with a radius of curvature of 38cm 
was used to image titanium K (4.51 keV) radiation generated 
from the back-lighter foil after passing through the RT unstable 
target onto an image plate.  A schematic for the experimental 
layout showing the relative positions of the targets, the 2D 
crystal imager and the HOPG spectrometer is shown in figure 1. 

 
Figure 1.  Experimental schematic showing the relative 

positions of the diagnostics where  = 90 – B and B is the 
Bragg angle for Ti K. 

Target Design 

The RT unstable targets comprised 25m thick plastic covered 
with a 2m thick copper layer with a sinusoidal oscillation of 
thickness with amplitude 300nm and wavelength 30m at the 
interface between the two layers (see figure 2).  The oscillation 
between the layers varies the copper thickness by 600nm from 
peak to trough, thus varying the transmission of K photons 
through the target as shown in figure 2.  The sinusoidal 
oscillation between the two layers seeds the Rayleigh-Taylor 
instability which grows on a timescale longer than the heating 
pulse when irradiated as illustrated in figure 2.  It is expected 
that hot electron refluxing will reduce temperature gradients in 
the target substantially.  As the instability grows the change in 
transmission across the target increases and by varying the time 
delay between the heating pulse and the pulse used to generate 
the Ti K back-lighter, the evolution of the instability can be 
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investigated.  The expected variation in transmission across a 
cold target is shown in figure 3. 

 

 
Figure 2.  Rayleigh-Taylor unstable target design.  Copper 

(dark region) of thickness ~ 2m is coated onto plastic (light 
region) of thickness ~ 25m with a sinusoidally oscillating 

interface of amplitude 300nm and wavelength of 30m. Red 
arrow indicates direction of heating laser and blue arrow 

indicates direction of Ti K back-lighter. 
 

 
Figure 3.  Variation in transmission across a cold RT target 

and the corresponding change in transmission across the 
target as the back-lighter passes through the varying 

thickness of copper.  The theoretical change in transmission, 
T, is calculated to be T = 0.065 for a cold target. 

The targets are prepared as 200 × 200 m squares supported on 
a 50 m wire.  The sinusoidal oscillations run horizontally, 
parallel to the heating CPA pulse which is incident onto the 
front surface as shown in figure 2.  In the vicinity of the 
interface, and toward the centre of the target, the laser pulse 
heats the two materials simultaneously to a similar temperature 
by hot electron propagation and refluxing.  The denser copper 
cools more rapidly than the plastic due to stronger radiative 
cooling.  The lighter and hotter plastic can then accelerate the 
denser, cooler copper, since it retains a higher pressure. Seeded 
by the initial perturbations, the RT instability will then rapidly 
grow.  As the instability evolves, and the ‘finger-like’ columns 
emerge, the copper thickness can be expected to increase and 
decrease in different areas of the target, changing the 
transmission and thus the amplitude of the modulation in optical 
depth as penetrated by the back-lighter.  By imaging the back-
lighter at the RT target position at different times, the evolution 
of the instability can be investigated. 

HOPG Spectrometer 

The HOPG spectrometer was used to investigate the K and 
He-like spectrum of the copper.  Figure 4 shows the spectrum 
containing the Cu K line (8.05 keV), He-like intercombination 
(x, y - 8.35 keV) and resonance (w - 8.39 keV) lines and Li-like 
satellites (e, f, u) around 8.30 keV.   The standard letter 
designation is as defined by Gabriel [9].  

The particle-in-cell (PIC) code LPIC++ [10] was used to 
simulate the laser interaction with a copper target. A hot 
electron temperature of Th = 65 keV and a hot electron fraction 
of fh = 0.28 are calculated.  The spectral modelling code 
FLYCHK [11], was then used to simulate the He-like lines 
generated in the copper plasma.  Using the values of 
Th = 65 keV and fh = 0.28 and varying the thermal temperature, 
Tc, and the electron density, ne, the dependence of the line ratios 
upon these parameters is determined.  The FLYCHK 
simulations indicate a temperature of between 
Tc = 300 - 400 eV and a density of ne = 1022 – 1023 cm-3.  As the 
recorded spectra are time averaged, the instantaneous peak in 
emission will be from a higher density. 

 
Figure 4. Calibrated spectrum obtained from HOPG crystal 
spectrometer showing the Cu K line, He-like resonance line 

(w), He-like intercombination line (x,y) and Li-like 
dielectronic recombination satellites (e,f,u).  Letter 

designation is as defined by Gabriel [9].  Insert is an image 
of the raw HOPG spectrum. 

 
Figure 5.  Sample images from 2D spherical crystal imager, 

left shows Ti K back-lighter passing through the RT 
unstable target, right shows the same image with a 

schematic of the target overlaid indicating the perturbation 
orientation.  The delay between the heating pulse and the 
pulse to generate the Ti K back-lighter is 150ps and the 

heating laser is incident on the left hand side of the target.  
The blue box demonstrates the integration area (integration 

is parallel to the oscillation) for FFT analysis. 
2D K Imager 

A sample image of the Ti K back-lighter passing through the 
RT unstable target is shown in figure 5.  The back-lighter signal 
over a section of the images was integrated along the direction 
of the grooves (see figure 5) so as to enhance the contrast of any 
perturbations present.  The section of image selected for the 
integration is behind the laser interaction region, the size of 
which is shown in figure 5.  A 1D fast Fourier transform (FFT) 
is then performed on the resulting line out, taken perpendicular 



to the groove direction, in order to analyze any spatial 
frequencies present. 

The portion of the back-lighter in each image which does not 
pass through the RT target is used to calculate a mean PSL 
(photostimulated luminescence) value for the initial back-lighter 
intensity which is then used to normalize the images with the 
original back-lighter intensity, I0 = 1.  The amplitude of the 
Fourier transform then represents the amplitude of the 
oscillation in terms of change in transmission, where 
T = 2 × FFT amplitude and T is defined in figure 3. 

As the sinusoidal oscillation within the target is restricted to a 
finite space (i.e. over the target length) the function must be 
thought of as a top hat function multiplied by a sine function.  
The resulting FFT shown in figure 6 is a sinc function 
originating from the top hat component convolved with a pair of 
antisymmetrical delta functions corresponding to the frequency 
and amplitude of the sinusoidal oscillation.   

 
Figure 6.  FFT of the Ti K image at a time delay of 100ps 
between the RT heating beam and the Ti K back-lighter 

beam.  Arrows indicate the position of the peaks 
corresponding to the target oscillation. 

For comparison purposes, the Ti K back-lighter was used to 
back-light a cold RT unstable target and the results are found to 
agree with the theoretical predictions for a cold target.  The cold 
perturbation wavelength was calculated to be 
= (24.5 ± 6.1) m and the change in transmission was 
T = (0.062 ± 0.007) in agreement with the information 
supplied by the target manufacturer ( = 30m with T = 0.065 
arising from the thickness modulation). 

 

Figure 7.  The T values shown here are twice the amplitude 
from the FFTs and represent the total change in 
transmission from peak to trough of the target 
perturbation.  The dashed line represents the 

experimentally measured value of T for the cold RT target. 

The transmission data indicates that exponential Rayleigh-
Taylor growth occurs within the first 100ps of the interaction; 
an increase in T means an increase in the oscillation between 
the two different layers.  The measured increase in T 
corresponds to an increase in copper thickness of 350 ± 100 nm.  
This results in an instability amplitude of 650 ± 100 nm after 
100ps and gives a Rayleigh-Taylor growth rate (see equation 1) 
of  = 10 ± 2 ns-1.  This growth rate is approximately an order of 
magnitude higher than observed previously [12-14] at the lower 
absorbed irradiance of ~ 1013 W cm-2. Figure 7 demonstrates the 
growth of T as a function of time delay between the two 
beams. 
Conclusions 
A laser plasma of parameters; Tc = 300 - 400eV, Th = 65keV 
and fh = 0.28 is produced by heating a Rayleigh-Taylor unstable 
target using the Vulcan laser system with an irradiance of 
1 × 1020 W cm-2.  A target, seeded with an initial perturbation of 
amplitude 300nm between layers of copper and plastic, 
demonstrated Rayleigh-Taylor instability in the first 100ps after 
the laser interaction with a growth rate of  = 10 ± 2 ns-1. 
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Introduction 

Laser interaction with thin solid foils at the intensities 

currently available (> 1020 W/cm2) has opened up several novel 

and exciting avenues of research, including the development of 

compact ion accelerators with potential, high impact 

applications in medicine, science and industry [1-5]. Since 

intense laser driven multi-MeV proton beams were discovered, 

nearly a decade ago [6, 7], substantial experimental and 

theoretical effort has been aimed to the understanding of the 

underlying acceleration mechanism, as well as to improving 

beam characteristics in order to meet the conditions required for 

the envisioned applications. Although the broad energy 

spectrum and divergence of such beam has been beneficial for 

proton probing applications [8, 9], they pose significant concern 

for other applications demanding high flux at a reasonable 

distance from the target. Control of beam properties, such as 

energy spectrum, directionality and divergence are highly 

topical areas of current research. Several techniques have been 

investigated so far in order to control the beam characteristics, 

for instance, simultaneous energy selection and beam focusing 

by electrostatic micro-lenses [10] and ballistic focusing of poly-

energetic protons by employing curved targets [11].  

The main acceleration mechanism responsible so far 

for accelerating the multi-MeV protons/ions is the so called 

Target Normal Sheath Acceleration (TNSA). In this process, 

hot electrons generated at the target front surface due to the 

interaction of the intense laser pulse, propagate through the 

target and create a sheath field at its rear side. The strength of 

the sheath field is typically of the order of TV/m, and lighter 

ions (for example the protons, created by ionisation of hydrogen 

atoms present in the target contaminant layers) are 

preferentially accelerated to MeV energies in this sheath field. 

During this process, the ions are generally accelerated along 

target normal. However in a number of recent observations it 

has been found that the high energy proton beam steered away 

from the target normal under certain conditions. Modifying the 

level of ASE and its duration, the direction of beam emission 

for oblique laser incidence could be varied (or even controlled) 

from thin solid foils of a few micron thickness [12, 13]. These 

observations were discussed still in terms of TNSA, but in 

combination with a laser-controllable shock wave locally 

deforming the target rear surface. 

In this report we present recent results also featuring a 

deviation of the proton beam emission direction from the target 

normal.  This was observed during an experiment in which the 

VULCAN PW was focused onto sub-micron Cu foils over a 

range of laser incidence angles on target and for various target 

thicknesses. Even for normal incidence a substantial deviation 

(~15°) from the target normal was observed, and the 

dependence of deflection angle on incidence angle follows an 

unexpected pattern, different than observed in the experiments 

mentioned above. These measurements were taken with a high 

contrast laser pulse, by using a plasma mirror [14] before the 

target. On the other hand, either at lower contrast (without the 

plasma mirror) with thin targets (<500nm), or, high contrast and 

thick targets (>2μm), this steering effect was not observed.  

Detailed analysis of the data is currently under progress. 

However, preliminary discussion is made based on the possible 

role of non-uniform near field profile of the laser (as measured 

during the experiment and due to damages in the optics in the 

compressor and target chambers) on the plasma mirror 

performance, modifying the temporal profile of the laser 

incident on the target.       

 

Experimental set up 

The experiment was carried out on the Vulcan laser 

facility at the Rutherford Appleton Laboratory, which delivered 

~400J energy in 750fs. A plasma mirror was used to enhance 

the contrast (ratio between intensities of main CPA pulse to 

ASE/prepulses) of the laser to ~109. The measured reflectivity 

of the plasma mirror was ~70% for p-polarization. An f/3 off 

axis parabola was used to focus the beam down to a ~8μm 

FWHM spot size, with peak intensity >1020 W/cm2. 

Radiochromic films (RCF) were used to monitor the beam 

profile. The RCF stack was divided in two parts (6cm x 2cm 

each) with a gap of 3mm between them, in order to allow the 

central section of the beam to be diagnosed by Thompson 

parabola spectrometers. The stacks were placed normal to the 

laser axis at a distance of 6cm from the target plane. A 

schematic of the experimental set up is shown in fig.1.  

 

  
 

Fig.1 Schematic of the experimental set up. 

 

Results and discussion 

 The dependence of the proton beam steering effect 

from the laser incidence angle on the target is illustrated in 

fig.2, by simple schematics followed by experimental data and 

graphs. 100nm Cu foil targets were irradiated by linearly 

polarised laser pulses with high contrast, enhanced by a plasma 

mirror. In the schematics shown in figs (a)-(c), the emergence 

direction of the proton beam with respect to the target normal is 

sketched for three different laser incidence angles. One can see 

that at 0° incidence angle the beam is steered about 15° (see fig 

a). The proton beam is steered by ~ -15° (where ‘-’ sign 

corresponds to anti-clockwise rotation from the top) for a laser 

incidence angle of -15° (see fig b). However, interestingly when 

the laser incidence angle was 15°, the beam was steered by 30° 
(see fig c). In the schematics, the RCF stacks were mounted 

normal to the laser axis direction. The raw RCF images 

obtained from these shots, illustrating the beam steering, are 

shown below the schematic of each case. The deviation angle of 

the high energy component of the proton beam (>4MeV) with 
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respect to target normal direction is plotted as a function of 

laser incident angle on the target in fig 2(g). We see that by 

varying the incidence angle from 0° to 15°, the beam was 

steered to ~ 30° from target normal while at -15° incidence the 

beam steered to the other side of the target normal, as described 

above.  We have also plotted (in fig.2 (h)) the deviation angle 

measured with respect to laser axis direction as a function of 

laser incidence angle on the target. In this case, one can see that 

by changing the incidence angle from 15° to -15° the beam 

steered from 15° to 0°, i.e. along the laser axis.  

In an attempt to clarify the underlying mechanism for 

the beam steering, we tried shots by changing different 

parameters. For instance, the red squares shown in the fig (g) 

and (h) are the measurements taken with circularly polarised 

laser on target at 0° incidence, keeping all other laser and target 

parameters unchanged. As clear from the graphs, the beam 

steering appeared to be independent of incident laser 

polarisations.  

Similarly, in order to clarify the role of prepulses 

behind the beam steering, as exploited by Lindau et.al, [12] for 

beam manipulation, we made the same measurement with a 

high reflective front coated plasma mirror (PM). In this case, 

the low intensity prepulses /ASE of Vulcan laser are fully 

reflected to the target due to the high reflective coating of the 

PM. As the intensity reaches plasma formation threshold, the 

PM starts reflecting the main laser pulse in the same way as an 

anti-reflective coated PM, used in the cases described above. 

Blue squares in the fig (g) and (h) show the measurements taken 

with the high reflective PM. As one can see, the measurements 

are identical for the two different types of PM coating, which 

suggests that the observed steering effect is unlikely to be due 

to shock formation by the the ASE of the laser.  

 

 
 

 
Fig.2 (a)-(c) show schematics of the observation for three 

different angles of laser incidence on target, with indication of 

the proton beam deviation measured with respect to the target 

normal (TN) direction. In figs (d)-(f) the beam imprints on RCF 

corresponding to figs (a)-(c) are shown. The gap between the 

top and bottom parts of the RCF layers allows to employ 

Thomson spectrometers for spectral measurements and the 

stacks were mounted normal to the laser axis. The vertical line 

in fig (f) is the shadow of a fiducial wire attached to the RCF 

stack in order to define the laser axis. In (g) the proton beam 

deviation with respect to TN is plotted as a function of laser 

incidence angle. Fig (h) shows deviation with respect to the 

laser axis as a function of laser incidence angle.  

 

The deviation of the proton beam from the target 

normal was also investigated by varying the target thickness at 

high contrast. In fig.3 the dependence of the deviation angle on 

target thickness is shown. In this case the laser incidence angle 

was 0°. We see that the deviation increases sharply for target 

thickness <500 nm.  

 
Fig.3 Deviation of proton beam measured with respect to target 

normal as a function of target thickness. Laser incidence angle 

was 0° for all thicknesses. 

 

Finally, the same shots were taken by removing the 

plasma mirror and irradiating directly the target. Intriguingly, in 

these shots the proton beam emerged along the target normal 

direction for all thicknesses and incidence angles investigated 

(while in principle ASE-induced shock deformation should 

become stronger in this case). 

Summarizing the above discussion, the steering effect 

was observed only for very thin targets when a plasma mirror 

was in operation. Measurements of the near field profile of the 

laser before the plasma mirror revealed that it was strongly non-

homogeneous. Due to severe damages in the optics inside the 

compressor and target chambers, half of the beam had double 

the intensity of the other half (see schematic in fig.4). In 

principle, this can modify the laser pulse temporal profile 

because of different switch-on times of the PM on the two 

halves of the beam. Although the dynamics of the interaction 

under these non ideal conditions are far from clear, this effect 

can modify the hot electron population and its propagation 

through the target, and subsequently the sheath field profile at 

the rear of the target. Detailed analysis of the data is currently 

under progress. 

 

 
Fig.4 Illustration of near field profile of the laser pulse in our 

campaign, as the beam enters the target chamber.  

 

Summary 

 In summary we have reported on observations of 

proton beam steering from the target normal direction using 

high contrast laser pulses from the VULCAN PW laser. With 

100nm Cu targets beam deviations from target normal of up to 

30º were observed, which showed a correlation with the laser 

incidence angle. The steering effect was not observed without 

PM, and became progressively weaker for thicker targets. The 

phenomenology of the results does not fit easily with 

explanations provided for previous, similar observations [12-

13], based on shock perturbation of the target rear surface. It 

appears likely that the results are related to non-ideal PM 

operation due to a strongly uneven near field profile. Further 

analysis and modelling is required in order to clarify how this 

affects the ion acceleration dynamics. 
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Abstract 

We report experimental observations of plasma channels 

created by focusing a 30 ps pulse with a peak intensity of 

3×1018 Wcm−2 into a deuterium gas jet. The size of the plasma 

channel was measured to be ∼ 2 mm in length and the diameter 

of the plasma channel was ∼300 μm for higher densities.  

Introduction 

The propagation of an intense laser pulse through fully ionised 

plasma has been investigated extensively in the last decade (1). 

There are a number of applications that require the formation of 

a stable channel in underdense plasma. These include high-

quality laser wakefield acceleration of electrons (2), high 

brightness x-ray generation in laser wakefields by betatron 

oscillations (3) and the fast ignition variant of inertial 

confinement fusion (4). In the Fast Ignition (FI) scheme, Tabak 

et al. (5) proposed adding a longer intense pulse (duration ∼ 100 

ps) ahead of an ignition pulse in order to generate a channel in 

the underdense corona surrounding a fusion pellet in order to 

push the critical surface of the plasma closer to the dense core. 

This scheme has several advantages as compared to adding an 

external guide as in the cone-guided concept (6). It requires less 

sensitive target fabrication, and may therefore be easier to 

implement. It also decreases the cost of targets and may lead to 

more efficient coupling of laser energy to the core for fast 

ignition.  

Relativistic channelling in underdense plasma has been studied 

both computationally (7) and experimentally (8). Different 

plasma densities, laser powers and pulse shapes have been 

considered for the process of plasma creation and channelling. 

In the high intensity regime (a0 ≥ 1), the ponderomotive force 

(9) and relativistic effects (10) dominate the laser plasma 

interaction. Theses forces can modify the refractive index of the 

plasma leading to self-focusing and filamentation. These studies 

also show that high intensity laser plasma interactions also leads 

to other detrimental instabilities, such as longitudinal 

modulation, induced by self focusing (11), and long wavelength 

hosing (12). Therefore an experiment to investigate these issues 

was conducted at the Rutherford Appleton Laboratory. The aim 

of the experiment was to study laser channelling in underdense 

plasma by laser pulses of comparatively long duration, 

emulating the one proposed by Li et al. (1), focused into a 

supersonic deuterium gas jet at various densities. It is shown 

that even when the laser power is below the threshold for 

relativistic self-focusing the ponderomotive force is able to 

create a longitudinally smooth channel. 

 

 

Figure 1 Sketch of experimental setup.  

 

 

 

 

 

a.rehman07@imperial.ac.uk 



Experimental method 

The experimental work presented here was conducted using the 

Vulcan laser at the Central Laser Facility at Rutherford 

Appleton Laboratories. The central wavelength of Vulcan is 

1054 nm. For this wavelength, the non-relativistic critical 

electron density is nc = 1×1021 cm−3. The laser channelling 

experimental setup is presented in figure 1. In this experiment, 

plasma was produced by field-ionisation of the gas jet by the 

driver laser pulse itself. The laser pulse, of duration τ = 30 ps 

full-width half-maximum (E = 200 J, Iλ2 = 3×1018 Wcm−2μm−2), 

was focused at the edge of a supersonic, 2 mm wide deuterium 

gas jet. This compares to the Rayleigh range, zR ≈ 2 F w0 ~ 42 

µm, for a measured focal spot size of w0 ~ 5 µm and F-number 

of F ~ 3. The focal spot contained about 35% of energy within a 

(FWHM) diameter of 7 μm. 

 
Figure  2  Phase and Radial density maps taken from 2mm 
nozzle at a gas line pressure of ≈ 30 bar  

 

 

The neutral density profile was characterised before the 

experiment at Imperial College London using interoferometric 

techniques .(13). The resultant inferred density profile is shown 

in figure 2. The plasma electron density created in the gas jet 

density was varied by changing the backing pressure from 1 to 

100 bar. This resulted, once fully ionised, in electron densities 

of 1018 - 1020 cm−3, which is 0.001-0.1 times the critical density 

ncr= 0meω2/e2. The parameters (PL= 6 TW) were such that the 

laser would exceed the threshold for relativistic self-focusing 

for a Gaussian laser beam (PL > Pcr = 17 (ncr /ne) GW(14)) for an 

initial plasma density of ne ≈ 2×1018 cm-3. Even below this 

threshold, guiding of the laser pulse can still take place due to 

ponderomotive effects alone. 

 

 
Figure 3 The probe beamline diagnostic channels showing the 
interferometry and shadowgraphy channels 

 

In order to obtain interferograms and shadowgraphs of the 

plasma, a collimated frequency-doubled pulse of wavelength 

532nm was directed perpendicularly to the interaction laser 

beam, and then sent into separate diagnostic channels using a 

beam splitter outside the chamber. The setup for shadowgraphy 

and interferometry is shown in figure 3. The rays of the optical 

probe beam are deflected by the refractive index of the plasma. 

Shadowgraphy gives information about the size of the 

deflecting plasma, whilst interferometry can give quantitative 

information on the density profile. By varying the timing of the 

pulse beam an examination of the plasma channel formation, in 

the form of a series of snapshots, was made possible.  

The interaction was also diagnosed via proton radiography. A 

secondary laser pulse τ = 1 ps, of E ≈ 100 J, I = 1019 Wcm−2 

interacted with a 20 μm thick aluminium foil to create a broad 

energy spectrum of protons. These were then directed through 

the interaction, to give spatial and temporal measurements of 

the plasma, by viewing the deflection of the protons by the 

plasma in different velocity ranges.  This data has already been 

published in (15). The spectra of the transmitted light in the 

forward direction and accelerated electron emerging from the 

gas jet were also studied as shown in figure 1.  

The collimated forward electromagnetic spectra coming out of 

the chamber was directed onto an optical spectrometer and then 

recorded with an Andor CCD camera. The accelerated electrons 

were measured in the direction of the laser propagation (i.e. at 

0˚) by a magnetic spectrometer, which was placed outside the 



 

Figure  4  Images of plasma channel created in a deuterium 

plasma (with given densities) by 6TW, 30ps laser pulses. 

 
main target chamber. After being deflected by the magnetic 

field the deflected electrons were recorded on image plates, 

which produce high-resolution 2D images of the dose deposited 

by the electrons passing through the detector plane. In order to 

convert the electron spectra from the image plate data, a 

tracking code written in Matlab was used. The field strength 

used enabled measurement of electrons with energies between 0 

and 25 MeV. 

Results and Discussions 

Figure 4 shows five shadowgrams of the plasma formed on 

different shots of varying densities (from ne = 3.0 × 1018 cm−3 - 

1.0 × 1020 cm−3) using 6 TW, 30 ps duration laser pulses. The 

images were taken 150 ps after the passage of the drive laser 

beam and in each case show an area of extended plasma 

formation, with relatively constant transverse profile, as would 

be expected if the laser was being guided through the plasma. A 

number of different techniques were used to remove unwanted 

spatial inhomogeneities in the probe images presented here. 

These types of problems arise from the imperfect spatial quality 

of the probe beam. However due to the poor beam quality, none 

of these methods can completely remove the unwanted noise. 

At higher densities (∼1020 cm-3), the measured channel length is 

∼2 mm with diameter ∼300 μm, and at lower densities (~3×1018 

cm-3) the measured length is ∼ 1.5 mm with diameter ∼ 100 μm. 

The calculated Rayleigh length (zR = 42 μm), so for the given 

densities the channel length varied from (35 zR - 45zR) as shown 

in figure 4.  

 

Figure 5 Electron spectra from 2mm nozzle, for various ne. 

Figure 5 shows electron spectra for different given densities ne. 

They were fitted with a quasi-Boltzmann distribution function n 

(E) = A exp (-E\Te) to define the temperature Te in MeV. In 

these experiments, the spectra always exhibit two-temperature 

distribution. Therefore, the spectrum gives two characteristic 

temperatures, T1 at low electron energy and T2 for the higher 

energy electrons. Figure 6 is a representative shot, taken at a 

density of ne = 6.4 × 1019 cm−3, showing temperatures T1
*  ~ 0.6 

MeV and T2
* ~ 1.7 MeV. 

 

Figure 6 Electron spectrum plot at given ne = 6.4 × 1019 cm−3 

shows  temperature  fit  T1  and  T2  for  low  and  high  energy 
electron populations respectively. 

Figure 7 shows the variation of the temperatures from the two-

temperature fits to the electron spectra as a function of density. 

Surprisingly, there is only a weak correlation of the 

temperatures with density with the lower electron temperature 

in the range T1 ~ 0.4-0.6 MeV, and the other in the range T2 ~ 

1.5–2 MeV. This is quite different from the case of hot electron 

production in the short pulse regime (τ < 1 ps) (16). 



 

Figure 7 Electron temperatures in MeV at different pressures 
where T1

* and T2
* shows average temperatures over the given 

density range. 

A typical transmitted light spectrum recorded during the 

experiment is plotted in figure 8. There were two clear peaks; 

one of them at the main laser fundamental wavelength of 1054 

nm and a secondary peak corresponding to hydrogen line 

emission at 656 nm. There is also a possible signature of self-

modulation at 900 nm, but at 3 orders of magnitude lower than 

the transmitted main laser pulse, one can see that the effect of 

self-modulation is quite small. Again this contrasts strongly 

with the case of transmitted laser spectra observed when using 

shorter laser pulses of similar power (17). 

 

Figure 8 Forward Scatter Spectrum of deuterium gas for ne = 3 
×1019 cm-3. The spectrum exhibits a main maximum centered at 
the laser wavelength. 

Conclusions 

In conclusion, we have presented experimental observations of 

the propagation of high intensity 30 ps laser pulses through 

underdense deuterium plasma. Propagation was investigated by 

optical shadowgraphy and proton radiography. Here we have 

shown the formation of a straight, stable and long channel for 

low electron densities. At relativistic intensities, the 

ponderomotive force and relativistic effects will cause the laser 

pulse to self-focus. The effect of these two forces can guide the 

laser pulse through the plasma over many Rayleigh lengths 

(35zR – 45zR). The generation of energetic electrons (∼ MeV) 

was also observed, but with relatively little dependence on 

density. This also implies that the formation of the channel has 

the ability to reduce instabilities associated with the 

propagation. Hence, the observed characteristics of the channel 

have implications for both laser wake field accelerators and fast 

ignition inertial confinement fusion. 
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Introduction

Understanding  shrapnel  and  debris  production  in  the 
interaction of ultra-intense laser pulses with solid targets is 
important  to  prevent  damage  to  expensive  optics  and 
components positioned close to the target region. A number 
of  experimental  studies  have  been  carried  out  at  laser 
intensities in the range 1012-1014Wcm−2 for metallic targets [1-
4].  The  debris  plume  generated  consists  of  mainly  solid 
(shrapnel)  or  particulates  with  size  in  the  10s  to  100s  of 
micron range. The high energy shrapnel and debris generated 
is typically captured using gel cells and glass witness plates. 

In  this  report  we  present  measurements  on  the 
characterisation of debris from the front and back surfaces of 
solid irradiated by Vulcan PW laser pulses.

The experiment

The  Vulcan  PW  laser  generates  pulses  of  light  at  a 
wavelength of 1.054  μm with duration of 0.7 ps. The pulse 
energy on target was 130 J, in a 3.8 μm spot (FWHM), giving 
an intensity of 4 x 1020  Wcm−2. The laser incident angle was 
varied between 0o and 15o by rotating the target in its mount. 
A plasma  mirror  was  positioned  3  cm  from  the  target  to 
enhance the intensity contrast of the laser pulses. Due to the 
small  focal  spot,  the  resulting  shock  expand  spherically 
within the target.

Debris emission from several different target materials were 
investigated,  including  plain  100  nm-thick  Cu  foils  and 
layered targets of Al-Cu-Al and Al-Cu-CH with thicknesses 
varying from 20 µm up to 1000 µm.

Figure  1: Experimental  setup.  Debris  is 
collected on the plasma mirror  witness  plate 
and  a  shield  positioned  in  front  of  the  RCF 
stack.

Debris was collected using the plasma mirrors for the front 
surface emission, and the aluminium foil used to protect the 
RCF  (dosimetry  film)  stacks  for  the  back  emission.  The 
plasma mirrors are optical quality glass slabs of 2 cm by 10 
cm, placed 3 cm in front of the target. A shield was placed in 

front of the plasma mirror to protect the unused surface from 
the  debris  emitted  from  the  target.  The  aluminium  shield 
positioned in front of the RCF stack is a 13 μm thick foil. It is 
positioned 5 cm from the target and the exposed area is 2.5 
cm × 5 cm. In addition, glass witness plates were positioned 
to capture debris emitted in the laser specular direction and in 
the laser direction, at 5 cm from the target. Figure 1 shows 
the experimental set-up. The distribution of debris on the Al 
foil, plasma mirror and witness plates is characterised using a 
flat-bed scanner.

Direction of emission

Debris emission was collected in four directions with respect 
to the target: (A) the front normal direction (collected by the 
plasma mirrors),  (B) the back normal direction (aluminium 
foil), (C) the laser specular reflection direction (glass plates), 
and (D) along the laser axis (glass plates), in Figure 1. Debris 
is  consistently  observed  in  positions  (A)  and  (B),  but  no 
significant debris emission was recorded in directions (C) and 
(D), indicating that the main debris emission occurs along the 
normal direction of the target both at the front and at the rear.

To confirm this, the incidence angle of the laser on the target 
was varied between 0o and 15o. The targets (plain 100 nm Cu 
foils)  were  simply  rotated  and  the  position  of  the  debris 
deposition  measured  with  respect  to  the  normal  incidence 
case. The expected position of the debris deposition on the 
plasma mirror is also calculated assuming that the debris is 
emitted along the direction normal to the target. The results 
are shown in Figure 2. 

Figure  2: Front  surface  debris  emission 
direction  as  a  function  of  the  laser  incident 
angle, red symbols. Blue symbols, calculated 
position  assuming  that  the  debris  is  emitted 
along the target normal direction.  
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The negatives angles shown in Figure 2 represent a counter 
clockwise rotation of the target, if viewed from the top, and 
the positive angles a clockwise rotation. We can clearly see 
from  Figure  2  that  the  measured  debris  position  and  the 
calculated  one are  in  good agreement,  confirming  that  the 
debris is principally emitted along the direction normal to the 
target.

Effect  of  target  thickness  on  the  back  surface  debris 
emission

Next we consider effects of varying the target thickness on 
the debris emitted from the target back surface (direction B). 
Two types of targets are used, L µm Al - 7 µm Cu - 1.5 µm 
Al, with L = 20, 100, 500 or 1000, and L µm Al - 7 µm Cu - 
500 µm CH, with L = 20, 100 or 500. 

As shown in Figure 3 (a), a clear increase in the maximum 
and average size of the debris particulate is measured with 
increasing  target  thickness,  while  the  minimum  size 
measured remains approximately constant. This is explained 
by the fact that the region of the target affected by the shock 
wave is larger for thicker targets, due to the lateral spreading 
of  the  shock.  We also  measured  the  density  of  the  debris 
collected on the Al foil. The variations of the debris density 
with varying target thickness are shown in Figure 3 (b).  A 
significant increase in the density of the debris measured with 
increasing  target  thickness  is  observed  for  the  two  target 
types used. This observation is consistent with an increasing 
area  of  the  target  surface  being  affected  by  the  shock 
spallation as the thickness is increased.  

(a)

(b)

Figure 3: (a) Variations of the size of the debris 
particulate measured on the Al protective foil 
(direction B) with varying target thickness for 
the  Al-Cu-Al  type  target.  The  red  symbols 
show the largest debris diameter measured, the 
magenta  symbols  the  smallest  ones  and  the 
blue  line  represents  the  average  size.  (b) 
Variations  of  the  density  of  the  debris 

deposition on the Al  foil  with varying target 
thickness for the two target types.

Next  we  consider  the  angular  distribution  of  the  debris 
emitted in direction B for different target thicknesses, using 
the  Al-Cu-CH  target  type.   As  shown  in  Figure  4(a),  the 
debris  is  emitted  in  a  ring-like  distribution.  The  central 
region,  containing  only  a  small  number  of  impacts  is 
extending over a radius of ~1.5 cm and centred on the centre 
of the Al foil corresponding to the target normal direction. 
The debris is evenly spread across the ring over a width of 
~0.5 cm and is concentrated in the apex region of the ring. 
Figure 4(b) shows a measure of the position of the impact 
with the origin taken in the bottom left corner. The solid lines 
are  parabolic  fit  of  the  recorded  positions  and  show good 
agreement with the data. The red solid line represents the best 
fit to the data, while the green and blue lines represent the 
boundaries of the width of the ring containing 95% of the 
debris impact.

Figure 4: (a) Example of the measured debris 
distribution  for  a  600  µm  thick  target.  (b) 
Record of  the position of  the debris  impact, 
cyan symbol. The red solid line represents the 
best fit to the distribution; the blue and green 
lines are the limit of the area containing 95% 
of the impacts.

The debris particulate observed with this type of target seems 
to mainly  result  from liquid debris,  as  some of  the craters 
formed are filled with solidified liquid droplets. The material 
embedded in the Al foil is most likely molten CH as it is the  
forming the back surface of the target.

Figure 5 shows the variation of the maximum radius of the 
debris  distribution  as  a  function  of  target  thickness.  The 
radius  is  measured  in  the  horizontal  direction  using  the 
different  fits  and taken at  half  the maximum width in  the 
vertical  direction.  The  red  line  corresponds  to  the  radius 
measured with the best fit to the data, while the green and 
blue one correspond to the limit of the region containing 95% 
of the impacts. We can see from Figure 5, that the radius of 
the  debris  distribution  increases  linearly  with  increasing 
target thickness. 

Assuming  the  divergence  of  the  debris  emitted  by  the 
spallation of the shock at the rear surface corresponds to the 
divergence of the spherical shock launched inside the target, 
and assuming a constant divergence of the shock wave, we 
measure a divergence half angle of approximately 16o using 
the data shown in Figure 5.



Figure 5: Debris impact distribution size as a 
function of the target thickness.

Buried layer ejection

As  shown  in  Figure  6,  large  pieces  of  Cu  can  be  found 
embedded in the Al foil when layered Al-Cu-Al targets are 
irradiated. The dimensions of the target is approximately 5 
mm x 5 mm and the size of the shrapnel shown in Figure 6 is 
measured to be ~3.6 mm long. This indicates that most of the 
buried  layer  survives  the  interaction  of  the  laser  with  the 
target  and  is  ejected  at  high  velocity  in  the  target  normal 
direction.

Figure 6: Cu shrapnel produced by a 100 µm 
Al – 7 µm Cu – 1.5 µm Al target embedded in 
the Al protective foil. The shrapnel is ~3.6 mm 
long.

Conclusions

We have reported on the characterization of particulate debris 
produced by PW laser pulse interactions with solid targets. It 
has been shown that the debris emission is mostly directed 
along  the  target  normal  direction,  for  both  the  emission 
coming from the front and rear surface. The size and density 
of  the  debris  particulates  increase  with  increasing  target 
thickness. It was found that liquid debris is emitted in a ring 
like distribution centered on the target normal direction. The 
radius of this ring is found to increase approximately linearly 
with target  thickness.  This observation indicates a constant 
divergence of the debris corresponding to the divergence of 
the shock wave inside the target. The divergence half angle of 
the rear surface debris emission is found to be ~16o. It was 
also found that in the case of layered targets, large portions of 
the  buried  layer  can  survive  the  laser  interaction  and  be 
ejected in the target normal direction.
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Introduction 
The fundamental science of high intensity interaction with 
atoms and molecules is a large and rich area of study with the 
relativistic regime (I2 > 1019 W cm-2 µm2) remaining relatively 
unexplored. Hollow atoms are atoms or ions with an empty 
inner shell and occupied outer shell [1], and K-shell hollow 
atoms have an empty principal quantum number n = 1, 
innermost, shell. These exotic ions are short-lived and are 
created by K-shell double ionization with photon, electron or 
ion collisions, and in nuclear α, β, electron capture (EC) decays. 
Hollow atom states are of fundamental interest and an example 
of systems far from equilibrium. Double photo-ionisation is of 
great interest as the advent of intense, tunable free-electron 
lasers in the soft x-ray region offers the possibility of creating 
large populations of hollow atoms.  
In an ultra-intense laser-target interaction, the laser electric field 
is of sufficient strength to generate double photo-ionisation of 
inner shells [2]. In addition, as the fast electron currents are 
intense, the creation of multiple inner-shell vacancies, i.e. 
hollow atoms, through electron impact may be significant 
offering new diagnostic opportunities [3]. 
Identification of hollow atoms in excited materials is possible 
using methods of high resolution x-ray spectroscopy (see for 
example [4]). Radiative transitions from multi-charged hollow 
atom ions leads to the generation of x-ray emission with the 
specific energy and differs from the x-ray emission energy 
radiated from ions with mostly populated inner shells. Analysis 
of spectra containing hollow atom lines is challenging yet 
possible using forefront methods of non-local-thermal-
equilibrium (non-LTE) atom kinetics. This approach enables the 
determination of plasma parameters as well as a fundamental 
investigation of atomic properties of exotic atomic states (see 
for example [5]).  
As hollow atom spectral emission is expected to lie close to 
resonance transitions, and be of much less intensity than lines, 
high performance spectrometers are essential. One of the key 
experimental requirements is the provision of spectroscopic 
diagnostics incorporating very high spectral resolution 
(/Δ ~ 3000 or more), with reasonable spectral range and high 
luminosity. 
Curved Bragg diffracting crystals, such as the Focusing 
Spectrometer with Spatial Resolution (FSSR) are ideal. The 
FSSR design [6] utilizes two aspects of a spherically bent 
crystal to serve as a highly resolving dispersion element with 
high luminosity and spatial resolutions.   

In the plane of diffraction, Bragg’s law determines the 
dispersion.  
n = 2dnsinB,   
where  is the wavelength, n is the reflection order, dn is the 
interplanar distance of the crystal for n-th order of reflection, 
and B is the Bragg angle for the diffracting wavelength. The 
optical (focusing) properties of a spherical mirror, in the sagittal 
plane which lies perpendicular to the plane of spectral 
dispersion, is described by  
1/a + 1/b =2sinB/R,  
where R is the radius of curvature of the spherical surface, a is 
the distance between the source and the crystal and b is the 
distance from the crystal to the object plane (detector).  
The combination of these aspects provides an instrument with 
very high spectral resolution (/Δ up to 10,000) with high 
luminosity and 1D or 2D spatial resolution. The spectral 
resolution is crystal or detector limited and the spatial resolution 
is usually detector limited. 
 
Experiment 

The measurements of the K-shell spectra were recorded on the 
Central Laser Facility Vulcan Petawatt at the Rutherford 
Appleton Laboratory [7]. The Vulcan Petawatt provides a beam 
using optical parametric, chirped pulse amplification (OPCPA) 
technology [8] with a central wavelength of 1054 nm and a 
pulse full-width-half-maximum (FWHM) duration of 0.7 ps. 
The OPCPA approach enables an amplified spontaneous 
emission (ASE) to peak-intensity contrast ratio exceeding 1:109 
several nanoseconds before the peak of the laser pulse [9].  The 
laser pulse, with up to 160 J of energy on target, was focused 
with an f/3 off-axis parabola of focal length 30 cm. The 
maximum laser irradiance of 5×1020 W cm−2 was achieved with 
a laser focus containing approximately 30% of the energy in an 
8 μm (FWHM) diameter spot. The horizontally polarized laser 
beam was incident on target at 40° from the target surface 
normal. The measurements reported here were from thin, 20 μm 
thick, foil targets of either aluminium (atomic number, Z =13) 
or chromium (Z =24) cut to 1 by 1 mm squares. The foils were 
attached to a target holder using 10 μm diameter copper stalks 
and a two-component epoxy adhesive. 
A pair of FSSR spectrometers fitted with spherically bent mica 
(K2O-3Al2O3-6SiO2-2H2O) crystals with a radius of curvature 
of R = 150 mm. The (002) crystallographic plane with 
2d(n=1) = 19.840 Å was aligned to recorded K-shell spectra of 
multicharged Al and Cr ions, taking advantage of the high 
integrated reflectivity of mica in many orders. Both 

Contact  spikuz@gmail.com & nigel.woolsey@york.ac.uk 



spectrometers were aligned with the same target-to-crystal, 
crystal-to-detector distances at an angle of 45° to the target 
surface normal. One FSSR recorded emission from the front, 
laser irradiated surface, of the target the other from the rear 
surface of the target. The target-to-crystal distance of 558 mm 
led to a demagnification factor of 5.0 for the diffracting system 
in sagittal plane. 
The FSSR spectrometers were aligned to observe Al K-shell 
spectra in 7.0 – 8.4 Å wavelength range (energy 1.47 –
 1.77 keV) by operating in 2nd order of mica crystal (002) 
reflection. In 7th order this alignment was suitable for the 2.0 –
 2.4 Å (5.16 – 6.2 keV) range, which corresponds to K-shell 
radiation from Cr. It is important to note that a mica crystal 
maintains high reflectivity at orders above 7th and continues to 
at least 12th order [10]. This needs accounting for as any 
measurement may contain a superposition of reflections from 
many orders and “spectrum” maybe composed of spectral 
components from different ions and ionisation states.  
Background fogging and crystal fluorescence due to intense fast 
electrons was limited using a pair of 0.5 T permanent magnets 
that formed a slit 10 mm wide in front of each crystal. 
Spectra were recorded on Kodak Industrex AA400 and Biomax 
MS photographic x-ray film. For our experiments, Biomax MS 
demonstrated a higher absolute sensitivity, however Industrex 
AA provided the best signal-noise ratio and for this reason this 
film was preferred. The x-ray film detector was made light tight 
using two layers of 1 µm thick polypropylene (C3H6)n coated 
with 0.2 µm Al, or with 25 µm thick beryllium foil. 
Additionally, Mylar (C10H8O4) filters of 1 to 13 µm thickness 
were used to reduce the noise level and to prevent the saturation 
of the x-ray film. 
 

Spectral measurements 

Figure 1 shows three aluminum K-shell spectra obtained from 
foil and buried layer targets. The spectra were recorded from 
the front surface of the target. The on target laser energy was 
similar in each shot and in the region of 160 - 170 J (the 
maximum available). 

 
Fig 1. Aluminium K-shell spectra recorded using the FSSR 
spectrometer from the front (laser irradiated) surface. The upper 
(black),  middle (red) and lower (blue) spectra show emission 
from a 20 µm thick aluminium foil, a 1.5 µm thick aluminium 
foil, and a 0.1 µm thick aluminium layer buried in 3 µm of n-
type parylene respectively. The vertical lines (grey) indicate the 
Al Ly- (7.17 Å) and He- (7.76 Å) resonance line transitions 
and the aluminum K- (8.34 Å) transition.  
 
The figure consists of spatially integrated measurements taken 
from 3 different targets. A “thick” target (black line), which was 
a 20 µm thick pure aluminium foil, a “thin” target (red line), 
which was a 1.5 µm thick pure aluminium foil, and a “buried” 
target (blue line), which was 0.1 µm thick aluminium layer 

buried between two layers of 3 µm of n-type parylene (C8H8). 
The vertical axis shows the absolute number of photons. This 
information is extracted from the exposure level on film. The 
data is corrected for filter transmission, crystal aperture and 
reflectivity of the spherically curved mica crystal. Film, and 
film scanner sensitivity were also taken into account. This 
enables a comparison of the absolute and relative emission from 
each target. 
The peaks in the spectra correspond to resonance transitions of 
H- and He-like ions of aluminium. The tabulated wavelengths 
for aluminium Ly- (7.17 Å), He- (7.76 Å) resonance lines 
and the K- (8.34 Å) line are indicted by the vertical grey lines. 
The measured resonance line centres are shifted to longer 
wavelength with respected to the tabulated values by 10 and 20-
25 mÅ. This is most likely due to multi-charged acceleration 
and following Doppler effect as demonstrated by K. Eidmann et 
al. and Andiel et al. [11,12].  
Hollow atom spectral lines are anticipated in the spectral range 
between Ly- and He- resonance lines 7.17 to 7.76 Å, and 
also on the short wavelength side (blue edge) of the K- line 
< 8.34 Å. For the case of the “thin” aluminium target, intense 
and broad spectral line groups are observed in these positions. 
These groups are indicated in Fig 1. Currently, there is no other 
explanation for these lines, as the spectral line positions do not 
match known transitions for any ionisation stage of aluminium 
with populated inner shells. Thus, we conclude that a large 
population of hollow atoms is created.  
The “thick” aluminium target gives, as expected, the most 
intense spectrum. The hollow atom transitions identified in the 
“thin” target spectrum are clearly seen, although the intensity 
relative to the resonance transitions intensity is lower. In 
addition, the He-like 2p2 – 1s2p satellite to the Ly-, the He- 
intercombination line are observed. 
As the spectrum obtained from a “buried” target is weak in 
comparison to the “thin” and “thick” results, the intensity of the 
spectrum shown in Fig 1 has been multiplied by a factor of 5. 
The “buried” target spectrum shows hollow atom features, but 
of very low intensity and in some cases almost disappearing. 
The buried layer of aluminum is protected from direct laser 
radiation by a 3 µm plastic coating, suggesting that the observed 
hollow atom transitions are not due to the laser and may be due 
to fast electrons accelerated in the plasma at the front surface of 
the target. The intense hollow atom emission observed in the 
“thin” and “thick” targets suggest a preliminary conclusion that 
these hollow atoms are mostly likely generated by direct laser, 
or photonic, multiple ionisation, rather than by the impact with 
fast electrons. 
The “buried” target data shows intense and narrow chlorine 
(Z = 17) He- (3.79 Å) and He- (3.60 Å) lines in the region of 
hollow atom emission, the region between the aluminium Ly- 
and He- resonance lines. These lines are reflected from the 4th 
order of mica and are superimposed on the aluminium 
spectrum. The chlorine lines appear only in the “buried” target 
spectra suggesting this contamination is associated with the n-
type parylene coating process.  
 
Conclusions 
Aluminium K-shell spectra showing intense hollow atom 
emission have been observed on the Vulcan Petawatt facility. 
The use of spherically curved crystal spectrometers enabled 
collection of good quality high spectral resolution data. A first 
analysis shows extremely intense hollow atom emission from 
simple aluminium foil targets, and for thin targets (1.5 µm), the 
hollow atom emission dominates the resonance line emission. 
The dominant hollow atom excitation process is probably due to 
direct laser ionisation of the inner electrons. In comparison, the 
laser does not interact with aluminium in a buried layer target. 
Measurement shows significantly weaker K-shell emission, and 
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the hollow atom emission is weak in comparison to the 
resonance lines. In this situation, hollow atoms excitation is 
probably due to fast electrons penetrating the target. This 
conclusion demands further investigation and interpretation 
supported with plasma and atomic kinetics physics simulations. 

 

Acknowledgements 
The authors acknowledge the expertise and help provided by 
staff of the Central Laser Facility. This work was funded by the 
UK Science and Technology Facility Council, the Engineering 
and Physical Science Research Council, and the Centre of 
Inertial Fusion Studies. OC acknowledges funding from the 
Turkish Government. 

References 
1. J. P. Briand et al., Phys. Rev. Lett. 65, 159 (1990) 

2. J. Colgan et al., Laser and Particle Beams 26, 83 (2008) 

3. R. G. Evans et al., Appl. Phys. Lett. 86, 191505 (2005) 

4. J. Dunn et al.,  Rev. Sci. Instrum. 79, 314 (2008) 

5. J. Colgan et al., High Energy Density Physics 6, 295 (2010) 

6. A.Ya. Faenov et al., Physica. Scripta 50, 333 (1994) 

7. C. N. Danson et al.,, Laser Part. Beams 23, 87 (2005) 

8. I. N. Ross et al., Opt. Commun. 144, 125 (1997) 

9. I. Musgrave et al., Appl. Optics 49, 6558 (2010) 

10. G. Hoelzer et al., Physica Scripta 57, 301 (1998) 

11. K. Eidmann et al., JQSRT 65, 173 (2000) 

12. U. Andiel et al., Europhys. Lett. 60, 861 (2002) 

                                                                 
1 J. P. Briand et al., Phys. Rev. Lett. 65, 159 (1990) 
2 J. Colgan et al., Laser and Particle Beams 26, 83 (2008) 
3 R. G. Evans et al., Appl. Phys. Lett. 86, 191505 (2005) 
4 J. Dunn et al.,  Rev. Sci. Instrum. 79, 314 (2008) 
5 J. Colgan et al., High Energy Density Physics 6, 295 (2010) 
6 A.Ya. Faenov et al., Physica. Scripta 50, 333 (1994) 
7 C. N. Danson et al.,, Laser Part. Beams 23, 87 (2005). 
8 I. N. Ross et al., Opt. Commun. 144, 125 (1997) 
9 I. Musgrave et al., Appl. Optics 49, 6558 (2010) 
10 G. Hoelzer et al., Physica Scripta 57, 301 (1998) 
11 K. Eidmann et al., JQSRT 65, 173 (2000) 
12 U. Andiel et al., Europhys. Lett. 60, 861 (2002), 



Super-Gaussian Transport Theory and Field Generating Instability in Laser-Plasmas 

 

J. J. Bissell and R. J. Kingham 
Blackett Laboratory 
Imperial College London 
SW7 2BZ 

 

1 Introduction 
Accurate prediction of plasma transport is essential to the 
success of long-pulse (100ps-10ns) experiments, such as those 
at the National Ignition Facility in the United States.i Transport 
is commonly modelled using magnetohydrodynamics (MHD) - 
an approach based on the fluid equations and closed using 
Braginskii's classical transport theory, i.e., assuming that the 
electron distribution function is close to a Gaussian.ii,iii,iv 
However, for laser intensities in the range 1014-1015Wcm-2 

(typical of long-pulse experiments), heating is dominated by 
inverse bremsstrahlung, and this mechanism tends to distort the 
distribution function away from a Gaussian by preferentially 
transmitting energy to slower, more collisional electrons. In 
fact, the distribution function f0 tends to a super-Gaussian; that 
is, f0(v)exp[-(v/evT)m], where v is the electron velocity, 
m[2,5], e is a function of m, and vT=(2Te/me)1/2 is the thermal 
velocity, with Te and me as the electron temperature and mass 
respectively.v,vi Notice that when m=2 we recover the usual 
Gaussian form. The super-Gaussian power m is calculated from 
the ion atomic number Z and the electron quiver velocity vosc. 
using the formula of Matte et al.,vi 

m  2  3
11.66 /aM

0.724 , where aM  Z(vosc. /vT )2 . (1) 

Recently, Ridgers et al. have shown that a super-Gaussian may 
be used as the basis for re-deriving the transport theory, and 
gave expressions for the electric field E and heat-flow q to 
account for I.B. effects in fluid codes, thus mitigating the need 
for expensive kinetic calculations.vii Ridgers's modified 
transport equations are 

eneE   c  Pe  jB 
me

e B

 c  j ne
c  Te

 
(2) 

and 

q  
ne BTe

me

 c  Te  'j Te

e

 BTe

me

 c  Pe ,
 

(3) 

where e is the electronic charge, ne is the electron number 
density, Pe=neTe is the isotropic pressure, j is the current, B is 
the magnetic field flux-density and B=cBT is the Braginkii 
collision time, which is proportional to the thermal collision 
time T=(4vT

3)/(ni[Ze2/0me]2logei) by the factor cB =31/2/4, 
where ni is the ion number density, 0 is the permittivity of free 
space and logei8 is the Coulomb logarithm. Ridgers used the 
Lorentz approximation, so the transport coefficients c, c, c, 
c=('-[5/2]I), c and c are dimensionless functions of both m 
and the Hall Parameter =LB only, where L=(e|B|/me) is the 
electron thermal Larmor frequency.vii Note that classical 
transport theory, for which c=c and c=c=I (the identity 
tensor), is recovered when m=2. The resistivity c, conductivity 
c, and thermoelectric tensors c and c may thus be termed 
`old' coefficients, whose values are modified depending on the 
super-Gaussian power m, while c and c are `new' coefficients 
describing novel I.B. effects. The magnetic field provides a 
natural reference direction for the transport so that a general 

coefficient  may be written in terms of three components , 
|| and , viz 

  ||b(b  s)  b  (s  b)  b  s, (4) 

where b=B/|B| is a unit vector in the direction of the magnetic 
field and s is the driving force behind the transport. Convention 
dictates that in the case of the resistivity c, for which the 
driving force is s=j, the final term in this expression takes a 
negative rather than positive sign. Note that only the  
components are unique , because ||=(=0).iii,iv,vii 

Ridgers demonstrated the applicability of the super-Gaussian 
transport theory, and noted modifications to the `old' 
coefficients; however, he did not consider the implications of 
the new terms.vii Consequently, the first part of this report is 
devoted to an exploration of some of the ways super-Gaussians 
might be expected to modify transport in magnetized plasmas. 
We shall show that the addition of `new' coefficients has two 
principle consequences: first, the suppression of traditional 
transport phenomena; and second, the introduction of new 
effects. Indeed, we shall demonstrate that transport is strongly 
affected by super-Gaussian effects in the limit of low , 
suggesting that the theory may be most relevant to the seeding 
and evolution of magnetic fields in otherwise un-magnetized 
conditions. For this reason, later sections are devoted to a 
discussion of its consequences for the well-known field 
generating thermal instability.viii,ix,x 

 
2 Super-Gaussian Effects in the Induction Equation 
Using the chain rule to write Pe=neTe+Tene, the 
consequences of the c coefficient may be considered by 
looking at its contribution to the induction equation, found after 
substituting equation (2) into Faraday's Law, i.e., 
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(5) 

The final term in this equation represents the Nernst effect,xi 
that is, advection of the magnetic field down temperature 
gradients. Retaining just this term, applying the expansion of 
equation (4), and keeping only the cross-field parts, we find 

B
t

   (vN  B), where vN  
cB

2
T

2

 B

(  )Te

Te

 (6) 

is the Nernst advection velocity and T=vTT is the thermal 
mean-free-path (c.f. A. Nishiguchi et al.xi). The  coefficient 
(which is positive) is reduced in the super-Gaussian theory; 
however, because  is negative, the Nernst velocity is further 
suppressed by the new coefficient. Indeed, for the case where 
m=5, when  is of a similar order to , we see as much as a 
five-fold reduction in the Nernst velocity vN in the low χ limit 
(see figure 1). 
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Fig. 1: Suppression of the Nernst effect (left-hand plot) visualised by plotting [(m)+(m)]/(2) as a function of  for different 
values of super-Gaussian power m. Notice that the ratio is 0.2 in the limit of low  implying suppression by a factor of five. The 
right-hand plot shows the ratio 3/2as a function of χ and suggests an interpretation for the new advection effect described later 
(see discussion of c coefficient). 
For a Cartesian x-y geometry, with perpendicular fields B=Bz 
such that Bf=BA=0 for scalar and vector quantities f and A 
respectively, the contribution to the electric field from terms in 
cne is 

E 
Te

ene

ne 
Te

ene

ne  b. (7) 

Taking the curl of the first term on the right-hand-side, and 
neglecting gradients in  we thus have a new expression for 
magnetic field generation due to Tene, i.e.,  

B
t

 
Te  ne

ene

, (8) 

(c.f. M. G. Hainesxii). For super-Gaussian power m=5, 
[0.7,1.0], and the new coefficient thus suppresses magnetic 
field generation by as much as ~30%. 

Furthermore, taking the curl of the second term we have 

B
t

   (v  B), where v  
cB

2
T

2

 B


ne

ne

,  (9) 

that is, an advection equation with advection velocity v, a 
phenomena that shall be referred to as the gamma advection 
effect. This novel advection phenomena is directly analogous to 
the Nernst effect described above; however, in this case, 
because  is negative, advection by vne is in the direction 
of increasing density. A physical interpretation of this is found 
by considering the super-Gaussian modifications to the heat-
flow equation, and it is to this that we now turn. 

3 Super-Gaussian Heat-Flow Effects 
Neglecting Ohmic heating, the energy equation may be written 

3
2
(neTe )

t
   q  U



L , (10) 

where the term on the right-hand-side represents the rate of 
change of internal energy due to laser heating. Terms in the 
heat-flow equation may thus be interpreted by considering the 
rate of change of energy due to the divergence of the flux q. 
This means that the conductivity term in c describes thermal 
diffusion, through the term in , and a flux of energy 
perpendicular to both the magnetic field and temperature 
gradients Te, through the term in . This latter effect is called 
the Righi-Leduc heat-flow, and is responsible for driving the 
field generating thermal instability mentioned in the 
introduction.viii,ix,x 

By expanding terms in the pressure gradient, as we did when 
discussing the Nernst effect we find 

q  
ne BTe

me

 c   c  Te  ' j Te

e

 BT 2

e

me

 c  ne . (11) 

Consequently, the new c coefficient may be thought of as 
having two effects: first, it modifies the traditional conductivity 
so that cc+c; and second, it introduces a new heat flow 
term described by 

q  qn 
 BT 2

e

me

b  ne , where qn  
 BT 2

e

me

ne . (12) 

The c coefficient is made up of negative components (unlike c 
which is positive) so that its introduction leads to suppression of 
both thermal diffusion, by up to ~80%, and the Righi-Leduc 
heat-flow, by up to ~90% (see figure 2).  

The heat-flow qn associated with  also has consequences for 
plasma transport, and provides us with a physical picture for 
interpreting the new gamma advection effect. Indeed, 
combining the definition v in equation (9) with that qn of in 
equation (12), we find 

v 



qn

Pe


2
3

qn

Pe

, (13) 

where the approximate expression has been derived by noticing 
that  3/21 for all values of  (see right-hand-plot in 
figure 1). Thus, the gamma advection effect represents 
advection of the magnetic field by the heat-flow associated with 
qn, in a fashion directly analogous to the heat-flow advection 
interpretation of the Nernst effect.xi 

4 Summary of Super-Gaussian Transport Effects 
In the previous sections we have seen that the super-Gaussian 
transport theory acts to suppress classical effects, especially in 
the case of strong inverse bremsstrahlung for which m=5. In 
addition, the extended theory introduces new phenomena. These 
effects may be summarised as follows:  

 Suppression of the Nernst effect by up to ~80%. 
 Suppression of the Tene, source term by up to ~30%. 
 Introduction of a novel advection effect in the direction ne. 
 Suppression of the diffusive heat-flow by up to ~80%. 
 Suppression of the Righi-Leduc heat-flow by up to ~90%. 

In each of these cases, the classical transport effects are reduced 
most heavily in the limit of low . 



 
Fig. 2: Suppression of the diffusive conductivity (left-hand plot) and the Righi-Leduc heat-flow (right-hand plot) visualised by 
plotting the respective ratios [(m)+(m)]/(2) and [(m)+(m)]/(2) against χ for different values of super-Gaussian power m. 
These plots indicate suppression of thermal diffusion by ~80% and the Righi-Leduc heat-flow by ~90% when m=5.

5 Field Generating Thermal Instability 
The preceding summary emphasizes the particular relevance of 
super-Gaussian transport theory when magnetic fields are weak 
(low χ), suggesting that it may have important consequences for 
the seeding and evolution of magnetic fields in otherwise un-
magnetized conditions. For this reason, the following sections 
are devoted to examining the impact of the theory on the field 
generating thermal instability mentioned in the introducion; a 
context in which the Righi-Leduc heat-flow and the Tene 
field generation mechanism, both suppressed by inverse 
bremsstrahlung, are essential.viii,ix,x Indeed, because the super-
Gaussian theory predicts the reduction in magnitude of effects 
responsible for both the growth and damping of unstable waves, 
such an analysis is particularly useful as a means of assessing 
the combined impact of the theory. 

Perturbation Analysis 

After neglecting hydrodynamics, so that ne/t=0, using 
Ampére’s B=0j to relate the magnetic field and the current, 
and substituting for the heat-flow in the energy equation, 
equations (5) and (10) provide a complete description of the 
temporal variation of the principle quantities Te and B. In 
zeroth-order we assume temperature and number density 
profiles of the form T0=T0(x,t) and ne=ne(x,t), so that the 
gradients of these quantities are along the x-axis of the system 
only. Consequently, we can define temperature and density 
length-scales, lT and ln respectively, such that 

1
lT


1
T0

T0

x
and 1

ln


1
n0

n0

x
. (14) 

In this way, we implicitly assume that the heating profile of the 
laser is also parallel to the x-axis. Finally, we assume that the 
plasma is un-magnetized, i.e., B0=0. To the zeroth-order 
solutions we add wavelike perturbations with wavenumber k 
and frequency  such that 

Te  T0  T exp i(ky t) and B  B exp i(ky t)z, (15) 

where T and B are complex. Hence, assuming the local 
conditions |klT,n|>>1 and (lT,n

-1)/x=0, substituting the 
perturbed forms into the energy and induction equations, and 
subtracting the zeroth-order solutions, we find that to first-order 
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where T and T are functions of the zeroth-order quanitites and 
we have made use of an additional set of dimensionless 
parameters defined by 
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(18) 

Notice here that DT and DR represented the dimensionless 
thermal and resistive diffusion coefficients respectively, and 
that =c/pe is the collisionless skin-depth, where c is the speed 
of light and pe=(nee

2/me0)1/2 is the plasma frequency.  

The coefficients CE and CI are coupling terms between the 
energy equation and induction equation respectively: CE due to 
the Righi-Leduc heat-flow arising from the generated field, and 
CI from Tne field generation itself. Finally, the advection 
term N represents the combined effect of magnetic field 
advection by both the Nernst effect (denoted by N) and the new 
gamma advection effect (denoted N). Eliminating T and B 
from equations (15) and (16), and solving the resultant 
quadratic in , we arrive at the dispersion relation 
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where Ks
2 is a source term representing feedback between CE 

and CI, and is defined by 
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(20) 

Notice that if we set m=2 we recover the relation of A. Hirao 
and M. Ogasawara, which itself reduces to that of Tidman and 
Shanny for N=0.viii,x The Ks

2 source term thus describes the 
original thermo-magnetic field generation mechanism 
(illustrated in figure 3), while the advection term N can enhance 
instability by laterally compressing the magnetic field. 

 



 
Fig. 3: The thermo-magnetic mechanism may be understood 
as follows: a temperature perturbation T(y) (red line) generates 
a magnetic field δB(y) (blue arrows) by the Tne 
mechanism. Since the Righi-Leduc heat-flow from the bulk 
temperature gradient (purple arrows) is given by 
qy=(T0/x)(δB/|δB|), the alternating direction of δB(y) 
periodically reverses qy which then acts to magnify δT(y). In 
this physical picture δT and δB represent the real parts of their 
respective perturbations (see equation (15)). 

Peak Growth Rates and Discussion 

If the positive root is taken in equation (19), then instability 
prevails with growth-rate ={} for those values of K 
obeying 

K  K c  K s
2  N /DR 1/ 2

,  (21) 

where Kc is the cut-off wave-number. In addition, exact 
expressions may be found for the peak wave-number KM and 
growth-rate M(KM) by solving /K=0. However, for most 
laser plasmas of interest >>1, in which case the peak-growth 
rates may be approximated byxiii 

M  DRK c
2, for K s

2  0

and M  N otherwise.

 
(22) 

These expressions provide a useful means of exploring the 
impact of super-Gaussian distributions on the instability; 
however, before doing so it is necessary to define coefficients 
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since these must be supplied to the source terms prior to 
evaluation. We shall consider conditions similar to those found 
close to the wall of an Inertial Confinement Fusion (I.C.F.) 
hohlraum - an appropriate context two reasons: first, the laser 
irradiation is of an intensity ~2×1015Wcm-2, for which I.B. is 
the main heating mechanism; and second, the high atomic 
number of gold ablating from the wall (Z=79) makes the 
Lorentz approximation used to calculate the transport 
coefficients a good assumption.vii Using data taken from the 
I.C.F. review paper by Lindl et al.,i we take approximate values 
of the length-scales such that a[1,1], b[1,2] and ln/n≈2.  
Assuming ne~1021cm-3, Te~4-5keV, Z~79, lT~3mm and 
logei~6, and using b=1 and a=0, the classical theory of the 
instability (m=2) predicts growth-rates M=TM~0.4(ns)-1, 
implying that the field generating thermal instability can 
undergo many e-foldings over the duration of a 13.5ns ignition 
pulse.i However, for the laser intensities and wavelengths 
appropriate to I.C.F. hohlraum conditions, namely 
Il~2×1015Wcm-2 and l~351nm respectively,i Matte’s formula 
of equation (1) predicts 3.0<m<3.5. Accordingly calculations 
based on these larger values of m must be compared with those 
from the classical transport case. 

The ratio of peak growth-rates γM(m=3.5)/γM(m=2) is plotted in 
figure 4, a comparison indicating reduction in the voracity of 
the field-generating thermal instability by more than ~70% 
when super-Gaussian transport theory is used as the basis 
description. Furthermore, using this data, and the calculation 
from the previous paragraph, we find that the growth-rate when 
m=3.5, for b=1 and a=0, is γM~0.1(ns)-1. In this case, we expect 
the instability to under go a single e-folding over a 13.5ns time-

scale, rendering questionable its significance for the hohlraum 
conditions described. In fact, by further increasing the super-
Gaussian power, so that m5, even greater suppression of the 
instability may be achieved.xiii 

6 Conclusions 
In the first half of this report we considered the impact of 
inverse bremsstrahlung (I.B.) on collisional transport 
phenomena. We showed that super-Gaussian effects, which 
arise as a result of strong I.B. heating, both suppresses 
traditional phenomena and introduces a new advection effect in 
the direction ne. This suppression is most pronounced in the 
limit of low Hall-Parameter, in which case the Nernst effect is 
reduced by a factor of five, the Tene field generation 
mechanism by ~30%, and the diffusive and Righi-Leduc heat-
flows by ~80% and ~90% respectively. 

Having established the importance of super-Gaussian transport 
theory in un-magnetized conditions we speculated that it be 
most important for describing the seeding and evolution of 
magnetic field. Consequently, in the second half of this report 
we explored its consequences for the well-known field-
generating thermal instability.viii,ix,x Indeed, making 
approximate calculations based on conditions in an I.C.F. 
hohlraum, we concluded that super-Gaussian effects strongly 
suppress the instability, by more than ~70%. This is presumably 
good news for I.C.F. fusion experiments, since it would appear 
possible to inhibit the spontaneous generation of large magnetic 
fields by increasing the strength of I.B. heating.xiv We hope to 
assess the consequences for other transport instabilities, such as 
the field compressing magnetothermal instability,xv as future 
work. 

 
Fig. 4: The ratio γM(m=3.5)/γM(m=2) plotted as a function of 
b=lT/ln for different values of a=(lT

2/T0)(2T0/x2). The left-hand 
and right-hand plots correspond to the approximations for 
M=MT given in equation (22). Both indicate suppression of 
the field generating thermal instability by more than ~70%. 
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�eld strength tensor and the metri tensor. Hene,the phase speed of a Born-Infeld eletromagneti planewave in the vauum is independent of its polarization.Any self-onsistent theory desribing a large ol-letion of harged partiles must inlude all eletro-magneti fores between the partiles. However, thenotorious problem of determining the lassial foreon a single aelerating point harge due to its owneletromagneti �eld has stimulated researh for overa entury and remains unresolved. The struture of anisolated single eletron is urrently beyond observationand one often proeeds lassially by assoiating theeletron with a singularity in the eletromagneti �elddesribed by Maxwell's equations in vauo. Follow-ing Dira [13℄, an equation of motion for the eletronmay be obtained by appealing to onservation of thetotal energy-momentum of the eletron and its ele-tromagneti �eld (see Ref. 14 for a reent disussion).In order to remove singularities in the equation of mo-tion, Dira made \natural assumptions" about the ori-gin of the eletron mass. The resulting Lorentz-Diraequation of motion ontains third order proper timederivatives of the eletron's world line, and possessessolutions that violate intuition. In partiular, unlessspeial onditions are adopted for the �nal state of theeletron, it predits that a free eletron in vauo anself-aelerate; furthermore the equations possess solu-tions in whih the eletron experienes a sudden ael-eration before it enters a region of spae ontaining anon-vanishing external eletrostati �eld (see Ref. 15for a reent disussion).The searh for a omplete dynamial theory of apoint harge within Born-Infeld eletrodynamis is on-going [16℄, and this theory is expeted to provide aresolution to the radiation-reation problem. In parti-ular, the diÆulties assoiated with the Lorentz-Diraequation are thought to have their origin in the ele-tron's singular total mass-energy in lassial Maxwelleletrodynamis; however, the eletri �eld of a Born-Infeld eletron at rest is non-singular and its totalmass-energy is �nite. Even so, this eletri �eld is notdi�erentiable at the eletron, and it may be that aomplete dynamial theory an only be found in theontext of many-body theory [17℄.Some of the most extreme onditions ever enoun-tered in a terrestrial laboratory are reated when high-power laser pulses interat with matter. The laser pulseimmediately vaporizes the matter to form an intenselaser-plasma providing novel avenues for generating in-1



tense bursts of oherent eletromagneti radiation fora wide range of appliations in biologial and mate-rial siene [18℄. Furthermore, laser-plasmas permitontrollable investigation of matter in extreme ondi-tions that only our naturally away from the Earth.It is expeted that the next generation of ultra-intenselasers will, for the �rst time, allow ontrollable aessto regimes where a host of di�erent quantum eletro-dynami phenomena will be evident. In partiular,the hallenge of extending Shwinger's lassi analy-sis [1℄ of vauum breakdown in a stati external ele-tri �eld to breakdown in an intense laser-plasma is on-going [19℄. However, the radiation-reation problem issuÆiently strong motivation for exploring whether aBorn-Infeld-type theory an yield experimental signa-tures before quantum e�ets beome signi�ant [8℄. AsuÆiently short and intense laser pulse propagatingthrough a plasma may reate a travelling longitudi-nal plasma wave whose phase veloity is approximatelythe same as the laser pulse's group veloity. However,it is not possible to sustain arbitrarily large eletri�elds; substantial numbers of plasma eletrons beometrapped in the wave and are aelerated, whih damp-ens the wave (the wave `breaks'). Early theoretialinvestigation of non-linear plasma waves was under-taken in the mid 1950s by Akhiezer and Polovin [20℄,and later expounded by Dawson [21℄ in the ontext ofwave-breaking. Furthermore, this aeleration meha-nism was reently employed [22℄ to explain the emis-sion of energeti eletrons from within the interiors ofpulsars; suh eletrons are neessary for the formationof the eletron-positron plasma populating a pulsar'smagnetosphere.Wave-breaking is a fundamentally non-linear phe-nomenon, and it is natural to explore the proper-ties of Born-Infeld eletrodynamis from this perspe-tive [10℄. Moreover, the magneti �elds found in neu-tron stars are typially � 108T, whilst those in mag-netars may be two orders of magnitude higher andsuh �elds have energy densities ommensurate withthe Shwinger limit (i.e. ommensurate with a statieletri �eld of strength � 1018V=m).Our �rst steps in an investigation of olletive phe-nomena in Born-Infeld eletrodynamis have foussedon the behaviour of old Born-Infeld plasmas [10℄.1 Born-Infeld plasmaUnlike lassial Maxwell theory, the eletromagneti�eld in lassial Born-Infeld theory possesses a funda-mental self-oupling whih leads to a non-trivial va-uum polarization. The situation is analogous to Euler-Heisenberg eletrodynamis [1℄, where the eletromag-neti onstitutive relations are non-linear; however, theorigin of the non-linearity in the latter is the ouplingof the eletromagneti �eld operator to the eletron-

positron �eld operator. In Born-Infeld theory the ele-tri displaement D and magneti �eld H are non-linear funtions of the eletri �eld E and magnetiindution B and have the formD = "0 E+ �22(E �B)Bp1� �2(E2 � 2B2)� �42(E �B)2 ; (1)H = 1�0 B� �2(E �B)Ep1� �2(E2 � 2B2)� �42(E �B)2 (2)in the lassial vauum, where the self-oupling on-stant � has dimensions [eletri �eld℄�1. As usual, the�elds E;B;D;H satisfyr �D = �; r�H = J+ �tD; (3)r �B = 0; r�E = ��tB: (4)Equations (1), (2), (3), (4), with � = 0 and J = 0,may be indued from an ation priniple for whih theLagrangian is a Lorentz invariant expressed entirely interms of the spaetime metri tensor and the eletro-magneti 2-form onstruted from E;B (see, for exam-ple, Ref. 8).In the following, the plasma eletrons are modelledas a old harged uid satisfying the momentum bal-ane law�tp+ (u � r)p = �e(E+ u�B) (5)where u is the plasma eletrons' bulk 3-veloity andp = meu=p1� u2=2 is their bulk relativisti 3-momentum. The ion bakground is assumed to be uni-form and stati over the timesales of interest, and theeletri harge density � and eletri urrent density Jare � = �0 + �e; J = �e u (6)where �e is the bulk eletron harge density and �0is the bakground ion harge density (a positive on-stant). As usual, �e is the harge on the eletron andme is the rest mass of the eletron.One way to motivate the �eld equations (1)-(6) isto use an ation priniple that exploits the notion of a\material" (or \body") manifold, eah of whose pointsorrespond to the worldline in spaetime of an idealizedpartile in the eletron uid [10℄.1.1 Properties of linear wavesBefore exploring the behaviour of non-linear waves, weomment on some of the properties of small amplitudewaves in a old magnetized Born-Infeld plasma.Inspetion of (1) revealsD = "0E+ �22(E �B)Bp1 + �22B2 +O(jEj2) (7)2



and hene small amplitude plane waves that osillateparallel to a stati and uniform bakground magneti�eld (with magnitude B0) satisfyD = "0q1 + �22B20 E; (8)and the permittivity "0p1 + �22B20 is seen to dependon B0. It follows that the plasma frequeny !BIp ofa old Born-Infeld plasma may be obtained from theusual plasma frequeny !p of a old Maxwell plasmaby the replaement "0 ! "0p1 + �22B20 :!BIp = !p(1 + �22B20)� 14 : (9)Now onsider a small amplitude eletromagnetiplane wave propagating parallel to the bakgroundmagneti �eld. We linearize (1)-(6) about the �elds(E = 0;B = B0;u = 0; �e = ��0) desribing a quies-ent plasma:E = �E1 +O(�2); (10)B = B0 + �B1 +O(�2); (11)u = �u1 +O(�2); (12)�e = O(�2) (13)where B0 is onstant and E1, B1, u1 are perturba-tions about the equilibrium on�guration (E = 0;B =B0;u = 0) satisfying E1 �B0 = B1 �B0 = u1 �B0 = 0.The parameter � is merely a devie to tag the relativemagnitudes of eah term and has no physial signi�-ane. It an be set to unity at the end of any alula-tion.For a old Maxwell plasma, the dispersion relationfor a right-handed irularly polarized plane eletro-magneti wave propagating along the bakground mag-neti �eld is [23℄(! � !)(! � 2k2=!) = !2p (14)where ! is the eletron's ylotron frequeny. For thease of a Born-Infeld plasma, equating the oeÆientsof � in (1) and (2) yields the perturbations (D1;H1)about (D = 0; H = B0=�0) orresponding to (10),(11): D1 = "0 E1p1 + �22B20 ; (15)H1 = 1�0 B1p1 + �22B20 : (16)One an show that right-handed irularly polarizedplane eletromagneti waves propagating along thebakground magneti �eld satisfy the following disper-sion relation:(! � !)(! � 2k2=!) = !2pq1 + �22B20= !BI 2p (1 + �22B20) (17)where (9) has been used.

1.2 Properties of non-linear wavesPartile aeleration in non-linear eletrostati waveslose to breaking has reently been proposed as a pos-sible mehanism for explaining how energeti eletronsare ejeted from within the interiors of pulsars [22℄.If an atom is immersed in a uniform bakgroundmagneti �eld whose strength is muh greater than� 105T then the orresponding magneti fore on theeletrons is muh greater than the atom's Coulombifores [24℄. The atom settles into the ground Landaulevel, limiting the eletrons' spatial displaement trans-verse to the magneti �eld lines. Thus, eletrons areonduted preferentially along the diretion of the mag-neti �eld lines, and one may approximate the bulkeletron motion as 1-dimensional [22℄. Moreover, themagneti �eld lines in the iron rust of a neutron starare expeted to run parallel to its surfae and to bestrongly urved near the poles, where they emerge nor-mal to the star's surfae. The magneti urvature nearthe poles is expeted to lead to variations in eletronnumber density and exite eletrostati waves in theeletron `gas' within the iron rust [22℄.We now examine the behaviour of a Born-Infeldplasma in this ontext, by exploring properties of solu-tions to (1)-(6) that desribe large-amplitude longitudi-nal plane waves. It is useful to envisage the eletrons inthe plasma as belonging to one or other of two families.The �rst family and the ion bakground onstitute thebulk plasma; those eletrons and the bakground ionsform the wave. The members of the seond family arethe rest of the eletron population, some of whih aretrapped in the wave's potential; we do not attempt toinlude the seond family in the simple model exploredhere.We seek properties of solutions to (1)-(6) that de-sribe longitudinal plane waves. The �elds have theform u = u(�) ẑ; E = E(�) ẑ; B = B0 ẑ (18)where � = z � vt with the onstant v being the phasespeed of the wave and 0 < v < . It is useful to en-ode the 3-momentum p in terms of a dimensionlessfuntion � = �(�) as follows:p = me �v � �p�2 � 1� ẑ (19)where � > 1 is assumed and the Lorentz fator  =1=p1� v2=2 orresponds to the phase speed v of thewave. The speed of the eletrons desribed by (19) isless than v when the eletrons are moving in the samediretion as the wave, i.e. the eletrons lag behind thewave.3



Equations (1)-(6), (18), (19) lead to the followingordinary di�erential system:dd��Ep1 + �22B20p1� �2E2 � = �0 2"0 �1� v �p�2 � 1�;(20)E = � 1 me 2e d�d� (21)for � and E.Inspetion of (20), (21) reveals that, for osillatorysolutions, the eletri �eld E has a turning point where� = . Further investigation reveals that this turn-ing point is a minimum of E and an upper boundEmax (`wave-breaking limit') on E may be obtained byevaluating the �rst integral of (20) between the points(� = 1; E = 0) and (� = ; E = �EBImax) whereEBImax = 1�s1� � �2EAP 2max2p1 + �2 2B20 + 1��2: (22)The maximum eletri �eld EAPmax for a relativisti oldMaxwell plasma isEAPmax = m!pe p2( � 1) (23)and was �rst obtained by Akhiezer and Polovin [20℄.The maximum eletri �eld ours during motion inwhih the plasma eletrons approah the phase velo-ity of the wave (i.e. � approahes unity).Further analysis of (20), (21) reveals the angularfrequeny !BI of solutions to (20), (21) to be!BI � !AP(1 + �22B20)1=4 �1���m!p2e �2 p1 + �22B20 �(24)in the parameter regime  � 1 and �m!p(1 +�22B20)�1=4=e � 1=p with �B0 � 1. Also, !APis the (angular) frequeny of eletrostati waves of aold Maxwell plasma for  � 1 [20℄,!AP = �2p2!p: (25)If � = 10�18m=V then �B0 = 1 orresponds toB0 = 109T, whih is within the range of the surfaemagneti �elds of rotation-powered radio pulsars [24℄.AknowledgementsWe thank the Cokroft Institute and the ALPHA-Xprojet for support.
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Introduction

In fast-ignition inertial confinement fusion the heating of 
a compressed core of deuterium-tritium fuel is provided 
by a second, high-power, laser pulse [1,2]. This creates a 
beam of hot electrons which heat the central region in the 
compressed fuel up to ignition temperatures.

One  challenge  to  overcome  with  this  scheme  is  the 
problem of the large divergence angles of the electrons 
created by the laser pulse [3].  These will not efficiently 
heat the core of the fuel, as much of their energy will be 
wasted. One way to overcome this problem would be to 
use a structured collimator to control the spread of the 
electrons.   This  is  achieved  by  through  resistivity 
gradients, for example in a solid cone shaped target [4]. It 
as  been  shown  that  such  a  resistivity  gradient  can 
successfully restrict the spread of the electrons [5].

One  potential  problem  is  what  could  happen  to  the 
structured collimator itself, over the duration of the high-
powered laser pulse. Over the 10 – 20 ps duration of the 
laser pulse the collimator will  undergo extremely rapid 
Ohmic heating, due to the resistive return current induced 
by  the  forward  going  relativistic  electrons.  The 
relativistic  electrons  experience  virtually  no  resistivity, 
and approximately balance the return current,  such that 
jf ≈ -jr . This leads to a heating term given by 

∂T
∂ t

=
γ−1
n i k B

η j f
2

  (1)

where T is the temperature, γ the specific heat ratio, ni the 
ion  number  density,  kB Boltzmann's  constant,  η the 
resistivity and jf the fast electron current density.

Hydrodynamic simulations of such structured collimators 
are necessary to explore this effect.  Thermal conduction 
and ion-electron equilibration can be of great importance 
in laser produced plasmas, and also need to be included.

Two-Fluid Hydrodynamics

Electrons  and  ions  are  initially  taken  to  be  separate 
species,  with  coupling  between  the  two  given  arising 
through the electromagnetic field, the frictional collision 
force and the electron-ion collision term.  The resulting 
set of equations are;

Conservation of mass

∂n i

∂ t
+∇⋅( niui )=0

∂ne

∂ t
+∇⋅(neue)=0  (2,3)

Conservation of momentum

n i mi( ∂

∂ t
+ui⋅∇ )=                 (4)

e ni (E+ui×B )−∇ p i−n i mi ν̄ie (ue−ui )

ne me ( ∂

∂ t
+ue⋅∇ )=                (5)

−ene (E+ue×B )−∇ pe−ne me ν̄ei (ue−u i )

Conservation of energy

ni k B

γ−1 ( ∂
∂ t

+ui⋅∇ )T i+ p i ∇⋅ui+∇⋅q i=S i   (6)

ne k B

γ−1 ( ∂
∂ t

+ue⋅∇ )T e+ pe ∇⋅ue+∇⋅qe=S e (7)

With the energy source terms given by;

S i=
ni k B

γ−1
ν̄ie ( T i−T e)   (8)

Se=η j r
2
+

ne k B

γ−1
ν̄ei (T e−T i )   (9)

Here n is the number density, m the mass, u the velocity 
and  p the pressure  with the  subscript  denoting ions or 
electrons.  e is the charge on an electron.  νie represents 
the collision operator between ions and electrons.  E and 
B are the electric and magnetic fields respectively. The 
terms  involving  qi and  qe represent  the  thermal 
conduction, which is defined later.

Hydrocode Implementation

Some assumptions are made in the code, which means we 
can  can  track  four  fluid  parameters,  instead  of  the  six 
given in the previous section. Quasi-neutrality is assumed 
to be maintained, such that  ni =  Z ne,  with  Z being the 
ionic charge.  The electrons and ions are taken to move 
together with the same velocity, that is, ui = ue.  The mass 
density of the ions is much greater than the mass density 
of the electrons, such that ρ ≈ ρi.  

The  equations  for  the  momentum  of  the  ions  and 
electrons  are  linked  through  the  Lorentz  force  term. 
There  are  no  external  fields  applied  that  will  be 
considered.
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Hence the only fluid parameter that need to be tracked for 
both the electrons and the ions is the temperature.  The 
resulting equations that are used, when simplifying with 
these assumptions are given by;

∂ρ

∂ t
+∇⋅(ρu )=0                                                 (10)

ρ( ∂
∂ t

+u⋅∇ )=−∇ ( pi+pe)                            (11)

∂e i

∂ t
+∇⋅( (e i+ p i )u )=−u∇⋅pe

                     (12)

∂ee

∂ t
+∇⋅(ee u )=u∇⋅pe                                   (13)

where e is the total energy density, which is given by;

e i=
p i

γ−1
+

1
2
ρi
∣u2∣                                            (14)

for the ions, and similarly for the electrons.  The thermal 
conduction  and  equilibration  implementation  are  not 
included here, but will be added in the next section.

This equation set is solved using a similar method to that 
discussed in Ziegler [6]. This is a Godunov-type scheme 
which  is  effective  at  naturally  treating  shocks  without 
requiring artificial viscosity.

Equilibration

The equilibration between ions and electrons is given by;

∂T i

∂ t
=ν̄ie (T e−T i )   (15)

with the collision frequency is given by;

ν̄ie=
8√2π ne Z 2 e4 ln Λ

3mi me k B
3 /2(T i

mi

+
T e

me
)

3 /2

ϵ0
2   (16)

where  the  symbols  have  their  previously  defined 
meanings, and ln Λ is the Coulomb logarithm.  Note also 
that;

ν̄ie=
ne

ni

ν̄ei=Z ν̄ei   (17)

This  is  implemented  in  the  code  using  an  implicit 
scheme, which ensures numerical stability.  The resulting 
equations for the equilibration are  given by;

T i
n+1

=
(1+n iβΔT i

n )+neβΔ t T e
n

1+( ne+ni )βΔ t
  (18)

T e
n+1

=
(1+neβΔ T e

n )+ni βΔ t T i
n

1+ (ni+ne)βΔ t
  (19)

where the value β is given by;

β=
ν̄ie

ne

=
ν̄ei

ni

  (20)

and  Δt is the time-step in the code.  The superscript  n 
refers to the current time-step in the code, and  n+1 the 
next time-step.

As an implicit method is being used no special time-step 
restriction is imposed for the equilibration.  This means 
that, depending on the problem, equilibration could occur 
quickly over a few time steps, although in many of the 
simulations of interest  the equilibration will only occur 
over the length of the simulation.

Thermal Conduction

The thermal conduction in a plasma is given by the 
Spitzer-Härm formula [7];

∂u
∂ t

=∇⋅(κSH ∇T )   (21)

where u is the internal energy, that is u = p / (γ – 1).

Here κsh is given by;

κSH=20( 2
π )

3 /2 ϵ0 ( k B T )
5 /2 k B

√me e4 Z ln Λ
  (22)

The effective thermal  conductivity is  actually  less than 
this.   An  electric  field  is  produced  such  that  current 
created  by the temperature  gradient  is  canceled,  which 
reduces  in  turn the heat  flow.   The reduction factor  is 
given by [7,8];

ϵ=0.4
Z

Z+0.2 log10 ( Z+3.44 )
  (23)

and the effective thermal conductivity given by;

κ=ϵκSH   (24)

This is similarly solved implicitly, to ensure stability in 
the code.  The initial equations are given by;

T j
n+1

−T j
n

Δ t
=

γ−1
n k B

F j+1/2
n+1

−F j−1 /2
n+1

Δ x
  (24)

where the flux, F, is given by 

F j+1/2=
κ j+1+κ j

2

T j+1−T j

Δ x
  (25)

and similarly for  Fj-1/2.  Here  Δx is the cell width and  j 
refers to the cell number.

Overall this gives the relation;

T j
n
=T j

n+1
−

Δ t
2 Δ x2

γ−1
nk B

[ (κ j+1+κ j ) T j+1−

(κ j+1+2κ j+κ j−1) T j+(κ j+κ j−1 ) T j−1 ]
(26)

This can be rewritten as a tridiagonal matrix equation. To 
solve  for  the  new temperature  this  matrix  needs  to  be 
inverted, which is done using an implementation of the 
Thomas  algorithm  [9].   In  the  code  the  thermal 
conduction for  the  x-direction and  y-direction are done 
separately in consecutive steps.



Results

Extensive tests of problems relevant to fast-ignition have 
not yet been performed, however some tests of the code 
have  been  done.   In  figure  1  the  initial  density,  ion 
temperature  and  electron  temperature  are  shown 
respectively,  alongside  the  values  at  20  ps.   In  this 
problem a 10 μm region of an aluminium plasma has an 
electron temperature profile given by;

T eV=400 e
−

x2

2σ
2

+100

where  σ = 25 μm.  The rest of the plasma has an initial 
temperature of 100 eV.  In the central 10 μm region the 
density is 2700 kg m-3, solid density for aluminium.  The 
remainder  is  at  one  thousandth  of  aluminium  solid 
density.

It can be seen that after 20 ps the temperature of the ions 
and electrons are identical.  The initial higher density 
plasma has remained largely intact.

Conclusions

A  discussion  has  been  given  of  the  creation  of  a  2D 
hydrodynamics code, which includes treatment of an ion 
and  electron  species  with  different  temperatures.   Ion-
electron equilibration has been implemented along with 
thermal conductivity and the results of a simulation has 
been shown.

Future work needs to be done in using this code to look at 
problems relevant to fast-ignition.  This will be done by 
taking  temperature  profiles  from other  simulations  and 
looking at the hydrodynamic response of the plasma to 
the return current heating the target is subjected to.
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1 Introduction

In a recent paper [1] we have suggested a way in which the
radiation pattern produced by an antenna can be repro-
duced in detail by following rays. The method relies on
the use of the asymptotic method of stationary phase to
�nd the wave amplitude and phase in the far �eld region
away from the antenna, the innovative feature being the
development of a method that does not depend on having
explicit knowledge of the phase or a solution in terms of a
phase integral. The required information is obtainable by
looking at di¤erences between adjacent rays. Examples
for which an explicit solution can be found and compared
with the approximation show that it works well except
in the vicinity of a region where rays are re�ected. Our
object here is to adapt this method to study the evolution
of short pulses launched into a time and space dependent
medium, a problem with possible relevance to some laser
plasma systems.

2 Theory

We consider a one-dimensional problem with a short pulse
launched from x = 0 into the region x > 0. The time de-
pendence of the pulse will be assumed centered around
t = 0 and we shall assume that the pulse is propagating
into a cold plasma so that the local dispersion relation is

D = !2 � !2p � k2c2 = 0 (1)

with !p; the plasma frequency, a function of x and t:
With a time-dependent plasma frequency the wave fre-
quency changes as it propagates, as can be seen from the
standard ray-tracing equations [2] and applications of this
photon acceleration to laser plasma have been explored by
Mendonça [3]. The initial pulse launched from x = 0 can
still be Fourier transformed in time, even though the fre-
quencies change as the wave propagates and, since we are
dealing with a linear problem, the wave �eld is a super-
position of these initial Fourier components. The rate of
change of the background plasma is assumed such that
there is no appreciable change during the time taken to
launch the pulse. We shall use 
 as the Fourier trans-
form variable of the initial pulse and ! for the frequency
following a ray.
In principle the wave amplitude at any point will

be a summation over the di¤erent Fourier compo-
nents. We shall assume that the solution at any point

for a given Fourier component can be expressed as a
slowly varying amplitude and a phase, taking the form
A(
; x; t) exp [i� (
; x; t)] : The full solution will then take
the form

a(x; t) =

Z 1

�1
A(
; x; t) exp [i� (
; x; t)] d
: (2)

The essence of the method of stationary phase [4] is to
assume that rapid variations in the phase factor cancel
out over most of the range of integration and that the
dominant contribution comes from the neighbourhood of
points where

@

@

[� (
; x; t)] = 0: (3)

Taking this to be the case and letting 
0 be the frequency
at which (3) is satis�ed, we then approximate the integral
byZ 1

�1
A(
0; x; t) exp

�
i� (
0; x; t) + i

1

2
(
� 
0)2 �00(
0; x; t)

�
d


= A(
0; x; t)

s
2�

j�00je
i��i�4 (4)

where the sign in the exponential correponds to that of
�00 and the primes denote derivatives with repect to 
:
The problem we now address is how to obtain the sec-
ond derivative of the phase in the absence of any explicit
expression for �:
We begin by relating the problem to ray tracing. The

standard ray racing equations [2] are

�
x = �

@D
@k
@D
@!

�
k =

@D
@x
@D
@!

(5)

�
! = �

@D
@t
@D
@!

where D is de�ned by (1) and its dependence on x and
t is through that of the plasma frequency. Since the
wavenumber and frequency are related to the phase by

k =
@�

@x
(6)

! = �@�
@t



the phase along a ray path is

� =

Z
(kdx� !dt) ;

with the integral starting at the origin, and

@�

@

=

Z �
@k

@

dx� @!

@

dt

�
= �

Z �
@k
@


@D
@k +

@!
@


@D
@!

�
@D
@!

dt

using (5). The numerator in this integral is the total
derivative of D with respect to 
 and is zero since D is
identically zero. We conclude then that d�

d
 is zero along
a ray path and so the point of stationary phase at any
value of x and t is determined by the initial frequency
such that a ray launched from the origin at t = 0 arrives
at that point. That being so we now need to calculate the
second derivative of the phase in order to �nd the wave
amplitude from (4).
Following the method of [1] we note that following the

ray path

@2�

@
2
=

Z �
@2k

@
2
dx� @2!

@
2
dt

�

= �
Z �

@2k
@
2

@D
@k +

@2!
@
2

@D
@!

�
@D
@!

dt

and that by using the fact that the total derivative of D
is zero we can obtain an expression involving �rst deriv-
atives of the wavenumber and frequency with respect to
the launch frequency. Since these derivatives need to be
evaluated numerically, this should allow better accuracy
than using the original expression with second derivatves.
The integral is taken from t = 0; x = 0 along the ray
trajectory. Note that all rays are launched at the same
time, the time dependence of the pulse being implicit in
its Fourier spectrum rather than in the launch conditions.
This is analogous to the spatial problem where the rays
are all launched from the centre of the antenna. In the
latter case the solution is only valid su¢ ciently far from
the antenna (a few antenna widths in practice) and in the
present case the solution is only valid su¢ ciently far from
the origin that the solution is dominated by the dispersion
of the di¤erent frequency components.
At this point it will be useful to illustrate the method

with a simple example, namely a short pulse launched into
a homogeneous plasma. The solution of this problem can
be found exactly and is

a(x; t) =

Z 1

�1

~
a (
) exp

�
i
�

2 � !2p

�
x� i
t

�
d
 (7)

with
~
a the Fourier transform of the time-dependence of

the pulse launched from x = 0. This illustrates the way
in which the solution is a superposition of the di¤erent

frequency components. Of course, the standard method
of stationary phase could readily be applied to this inte-
gral to yield the asymptotic behaviour and it is readily
veri�ed that the condition for stationary phase is equiva-
lent to x = vgt. However, we test the numerical method
by using our method with the derivatives of wavenumber
and frequency obtained by �nite di¤erencing on adjacent
rays. Figure 1 illustrates how the approximation so ob-
tained compares with the exact solution with an initial

Gaussian pulse a(x; 0) = ei!0t exp
h
� t2

2T 2

i
: Time and dis-

tance are measured in units of 1
!0
and c

!0
respectively and

in these units !p = 0:2, T = 10: The number of rays used
is 40.

Figure 1. Exact (full red ) and approximate (dotted
blue) amplitudes for t = 400; 800; 1600: Beyond 1600 the
graphs are essentially indistinguishable. Note changing
scale on x-axis - pulse becomes broader with time.

Near the source the approximation is too peaked, a
consequence of the fact that all rays are launched at the
same time. However, once the spreading of the rays be-
comes the dominant factor in determining the width the
agreement is excellent. The ray tracing here is obviously
trivial, the main point being to see how well our method
works. We now go on to look at a more general problem
where the plasma frequency varies in time and space and
an explicit solution is not readily obtainable.

3 Further discussion of the theory
and an example.

The calculation of the derivatives needed to obtain the
wave amplitude needs some care. In the phase integral,
as can be seen from the example above, the derivative
with respect to frequency needs to be carried out at con-
stant x and t. However, the rays are followed as a function
of t and at any �xed t adjacent rays are at di¤erent val-
ues of x: This needs to be allowed for in the calculation
of the derivatives from di¤erencing on adjacent rays, but
we do not have space here to discuss the details of the
mathematics. One further factor which needs taken into
account is the change in amplitude due to the change
in the energy density of the wave as it propagates in a



changing medium. This is separate from the e¤ect of dis-
persion of the waves which we have considered so far. If
we express the amplitude in terms of the vector poten-
tial a of the wave, then as shown by [5] the quantity !a2

is conserved for each frequency component, assuming the
gradients in space or time to be small. This means that,
in our one-dimensional problem,

@

@t

�
!a2

�
+
@

@x

�
vg!a

2
�
= 0: (8)

Following a ray path this implies that

d

dt

�
!a2

�
=
@

@t

�
!a2

�
+ vg

@

@x

�
!a2

�
= �

�
!a2

� @vg
@x
: (9)

Now
@vg
@x

= � 1q
!2 � !2p

!p
!

@!p
@x

while from the ray tracing equations

�
k = �!p

!

@!p
@x

so that (9) becomes

�
!a2

��1 d
dt

�
!a2

�
+ k�1

dk

dt
= 0 (10)

implying that k!a2 is constant along the ray. The am-
plitude variation implied by this is included as an e¤ect
additional to that due to the spreading of the rays.
To illustrate the method we look at a pulse (as before)

being overtaken by a moving density ramp as illustrated
in Figure 2. The peak of the pulse has been reduced to
0:25 in the �gure for convenience. We use 100 rays, ini-
tially spread across the spectrum of the pulse. Since its
time pro�le is Gaussian, so too is the spectrum, and the
rays initially are spaced evenly over �2:5 standard devi-
ations from the centre, at 1 in our normalised units.

Figure 2. Initial pulse shape (blue) and density pro�le
(red) in terms of critical density for frequency !0:The

pro�le moves to the right with velocity 0:98c:

Figure 3 shows the amplitudes and frequencies of the
rays as a function of position, in the frame moving with
the density ramp, at t = 5 � 103. The ramp has over-
taken the pulse which has been blue shifted by photon
acceleration in the increasing density.

Figure 3. The amplitudes (electric �eld as a ratio to the
peak electric �eld of the initial pulse) and frequencies of

the rays at t = 5� 103:

At a later time Figure 4 shows the pulse very substan-
tially blue shifted and now moving forward with respect
to the density ramp with highest frequencies at the back
of the pulse.

Figure 4. As for Figure 3 with t = 2:5� 104:

The peak on the trailing edge occurs in the neigh-
bourhood of a point where the second derivative passes
through zero. The method obviously breaks down there
and the exact behaviour needs further investigation.
At t = 5� 104 the pulse is as shown in Figure 5.

Figure 5. As before with t = 5� 104:

The higher frequency components at the back of the pulse
have caught up with the lower frequencies, leading to a
steepening and shortening of the pulse. Finally we show
the pulse at t = 105:Now all the higher frequency rays
have overtaken the lower frequencies and the sign of the
chirp is reversed.

Figure 6. As before at t = 105:



4 Conclusions

We have outlined a method for obtaining the exact evo-
lution of a short pulse launched into a space and time
dependent system based on tracing of rays. In the far
�eld region the method of stationary phase is used to
give an exact description of the evolution of the ampli-
tude of each ray, building on a theory already developed
for a time-independent problem. The most closely related
method which has been used in the past is probably that
of photon kinetics [6], [7] which also follows an ensem-
ble of ray paths. There, however, the wave intensity is
taken to be given by the density of photons. In our the-
ory the importance of the classical ray path depends on
the fact that along it neighbouring Fourier components
of the pulse have almost the same phase and so reinforce
each other to give the dominant wave contribution. The
amplitude depends on the rate of variation of the phase
around this stationary value. The essential way in which
this goes beyond the standard method of stationary phase
is, of course, the way in which the idea of this method is
employed in a situation where the complexity of the prob-
lem does not allow us to obtain a solution in the form of
a phase integral. Instead, the required rate of variation
of phase about the stationary point is obtained from nu-
merical derivatives obtained by �nite di¤erencing on rays
with adjacent initial frequencies.
A major limitation of the discussion here is its restric-

tion to one spatial dimension. However, the inclusion
of transverse spatial dimensions should be possible in the
same way as an extra dimension in the launching antenna
can be included in the spatial problem [1]. This would in-
volve Fourier transforming the initial transverse pro�le of
the pulse as well as its time dependence, so more rays
would be needed to give good resolution. However, the
advantage of this method is its computational simplic-
ity. Following the hundred rays used in the calculations
of the previous section out to a time of 105 dimension-
less units then doing the di¤erencing necessary to obtain
the amplitudes took less than a minute on a laptop com-
puter. Using a larger machine it should be possible to
follow many rays quite easily and, since the ray paths
are all independent, the method should be ideally suited
to parallel machines. We have not considered here the
details of the interference between di¤erent rays arriving
at the same point, something which occurs as high fre-
quency rays overtake lower frequency rays as we go from
Figure 5 to �gure 6. However, our earlier work on the
time independent problem shows that it is, in principle,
possible to obtain �ne details of this by following the wave

phase. This would need to be done numerically, but since
the phase is slowly varying for the type of problem for
which this method is appropriate, these details should be
accessible without the need to follow the time variation
with the resolution which would be required in a direct
solution of the wave equation.

Another limitation of the discussion here is that it
does not take account of the self-consistent evolution of
the plasma. So long as the interaction of the wave with
the plasma is via the ponderomotive force so that the dis-
cussion of energy conservation of equations (8) to (10) is
valid then it should be possible to couple the plasma evo-
lution to evolution of the wave �eld using this method.
Problems involving photon acceleration in any kind of
time dependent plasma should be readily treated by this
method, more accurately than by just looking at ray paths
and much more easily than by doing full wave calcula-
tions.
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1. Introduction

Siegert states of atoms and molecules

placed in an electric field, defined as the so-

lutions to the stationary Schrödinger equa-

tion satisfying the regularity and outgoing-

wave boundary conditions [2], have been

obtained by Batishchev et al [1] within

th restriction of the single active electron

(SAE) approximation. In [1] was presented

an efficient method to calculate not only

the complex energy eigenvalues, but also

the eigenfunctions for a general class of

one-electron atomic potentials. They also

derived an exact expression for the trans-

verse momentum distribution of the ionized

electrons in terms of Siegert eigenfunction

in the asymptotic region.

In the previous CLF report we pre-

sented an extension of the Siegert states

to molecules. The formulation of computa-

tional method requires some modifications

from the atomic procedure.

In this report we present the prelimi-

nary results obtained using the molecular

formulation to study the simplest molecu-

lar ion, H+
2 . We first give the basic equa-

tion required for understanding the Siegert

states of molecules. Then we explain the

numerical procedure including a DRV ba-

sis set and R-matrix propagation. Results

have been obtained for different potential

models of H+
2 for an internuclear distance

of R=2 and an angle between the electric

field direction and the molecular axis θ = 0.

We use atomic units through the report in

not specified otherwise.

2. Basic equations

The Siegert states of molecules are ob-

tained within the SAE approximation by

solving the following Schrödinger equation

Hϕ = Eϕ (1)

The Hamiltonian for an electron interact-

ing with a molecular potential V (r) in pres-

ence of a static uniform electric field F di-

rected along the z axis is given by :

H = −1

2
∆ + V (r) + Fz. (2)

We use the parabolic coordinates η, ϕ
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and ξ defined as follow.

ξ = r + z, 0 ≤ ξ ≤ ∞ (3)

η = r − z, 0 ≤ η ≤ ∞ (4)

ϕ = arctan
y

x
, 0 ≤ ϕ ≤ 2π(5)

In the general cases, for an arbitrary molec-

ular potential V (r), the variables (ξ, η) and

φ cannot be separated as they are for the

atomic case. In order to solve the molec-

ular problem we have to take into account

a coupling in ϕ. The Schrödinger equation

(1) in paraboliccoordinates is rewritten in

the form

[
∂

∂η
η
∂

∂η
− 1

4η

∂2

∂ϕ2
+ B(η) +

Eη

2
+
Fη2

4

]
ψ(ξ, η, ϕ) = 0, (6)

where

B(η) =
∂

∂ξ
ξ
∂

∂ξ
− 1

4ξ

∂2

∂ϕ2
− ξ + η

2
V (ξ, η) +

Eξ

2
− Fξ2

4
. (7)

These equations must be supple-

mented by the regularity and out-going-

wave boundary conditions [2]. For non-

zero electric fields, all the eigenstates are

unbound, so the eigenvalue E is a complex

number

E = E − i

2
Γ (8)

with the real part E giving the energy of

the state, and the imaginary part Γ defin-

ing the ionisation rates. Equation () and

(7) are solved using the slow-variable dis-

cretization (SVD) method [3] in combina-

tion with the R-matrix propagation tech-

nique [4].

3. Numerical procedure

The numerical procedure is based on the

discrete variable representation (DVR) ba-

sis sets [5] constructed from Laguerre, Ja-

cobi and Legender polynomials compatible

with the boundary conditions [6]. We re-

fer the reader to [1] for more mathematical

and numerical details.

In the atomic case [1], the eigenfunc-

tions of the adiabatic Hamiltonian were

obtained using the DVR constructed us-

ing the generalized Laguerre polynomials

L
|m|
n (sξ) [6], where the scaling s defines the

extent of the DVR basis in ξ.

This representation enables the exact in-

corporation of the regularity boundary con-

dition ψ(ξ, η)|ξ→0 ∝ ξ|m|/2 into the formu-

lation. In the molecular case, the solution

ψ(ξ, η, ϕ) contains integer and half-integer

powers of ξ for ξ → 0 which cannot be rep-

resented by a single Laguerre-DVR basis

with a fixed magnetic quantum number m.

We thus introduce a new variable.

ξ = ζ2 (9)

So we have

B(η) =
B̃(η)

4ζ
(10)

with

B̃(η) =
∂

∂ζ
ζ
∂

∂ζ
+

(
1

ζ
+
ζ

η

)
∂2

∂ϕ2
− 2ζ(ζ2 + η)V (ξ, η, ϕ) + 2Eζ3 − Fζ5. (11)
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This transformation allows us to use a

single-Laguerre-DVR basis with m = 0 for

the expansion in ζ. The eigenfunctions of

B̃(η) are constructed using the direct prod-

uct of the Laguerre-DVR basis with peri-

odic boundary conditions in ϕ.

In the R-matrix theory [7], the space

is divided into two regions, an inner region

which is here divided into Nsec sectors so

that 0 ≤ η ≤ ηc can be define by

0 = η0 < η1 < · · · < ηNsec = ηc. (12)

In each sector, we construct the R-matrix

basis ψ̄n(ξ, η, ϕ) defined by[
∂

∂η
η
∂

∂η
− L− 1

4η

∂2

∂ϕ2
+ B(η) +

Ēη

2
+
Fη2

4

]
ψ̄(ξ, η, ϕ) = 0, (13)

with L is the Bloch operator given by:

L = η[δ(η − η+)− δ(η − η−)]
∂

∂η
. (14)

Similarly to the η variable, in the molecu-

lar problem in order to incorporate the reg-

ularity boundary condition ψ(ξ, η)|η→0 ∝
η|m|/2, the solution contains integer and

half-integer powers of η. We thus introduce

another change of variables in the first sec-

tor,

η = χ2 (15)

to allow the representation of the solution

by a single Legendre-DVR basis. In the

outer region, η > ηc, the molecular po-

tential is substituted by a purely Coulomb

potential −Zas/r so that the problem be-

comes exactly separable in parabolic coor-

dinates and reduced to solving uncoupled

equations in η [1]. We apply out-going

wave boundary condition. The R-matrix is

propagated from η = 0 outward and from

η = ηc inward. Matching the solutions

at the right boundary in the first sector

gives the Siegert eigenvalue E and eigen-

functions.

4. Results

The calculation are performed for H+
2

molecular ion. The internuclear distance

is fixed to R=2, and the angle between

the electric field direction and the molec-

ular axis is set to θ = 0. The molecular

ion is modeled by a soft Coulomb potential.

V =
1

2
(ξ + η)

− 1√
ξη + ( (ξ−η)

2
− R

2
)2 + b2

− 1√
ξη + ( (ξ−η)

2
+ R

2
)2 + b2

 (16)

The softening parameters is initially

set to b = 0.09 which gives a very rounded

potential, the energies obtained are rep-

resented by the black curved and com-

pared with energies obtained by perturba-

tion theory in blue on the left hand side

whereas the right hand side presents the

corresponding ionisation rates in black and

the comparison with MOADK in blue. We

also performed calculation with a sharper

potential b = 0.0009 allowing a better

representation of real H+
2 molecular ion,

the energies and ionisation rates are pre-

sented by the red curves and compared
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as well with perturbation theory’s energies

and MOADK [10] ionisation rates in green.

We obtain a good agreement with pertur-

bation theory for electric field F < 0.25

which is to be expected as perturbation

theory is limited to low electric field. We

can also notice that for the rounded po-

tential with b = 0.09 our ionisation rates

are lower than the one given by MOADK

which is also to be expected as MOADK

tend to overestimate the ionisation rates.

However the ionisation rate obtained for

the sharper potential with b = 0.0009 is

much higher than the value obtained with

MOADK. For sharper potential, as bound-

ing energy increases, the ioinsation rates

decreases leading to an underestimation of

the ionisation rates by MOADK.
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Figure 1. Electric field dependent energies and ionisation rates obtained with two
different potential and compared with other theory.

5. Conclusion

In this report, we have presented the devel-

opment necessary to calculate the molecu-

lar Siegert states in a static electric field.

Starting from an atomic problem enabling

the calculation of Siegert states in the sin-

gle active electron approximation, we ex-

tended the problem reducing the use of the

symmetries and including the coupling in

ϕ coordinate to solve molecular problems.

This new method enable us to obtain eigen-

values and eigenfunctions for a particular

Siegert state as a function of a variating

electric field for molecules modeled by one-

electron potential. The complex eigenvalue

obtained from the match of the R-matrix

with the out-going wave Siegert boundary

condition gives the energy and the ioniza-

tion rate of a particular state.
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Introduction 

The problem of classical radiation reaction (RR) has vexed 

generations of physicists since its first formulation in 1892 by 

Lorentz [1, 2]. Following important contributions by Abraham 

[3] and others the equation describing the back reaction of the 

radiation field on the motion of the radiating charge has been 

cast in its final covariant form by Dirac in 1938 [4]. It is now 

aptly called the Lorentz-Abraham-Dirac (LAD) equation. The 

relevant body of literature has become enormous and we refer 

to the recent monographs [5, 6] and, in particular, to the preprint 

[7] for an overview of the historical development and extensive 

lists of references. A particularly compact way of writing the 

LAD equation, say for an electron (mass m, charge e) is 

 

 

where u denotes the electron 4-velocity, F = eFu/c the Lorentz 

4-force in terms of the field strength tensor, F, of the externally 

prescribed field and dots derivatives with respect to proper 

time, τ. The second term on the right is the RR force, FRR, 

which is characterised by the appearance of the time parameter 

 

This is the time it takes light to traverse the classical electron 

radius1, re = e2/4πmc2 = αλC ≈ 3 fm. Obviously, the scales 

involved are typical for strong interactions (or quantum 

chromodynamics) – a first hint that the classical LAD equation 

(1) does not capture the physics at these (essentially quantum) 

scales. Finally, the projection Pµν = 1 – uµuν /c
2 in (1) guarantees 

that 4-acceleration and velocity are Minkowski orthogonal. This 

follows upon differentiating the on-shell condition, u2= c2, 

which, of course, is Einstein's first postulate on the universality 

of the speed of light, c. As u is time-like, its τ-derivative is 

space-like. 

 

Estimating RR  

The LAD equation (1) is of third order in time derivatives and 

hence suffers from a number of pathologies such as runaway 

solutions and pre-acceleration. One way to overcome this is by 

iteration, assuming that FRR << F which amounts to working to 

first order in τ0. This in turn implies a ‘reduction of order’ in 

derivatives and results in the Landau-Lifshitz (LL) equation [8],  

 

Hence, one replaces the problematic ‘jerk’ [9] term, mü, in (1) 

by the proper time derivative of the Lorentz force [6] where the 

acceleration term is evaluated to lowest order in τ0, hence 

 

                                                                 
1
 We employ Heaviside-Lorentz units with fine structure constant α = 

e2/4πħc = 1/137. 

For alternative derivations of the LL equation emphasising 

mathematical intricacies related to regularisations of the point 

particle concept we refer to [10, 11].  

The LL equation (3) was derived under the assumption of a 

small reaction force, FRR << F. Let us elucidate the physics 

involved somewhat further by assuming that the external field is 

produced by a laser modelled as a plane wave with light-like 

wave vector k, k2 = 0. An electron ‘approaching’ the laser field 

with initial 4-velocity u0 will, in its rest frame, ‘see’ a wave 

frequency given by the invariant scalar product,  

 
Temporal gradients will then be of the order of the laser period, 

dF/dτ ~ Ω0F, so that the relative magnitude of the reaction force 

becomes  

 
with the inequality required for the validity of the LL equation. 

Consider now a head-on collision in the lab where the laser 

frequency is measured to be ω,  

 
with the usual relativistic gamma factor, γ0 = Ee/mc2 measuring 

the electron energy Ee in units of mc2. Such an electron then 

‘sees’ a laser frequency that is Doppler upshifted according to 

 
the last identity holding for γ0 >>1.This boost in laser frequency 

is just the usual energy gain of a colliding versus fixed target 

mode (which, of course, are related by a longitudinal Lorentz 

boost with rapidity ζ). If we define dimensionless photon 

energies in the co-moving and lab frames, 

 
the RR parameter r from (6) becomes  

 
For an optical laser ν ≈ 10-6 so that r ≈ 10-8 γ0.Thus, to boost 

this to order unity (such that reaction equals Lorentz force) 

requires γ0 ≈ 108 i.e. electron energies of order ≈ 102 TeV. 

These can only  be produced in gamma-ray bursts, but not 

(currently) in labs. The ground breaking laser pair production 

(“matter from light”) experiment SLAC E-144, for instance, 

was utilising the 50 GeV SLAC linear collider implying γ0 ≈ 105 

and r ≈ 10-8 [12].  

The standard way of quantifying radiation by accelerated 

charges is via Larmor's formula for the radiated power, the 

relativistic incarnation of which may be written as  

 
and hence is of order τ0. If we follow our philosophy of 

neglecting terms of order τ0
2 it suffices to express the 

acceleration via just the Lorentz force,  

 
where we have introduced the 4-vector E corresponding to the 

electric field ‘seen’ by the electron. Let us reemphasise here 

that we do not require the LL equation with its RR force, FRR. 

Thus, if we assume transversality of our laser fields, kF = 0, we 
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immediately derive a very useful conservation law by dotting k 

into (12), 

 
Hence, without RR, the electron always ‘sees’ the same laser 

frequency on its passage through the laser beam,  

 
If we now plug the Lorentz equation (12) into (11) the average 

energy loss per (reduced) laser period 1/ Ω0 in units of mc2 

becomes 

 
Interestingly, we recover our RR parameter r from (6) and (10) 

plus a new quantity, the dimensionless laser amplitude a0 which 

measures the energy gain of an electron traversing a laser 

wavelength, c/Ω0, in an rms field E in units of mc2. Obviously, 

when this (purely classical) parameter becomes of order unity, 

the electron motion is relativistic. Note that a0 is both Lorentz 

and gauge invariant [13]. This is particularly obvious upon 

reexpressing a0 in terms of a dimensionless field strength,  

 
whereupon 

 
The energy loss parameter (15) was previously employed in 

[14—17]. It suggests that for substantial radiation the small RR 

parameter r needs to be compensated by large values of a0
2. 

Denoting the current record intensity by I22 = 1022 W/cm2 we 

may write 

 
so that one can envisage a0 values of about 103 for the not too 

distant future [18,19].  We have seen already in (10) that large 

gamma factors (colliding mode) yield a further increase of 

radiative losses. In addition, the losses accumulate over 

successive laser periods. After, say, N cycles one expects a total 

relative change of the electron gamma factor given by 

 
where the smallness of αν ≈ 10-8 may be compensated by pulse 

duration, N, initial electron energy, γ0, and intensity, a0
2. 

 

Modelling the laser 

The simplest model of a laser (beam) is provided by a plane 

wave with a field tensor depending solely on the invariant 

phase, F = F(φ), φ = k · x, and obeying transversality, kF = 0. If 

we choose k as in (7) we have 

 

In other words, the laser field F only depends on the light-front 

or null coordinate, x– = ct – z.  

Plane waves are invariantly characterised as null fields [21, 22] 

as scalar and pseudoscalar invariants vanish,  

 

Hence, the energy momentum tensor of a plane wave is just F2. 

 

This is the only nontrivial power of field strength as F is 

nilpotent with index 3, i.e.    F
3 = 0 which will be important when 

we solve the equations of motion in such a field. As a result it is 

important to note that there is no intrinsic invariant scale 

associated with a null field. In order to characterise them in an 

invariant fashion one needs a probe such as an electron or a 

(non-laser) photon. This naturally leads to the invariant 

amplitude a0 as defined in (16) which explicitly depends on the 

probe electron 4-velocity. Defining the energy density of the 

laser ‘seen’ by the electron as 

 
we see that (16) expresses just the dimensionless version of this 

energy density,  

  
Typically, the plane wave modelling the laser will be pulsed, 

i.e. of finite duration in invariant phase, φ. We accommodate 

this situation by parameterising  F as follows. We assume the 

plane wave field to be linearly polarised along the space-like 

transverse 4-vector ε (ε2 = –1) and hence decompose F into 

magnitude a0, envelope f = f(φ) and a constant tensor,  

, 

so that we have altogether 

 
with the dimensionless constant 4-vector n = kc/Ω0 obeying n2 = 

0 = n · ε and n · u = n · u0 = c. As a result,  

, 

with all higher powers vanishing due to n2 = 0. In order for (26) 

to be consistent with (16) and (25) the average must be defined 

in such a way that f is normalized to unity. Defining a 

dimensionless gauge potential, Â = eA/mc2, the field strength 

becomes 

 
the prime henceforth denoting the derivative with respect to 

invariant phase φ. Comparison with (26) finally yields Â′= a0 f ε 

and 

 
 

Solving the LL equation 

Unlike the LAD the LL equation is a fairly standard equation of 

motion being second order in time derivatives. Hence, it 

requires two integrations and initial conditions for velocity and 

position. For the purposes of this contribution it will be 

sufficient to perform only the first integration for which we 

need to provide the initial 4-velocity, u(0) = u0.  

Neglecting RR 

To set the stage for a later comparison we first briefly recall the 

solution without RR, i.e. of the Lorentz force equation of 

motion (12). We first note that for any function f = f(τ) of 

proper time we may trade derivatives according to  

 
where, in the last step, we have used the conservation law (14).  

In terms of the dimensionless field strength (27) the Lorentz 

equation takes on the particularly compact form 

 
This is, of course, integrated by a matrix exponential which 

truncates at second order due to nilpotency, F3 = 0. Employing 

the parameterisation (26) the solution becomes  

 
where we have used the pulse shape integral 

 
for k = 1. Upon inspection of the solution (30) we note the 

following features. The velocity decomposes into transverse 

and longitudinal contributions given by the second and third 

terms on the right, respectively. If the initial velocity is 

longitudinal (like for a head-on collision) we have ε ·u0=0. In 

this case, the longitudinal velocity is quadratic in a0 while the 

transverse component is always linear.  



At the cost of manifest gauge invariance one may rewrite the 

solution (30) in terms of the gauge potential Â=a0 I1 ε defined 

in (27) which results in the neat expression  

 
From this expression one easily identifies the additional 

conserved quantity ε · (u + cÂ) corresponding to the transverse 

kinetic momentum. Both for fixed target and head-on collision 

modes there are no transverse components for the initial 

velocity, hence Â · u0 = 0. As Â is space-like, Â2 < 0, the 

quadratic contributions in (32) are actually positive. 

 

Including RR 

Upon including RR we have to solve the full LL equation (3) 

which we write in dimensionless notation as  

 

with the abbreviations 

 

cf. (24) and (25). As (33) seems highly nonlinear it may come 

as a surprise that, for plane wave background, there is still an 

analytic solution [15, 23]. Let us briefly review its main steps 

using our compact notation. In contradistinction to the previous 

subsection a non-vanishing RR force, FRR ≠ 0, entails that Ω =   

k · u is no longer conserved, but rather 

 

This is possibly the most significant new feature: In the 

presence of RR the electron will see a continuously changing 

laser frequency during its passage through the pulse. Crucially, 

however, the equation (34) for the longitudinal velocity 

component completely decouples and, though nonlinear, can be 

solved by straightforward quadrature, 

 

with the k = 2 shape integral from (31) and the initial condition 

Ω(0) = Ω0. It is worth noting that the RR parameter R from (15) 

appears at this stage. As R ~ τ0 we should actually use the 

ultimate expression in (35) in keeping with our philosophy of 

neglecting terms of order τ0
2. In any case we would like to point 

out that (35) is a particularly nice signature for RR as the right-

hand side differs from unity only when a substantial amount of 

RR is present. In more physical terms, Ω ≠ Ω0 signals symmetry 

breaking in the following sense. Together with the longitudinal 

velocity u0 – u3 ~ Ω, cf. (19), the longitudinal momentum, p– = 

p0 – p3, ceases to be conserved. As a result RR induces a 

breaking of translational invariance in the conjugate null 

direction2 x+ = x0 + x3.  

Let us continue with the LL equation and the remaining velocity 

components. The crucial technical trick is to introduce a new 4-

velocity v via  

 

the longitudinal component of which is again conserved, k · v = 

Ω0. Using (34) it is straightforward to see that the LL equation 

for v simplifies to 

 

As we know the solution (35), which is independent of v, this 

equation is indeed linear in v and easily solved via 

exponentiation. Using the parameterisation (26) once more and 

noting that u0 = v0, the solution for v may be written as 

                                                                 
2
 Recall the scalar product:  

 

 

with the new shape integrals (suppressing the measure dφ), 

 

Comparing (38) and (30) one can identify precisely the same 

vector structure, the analogous longitudinal and transverse 

terms guaranteeing k · v = k · v0 = Ω0 = const. In the limit of no 

RR (τ0 → 0) one has K1 → I1 and J2 → 0 such that (30) is 

readily recovered. In the non-relativistic limit one neglects 

terms of order a0
2 (hence R) so that (38) becomes 

 

which differs from (32) by the (small) rÂ′ terms. The analogue 

of this equation for a Coulomb background has recently been 

used to discuss the classical Coulomb problem with RR [24]. 

As a final comment we note that the dependence on proper time 

τ is recovered by integrating (35) which gives 

 

Hence, in proper time τ, RR leads to a phase shift compared to 

the Lorentz solution [23] as τ is no longer proportional to the 

invariant phase, φ. 

An analytic example 

With the analytic solution (38) of the LL equation at hand we 

can readily analyse an example. The only remaining technical 

difficulty is the evaluation of the pulse shape integrals (31), (39) 

and (40). It turns out that they may be performed analytically 

for the pulse shape function 

 

originally suggested in [25] (see also [26]).  The pulse (43) has 

a duration of φ0 = 2πN (hence contains N cycles) and vanishes 

identically outside this interval. Thus, unlike a sine modulated 

Gaussian [23], it has compact support (see Fig. 1).   

 

Fig. 1: Laser pulse (43) for N = 10 as a function of invariant 

phase, φ. 

 

We are only interested in the behaviour of the symmetry 

breaking parameter (35). For this we need the integral I2, which 

is  



 

The term δI2 in (44) denotes a series of small amplitude sine 

functions which we do not display. All we need to know is that 

they vanish at the ‘end’ of the pulse, δI2(φ0) = 0. Hence, inside 

the pulse Ω/Ω0 = 1 – RI2 drops linearly with small oscillations 

superimposed until it reaches a final plateau. For parameter 

values γ0 = 100, a0= 150, ν = 10-6 (implying R = 0.022) and N = 

10 the resulting behaviour is shown in Fig. 2. 

 

Fig. 2: Laser frequency Ω/Ω0 = 1 – RI2 as ‘seen’ by the electron 

during the passing of an N =10 pulse as a function of invariant 

phase, φ. Black line: Constant result (14) without RR. Red line: 

RR Solution (35). 

 

From (44) the final plateau value, once the pulse has passed, is 

given by the simple expression  

 

For the parameter values of Fig. 2 the plateau value is 0.81. In 

general, assuming a head-on collision with γ0 >> 1 one has Ω0 ≈ 

2γ0, Ωf ≈ 2γf  and the total relative energy loss becomes 

 

Apart from the numerical coefficient this is precisely our 

prediction (18) based on Larmor's formula. 

Conclusions 

We have re-analysed the problem of radiation reaction by 

solving the Landau-Lifshitz equation analytically for an 

electron in an intense plane wave laser field. Such a field 

depends solely on the invariant phase, φ = k · x or, with the laser 

wave vector k pointing in z direction, on the light-front 

coordinate x– = ct – z. A particularly useful signature for 

radiation reaction is the laser frequency as ‘seen’ by the 

electron, Ω = k · u. This ceases to be conserved when radiation 

reaction is present, thus signalling symmetry breaking: 

Translational invariance in the light-front coordinate x+ = ct + z 

is violated. For a pulsed plane wave of finite duration in x– the 

total change in Ω (hence in longitudinal momentum, p–) 

obtained from the Landau-Lifshitz equation is well described by 

Larmor's formula for the radiated power. 

We end our discussion with a caveat. While the discussion 

above is consistent one expects, in view of the small length and 

time scales and the huge field gradients involved, that all 

classical effects will be accompanied (if not overwhelmed) by 

quantum ones. Whether these can be disentangled, say by 

looking at special observables or kinematics, remains to be 

seen. A thorough analysis of this question will have to be given 

elsewhere. 
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Introduction 
Over the last ten years, substantial experimental effort has been 
devoted to the study of atomic and molecular processes on 
ultra-short timescales. At the heart of these developments lies 
harmonic generation, since ultra-short pulses are created 
through the superposition of several harmonics created by the 
same pulse [1]. Harmonic generation can also be used as a 
measurement tool, for example, to study molecular changes on 
the sub-femtosecond timescale [2], and to obtain information 
about molecular structure [3]. Harmonic generation has been 
used to explore the importance of ultra-fast multi-electron 
dynamics in molecules [4] and in atomic systems [5]. 

The most widely used approximation in theoretical work 
devoted to atoms in strong fields is the single-active-electron 
approximation. Within this approximation, only a single 
electron can respond to the laser field. This approximation is 
clearly invalid if we aim to investigate the influence of electron 
correlation on the dynamics. However, it can be shown that 
even sophisticated two-electron approaches are insufficient to 
describe the full influence of electron-electron interactions on 
multi-electron dynamics. It is therefore important to develop 
approaches, which can describe these interactions and their 
effects on multi-electron dynamics in full detail. Over the last 
five years, we have developed such an approach: the time-
dependent R-matrix (TDRM) approach. 

Time-dependent R-matrix theory 
The TDRM approach solves the time-dependent Schrödinger 
equation by partitioning the configuration space into an inner 
and outer region with a shared boundary at r = a0 [6,7]. Within 
the inner region, exchange and correlation effects are included 
for all of the electrons in the system under investigation. Within 
the outer region, the ejected electron is well separated from the 
residual ion. Thus the outer electron interacts with the 
remaining ion only through long-range direct interactions. 

Within the inner region, the wavefunction is expressed through 
an R-Matrix basis expansion [8]. The wavefunction is 
propagated using a Crank-Nicolson scheme, which requires the 
solution of a system of linear equations at each time step. 
Solving this system of equations at time t = tq, we calculate the 
R-matrix R and a T-Vector T on the boundary r = a0 [6]. Both 
the R-matrix and the T-vector represent wavefunction flow 
through the boundary: the T-vector represents flow for the 
known wavefunction at time tq, and the R-matrix flow for the 
(yet unknown) wavefunction at time tq+1. 

In the outer region a0 ≤ r ≤ ap, we solve a set of coupled 
differential equations describing the motion of the ejected 
electron in the presence of the light field by subdividing into p 
equally sized sub regions. Following solution of this set of 
equations, we propagate the R-matrix and T-vector across the 
boundaries of each sub region. Using R and T, along with the 
boundary condition stating that the wave function is zero at r = 
ap, we propagate the wave function at t = tq+1 inwards across all 

of the sub regions. We then use this wave function as the start 
for the next iteration. 

Electron dynamics in C+ 
The TDRM method has been applied successfully to describe 
correlated electron dynamics in a C+ ion with magnetic 
quantum number M=0 [9,10]. A pump-probe scheme was 
employed to observe the ultrafast dynamics of a 2s2p2 
wavepacket both in the ionization probability [9] and in 
momentum distributions coupled to the residual 3Po target state 
of the C2+ ion [10]. As the dynamics is primarily confined to the 
2s2p2 configuration, it is predominantly driven by repulsion 
between the two electrons.  
While the restriction of the total magnetic quantum number to 
M=0 is appropriate for targets with filled valence shells, such as 
noble gas atoms, general targets with open valence shells, such 
as C+, can be in an initial state with a non-zero value for M. As 
a consequence, multi-electron dynamics for systems with M≠0 
has so far not been investigated thoroughly, even though there 
may be fundamental changes to the dynamics. 
We have therefore extended time-dependent R-matrix theory to 
the case that M≠0 [11]. This requires some modifications to the 
codes since ΔL=0 transitions are allowed for non-zero M, 
whereas they are not allowed for M=0. We demonstrate this 
code by extending our earlier work in the description of 2s2p2 
dynamics in C+ to the case that M=1. This changes the 2s2p2 
dynamics fundamentally: from spatial dynamics for M=0 to 
spin dynamics for M=1. The pump-probe scheme is the same as 
in our previous study for M=0, with a pump laser photon energy 
of 10.9 eV and a probe laser photon energy of 16.3 eV. Both 
pump and probe laser pulse have a six-cycle sin2 profile. 
Results 

Figure 1. Ionization probability of C+ in a 10.9-16.3 eV 
pump-probe scheme as a function of time delay between the 
two six-cycle pulses.   
For the pump-probe scheme described above, figure 1 shows 
the obtained ionization probabilities over a range of time delays 
between the laser pulses. At the photon energies used, we 
observe an ultrafast oscillation with a period of approximately 
0.3fs, along with a weak longer period behaviour with a period 
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of approximately 0.9 fs. The oscillation with a period of 0.3 fs 
is due to interference between ionization through absorption of 
one pump-pulse photon and one probe-pulse photon and 
ionization through absorption of two probe-pulse photons. The 
oscillation with a period of 0.9 fs is due to dynamics within the 
2s2p2 configuration.  
To analyse the dynamics within the 2s2p2 configuration, it is 
easiest to transform from the LS-coupled basis to the uncoupled 
basis in which the wavefunction is expressed as a product of 
one-electron functions. The basis functions in the uncoupled 
basis can be written as |2s0

+2p1
+2p0

-, |2s0
+2p1

-2p0
+, and 

|2s0
-2p1

+2p0
+, where the subscript indicates magnetic quantum 

number m and the superscript ms=±½. The population in the 
basis state |2s0

-2p1
+2p0

+ remains constant in time, but the 
population in the other two states oscillates with a period of 0.9 
fs. The minimum in the peak ionization yields corresponds 
closely to a maximum in the population in the uncoupled basis 
state |2s0

+2p1
+2p0

-. The main reason for this is that excitation to 
the 2s2p(1Po)3s state is not allowed for this state. This 
autoionizing state plays a key role in the ionization process, so 
that ionization is reduced when excitation of this state from the 
2s2p2 configuration is reduced. 
Harmonic generation in TDRM 
As mentioned earlier, one of the fundamental processes arising 
from light-matter interaction is harmonic generation. The 
theoretical description of harmonic generation in real atoms 
poses a serious challenge to current theory, since it becomes 
increasingly difficult for complex atoms to describe multi-
electron effects adequately. The TDRM approach is, however, 
uniquely suited to provide an accurate description of multi-
electron dynamics. We have therefore developed an extension 
to the TDRM code to obtain the harmonic response of a system. 

Harmonic generation arises from the oscillating dipole moment 
induced during laser-atom interactions. The harmonic spectrum 
is thus obtained from the Fourier transform of the time-
dependent expectation value of the electric dipole operator, d(t) 
= -eΨ(t)|R|Ψ(t), where R is the total position operator. We 
note that the expectation value of the dipole acceleration 
operator is more commonly used to obtain the harmonic 
spectrum, but we find that this operator is less suitable for 
multi-electron systems. 

 
Figure 2. The harmonic spectrum produced by Ar 
irradiated by a 25 cycle, 2×1013 Wcm-2 laser pulse of 
frequency 5.17eV. The labelled features include (a) the first 
harmonic peak, (b) the 3s23p5nℓ Rydberg series, (c) the 
third harmonic peak, (d) a peak arising from the 3s23p54p 
state after absorption of a photon, and (e) the fifth harmonic 
peak. 

 

 
Results 

In order to investigate the suitability of the TDRM approach for 
the determination of harmonic generation, we investigate the 
harmonic spectrum obtained after an Ar atom interacts with 
2×1013 Wcm−2 laser light with a photon energy around 5.17 eV. 
The basis used for the description of Ar is given in [12]. 

Figure 2 shows the harmonic spectrum obtained at an incident 
laser pulse with a photon energy of 5.17 eV. The lowest three 
odd-harmonic peaks can be identified easily. However, the 
spectrum shows several additional features which are due to the 
atomic structure of Ar. In the photon energy region between 12 
and 15 eV, the 3s23p5nℓ Rydberg series influences the harmonic 
spectrum. With a pulse length of 25 cycles, we can separate out 
3d/4s, and 4d/5s from higher-lying states, but we cannot 
separate the contributions from 3d and 4s.  The peak at 18.8 eV 
can not be associated directly with any state of Ar directly, but 
it corresponds to the energy obtained after absorption of a single 
photon from 3s23p54p. The fifth harmonic lies close to the 
3s3p6nℓ Rydberg series and we find that it is strongly 
influenced by this Rydberg series. In particular, by varying the 
frequency of the incident laser pulse we can investigate how 
this series affects the fifth harmonic [13]. 

Conclusions 
Time-dependent R-matrix theory is a promising approach for 
the study of multi-electron dynamics on ultra-short timescales. 
In this report, we have shown how it can be used to explore 
whether spin dynamics involving three electrons can be 
observed in ultra-fast excitation of the 2s2p2 configuration, and 
how the approach can be exploited to investigate harmonic 
generation in multi-electron atoms 
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Introduction

Viscosity is a fundamental characteristic property of all liquids. 
Recently, it was shown by the present authors that the viscosity 
of non-ideal plasmas - which have liquidlike properties -  could 
in  principle  be  measured  in  x-ray  scattering  experiments  on 
laser produced plasmas [1].  With this in mind, it is desirable to 
have theoretical estimates of the viscosity of non-ideal plasmas. 
In  this  contribution,  we  will  describe  two  methods  for 
computing the viscosity and present numerical results.  

Both of the methods we describe - the “Green-Kubo method” 
and the “Hydrodynamic method” - rely on large scale, accurate 
Molecular dynamics (MD) simulations.  In the present instance, 
these simulations have been performed for the Yukawa system, 
which  is  a  fluid  of  particles,  mass m ,  with  interaction 
potential v (r)=(Ze)2 exp(−r /λ s)/4 πϵ0 r .   The particles  in 
this system represent interacting ions of charge Ze ; the bare 
Coulomb  interactions  between  the  ions  are  screened  by  the 
electrons.   The  electronic  screening  length λ s reduces  to 
either the Debye length or  the Thomas-Fermi distance in the 
limiting  cases  of  classical  and  degenerate  electron  fluid 
respectively [2].   This  system, often  called the Yukawa one-
component plasma (YOCP), is known to be fully characterised 
by two dimensionless parameters only [3]: the coupling strength

Γ=
(Ze)2

(4π ϵ0 kb T )
,

where T is the temperature, and the screening parameter

α=
a
λ s

,

where a=4 n/3−1/3 with n the  density.  For Γ≥1 , 
the system represents a 'non-ideal' or 'strongly coupled' plasma; 
at  these  coupling  parameters  the  standard  results  of  high 
temperature  plasma  physics  are  no  longer  applicable.   The 
YOCP represents a highly simplified description of such a non-
ideal plasma consisting of ions and electrons.  Nevertheless, it is 
certainly a useful model with which to investigate the properties 
of these states of matter.

As will be elucidated in the following sections, the viscosity of 
the  YOCP  can  be  calculated  by  computing  its  equilibrium 
dynamics.   In  order  to  compute these dynamics we use MD 
simulations  [4].   First,  we choose  values  for Γ and α . 
For  the  calculations  presented  in  this  contribution,  we  have 
chosen a fixed value of α=2 - which is often a reasonable 
estimate of the screening parameter for a typical non-ideal laser 
produced plasma - and performed simulations for  a range of

Γ values (1, 5, 10, 50, 120 and 175) in order to compute the 
viscosity  for  a  range  of  thermodynamic  conditions.  In  our 
simulations,  we  perform  a  long  equilibration  of  duration

1000ωp
−1

,  where ωp=√n(Ze)2 /ϵ0 m is  the  plasma 

frequency  of  the  system  (our  timestep  is δ t=0.01ωp
−1

). 
After this equilibration,  we record the positions and velocities 
of  the  N=5000 particles  for  a  further  time  of

30×819.1ωp
−1

.  From the particle positions and velocities 
we  can  calculate  the  time-dependent  correlation  functions 

introduced in the following sections  (we split  the  simulation 
into 30 parts, compute correlation functions for each part, and 
average  in  order  to  improve  statistics).   Each  of  the  two 
methods  for  computing  the  viscosity,  as  outlined  in  the 
following sections,  involves  computation  of  a  different  time-
dependent correlation function.

Green-Kubo method

A standard way to compute the viscosity of a fluid is to use the 
following “Green-Kubo relation” in which the shear viscosity 

η is  expressed in  terms of  the time integral  of  the shear 
stress autocorrelation function η(t ) [5],

η=∫
0

∞

η(t)dt=
1

kB T V
∫

0

∞

<σzx(0)σzx(t )>dt . (1)

In Eq. (1), V is the volume of the system (in our case the 
volume of the simulation box).  The brackets <...> denote 
the  usual  statistical  (thermal)  average.   The  shear  stress 
autocorrelation function is given in terms of the zx component 
of the microscopic stress tensor, 

σ
zx
(t)=∑

i=1

N

[mv i , z(t )v i , x(t)−
1
2 ∑

j=1≠i

N

(zij xij / rij)v

(rij)]  (2)

where v i , z (t) is  the z component  of  velocity  of  particle
i at  time t ,  and xij=∣x i(t)−x j( t )∣ .   Eq.  (1)  is  a 

particular  example  of  a  “Green-Kubo relation”  in  which    a 
transport coefficient of a fluid is expressed in terms of a time 
integral of a microscopic correlation function.  

We compute σ
zx at  each  timestep  using  the  positions  and 

velocities  from our  MD simulations.   We can  then  compute
<σ

zx
(0)σzx

( t )> by  replacing  the  statistical  average  by  a 
time average [4], i.e. 

<σ
zx
(0)σzx

( t)>=lim
T→∞

1
T∫0

T

σ
zx
(τ)σ

zx
( t+τ)d τ . (3)

In this  way the  shear  stress  autocorrelation  function η(t )
appearing in  Eq.  (1) can be computed.   The time integral of

η(t ) then gives the shear viscosity η (see Eq. (1)).  

In Fig. 1, we show typical MD results for the normalised shear 
stress  autocorrelation  function  and  the  normalised  shear 
viscosity, which are both dimensionless and defined by

η̂(t )=η(t )/nma2
ωp

2 and η̂=η/nma2
ωp respectively.

As shown in Fig.  1,  because of  noise  in the computed shear 
stress autocorrelation function, the upper limit in the integral in 
Eq. (1) must be replaced by some cutoff time tcutoff , which is 
less than the total  simulation time of 819.1ωp

−1
.   We find 

that this cutoff time must be chosen differently for each Γ ; 
the  arbitrary  choice  of tcutoff is  a  somewhat  undesirable 
necessity of the Green-Kubo method.  Despite this, we find that 
our  simulations  are  long  enough that  the  final  result  for  the 
viscosity is not particularly sensitive to the choice of tcutoff , 
providing tcutoff is selected to be close to the time at which 
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the MD result shear stress autocorrelation function appears to 
decay to zero (see Fig. 1) .

Hydrodynamic method

The “hydrodynamic method” for computing the shear viscosity, 
as we shall refer to it here, is based on the transverse part of the  
linearized Navier-Stokes equation.  This can be written in terms 
of  the  wavevector  and  time  dependent  transverse  current 
correlation function, C t(k ,t ) [6], 

∂

∂ t
C t(k ,t)=−

η

nm
k2 C t(k , t)

(4)

where the transverse current correlation function is defined as 
[7]

C t(k ,t )=
1
N

<∑
i=1

N

∑
j=1

N

v i , x(t )v j , x(0)e
ik (zi (t)−z j (0))> . (5)

From  Eq.  (4),  one  obtains  an  exponential  decay  for  the 
transverse current correlation function,

C t(k , t)

C t(k , 0)
=e

−
η

nm
k

2
t

. (6)

The hydrodynamic method consists  of  computing C t(k ,t )
with MD and then using Eq. (6) to estimate the shear viscosity.  
To achieve this, as in the case of the Green-Kubo method (cf 
Eq.  (3)),  the statistical  average in Eq.  (5)  is  taken as a time 
average.  Then, since the only unknown parameter in Eq. (6) is 
the shear viscosity η , the MD result for C t(k ,t ) can be 
fitted to an exponential decay to yield our best estimate of the 
shear viscosity.  

In Fig. 2, we show typical MD results for the transverse current 
correlation function along with the exponential fit that allows 
the shear viscosity  to be estimated.   As shown in Fig.  2, we 
apply  the  exponential  fit  to  only  a  particular  time  interval, 

denoted by t fit .   The upper limit of  this region,  which we 
have  chosen  as 200ω p

−1
,  is  required  because  of  the 

deteriorating quality of the MD data: as time increases in Fig. 2, 
fewer averages contribute to the transverse current correlation 
function, and therefore the MD data becomes more noisy.  The 
reason  that  a  lower  limit  on  the  time  interval  is  required  is 
instead a physical one.  Since the hydrodynamic description, on 
which  Eqs.  (4)  and  (6)  are  based,  is  only  applicable  for 
dynamics  occurring  on  long  time  and  length  scales,  only  at 
sufficiently long times should C t(k ,t ) be expected to decay 
exponentially as in the hydrodynamic description.  Indeed, we 
find that  the short  time behaviour  of C t(k ,t ) as computed 
from  our  MD  simulations  can  be  seen  to  be  Gaussian  (as 
expected) rather than exponential.   Our chosen lower limit of

50ωp
−1

ensures  that  this  non-hydrodynamic  behaviour  of
C t(k ,t ) at  short  times  does  not  influence  our  fit  for  the 

shear viscosity.  As for long length scales, this implies that the 
wavevector k is small.  In a previous work [1], the present 
authors quantified exactly how small the wavevector k must 
be for the hydrodynamic description to apply for the Yukawa 
system: the maximum wavevector kmax at which the Navier-
Stokes equation is valid was found to be given approximately 
by kmax λs≈0.43 .   For  α=2 ,  this  criterion  gives

kmax a≈0.86 .   For  our  viscosity  calculations,  we  have 
computed C t(k ,t ) at ka=0.23 .  Thus we are computing 
the transverse current correlation function at wavevectors much 
smaller  than kmax ,  and  we  expect  the  hydrodynamic 
description to be very accurate.  This expectation is confirmed 
by our MD data – as shown in Fig. 2, the exponential  decay 
given by Eq. (6) fits the MD data very well.

Comparison between methods

As  shown  in  Fig.  3,  for α=2 both  the  “Green-Kubo 
method” and the “hydrodynamic method” give similar results 
for the shear viscosity.  We see no reason that this should not be 
the case for all  values of α ; we are currently undertaking 
further simulations at other α values to confirm this. 

Figure  2:  Normalised  transverse  current  correlation 
function (solid line) for Γ=5,α=2 and ka=0.23 along 
with the exponential  fit (dotted line).   The fitted region is  
shaded.  

Figure  1:  Illustration  of  the  Green-Kubo  method  for 
determining the viscosity for Γ=5,α=2 .  The top panel 
shows the decay of the shear stress autocorrelation function, 
and the time after which it is effectively set to zero for the 
purpose  of  computing  the  viscosity  (vertical  line).   The 
bottom panel shows the cumulative integral of this quantity, 
which  gives  a  value  for  the  viscosity  as  indicated  by  the 
dashed horizontal line.



Concluding Remarks

In this contribution we investigated two methods for computing 
the viscosity of non-ideal plasmas using Molecular Dynamics 
simulations.  As our model of a non-ideal plasma we took the 
Yukawa one-component plasma.  Our work demonstrated that 
the  hydrodynamic  method  for  computing  the  viscosity  is 
feasible  and  therefore  complements  the  more  widely  used 
method based on the Green-Kubo relation.  That is to say, this 
alternative method provides a way to validate the Green-Kubo 
result.  Furthermore, we expect that in the future our viscosity 
calculations will be used to assist  with the interpretation and 
analysis  of  x-ray  scattering  experiments,  which  could  in 
principle measure this fundamental physical quantity.
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Introduction 

With the development of ultrahigh intensity laser facilities, such 

as the Extreme Light Infrastructure (ELI), it is increasingly 

important to understand how charged particles behave in strong 

electric and magnetic fields.  While it is well known that such 

fields cause charges to accelerate, and hence to radiate energy 

and momentum, consistently accounting for accelerations 

caused by both the applied fields and the radiation field has 

troubled physicists for more than a century. 

The Abraham-Lorentz-Dirac (ALD) equation, derived to 

describe the motion of a radiating point charge, is beset with 

difficulties.  The worst of these is the existence of solutions 

which describe exponentially increasing proper acceleration − 

so-called runaway solutions − something at odds with both 

intuition and observation. 

Because of these problems, many alternative descriptions of 

radiation reaction have been proposed.  However, the many 

independent derivations of the ALD equation suggest it should 

remain the starting point of any serious study of radiation 

reaction. 

Any realistic prospect of studying the effects of radiation 

reaction experimentally come from observing not individual 

particles, but rather electron bunches containing on the order of 

    particles or more.  It follows that an appropriate description 

of radiation reaction is not the single particle ALD equation, but 

a kinetic theory based on it.  We have recently presented such a 

theory, and, after a brief overview of the single-particle theory, 

summarize it here. 

 

Single particle theory 

The ALD equation for a particle of charge   and mass   in an 

external electromagnetic field     
  is 

     
 

 
    

          
      

where          is the characteristic time of the particle, 

    
     

       is the projection orthogonal to the 4-velocity 

   , and an overdot denotes differentiation with respect to 

proper time  . 

The difficulties in using this equation stem from the fact it 

involves the derivative of the particle's acceleration, so 

specifying initial position and velocity does not uniquely fix the 

solution.  On the other hand, a generic specification of the 

initial acceleration leads to pathological behaviour, with the 

proper-acceleration growing exponentially,       
      . 

To avoid these problems, Landau and Lifshitz have proposed an 

alternative equation of radiation reaction, obtained by 

expanding the ALD equation about the Lorentz force: 

     
 

 
    

     
 

 
        

    
 

 
    

      
     

      

This equation has the advantage that when the applied force 

vanishes, so too does the acceleration, so runaway solutions are 

absent.  However, while it may be a good approximation for a 

single radiating particle, it is far from clear how the errors scale 

with the number of particles, so it is not a suitable starting point 

for a kinetic theory. 

 

Kinetic theory 

For a sufficiently large collection of particles, we can use a 

particle distribution function to analyze the average properties, 

if we are not concerned with tracking the detailed motion of 

each particle. 

The Maxwell-Vlasov theory is a self-consistent kinetic theory 

of charged particles, which conserves energy and momentum 

and so includes some of the bulk features of radiation reaction.  

However, it treats the charge as a continuum whose elements 

have infinitesimal charge and mass, and so must be altered to 

describe particles whose trajectories satisfy the ALD equation. 

Since the ALD equation is 3rd order, the appropriate phase 

space must have acceleration variables as well as spacetime and 

velocity variables.  Hence the Liouville vector governing the 

dynamics of the system is 

  
 

  
   

 

      
 

       
 

     

where    is the 4-acceleration, and     is given from the ALD 

equation as 

       
    

 

 
    

 

 
    

      

Since particles with the same initial conditions evolve together, 

the number of particles in a region of phase space remains 

constant.  It follows that the generalized Vlasov equation takes 

the form 

   
 

 
     

where the second term follows from the expansion of the phase 

space volume element under the flow of  . 

This equation governs the motion of the particles.  To close the 

system, we must couple it to Maxwell's equations, using the 

current 

        
       

     
  

 

Fluid model 

The generalized Vlasov equation does not in general reduce to 

the usual Vlasov equation in the limit    .  This is because 

any regular solution contains runaway trajectories as well as 

physical ones.  Hence physical solutions must be singular, with 

support only on a submanifold of phase space. 

Rather than work with singular quantities, we can take moments 

of the generalized Vlasov equation, yielding a fluid theory on 

spacetime.  Because this procedure involves integrating out the 

velocity and acceleration dependence, the moments themselves 

are regular, unlike the distribution function. 

Define the      -moments of the distribution, 
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where                 is the invariant measure.  Then 

integrating the generalized Vlasov equation yields 

   
                                                                          

                

 
 

  
             

 
 

 
                    

   
   

where parentheses about indices denote symmetrization. 

The first few equations read explicitly 

   
       

   
           

   
            

    
 

 
      

 

 
         

    

where the index   denotes the absence of velocity and/or 

acceleration terms in the given moments.  

It is convenient, and helps to illustrate the relation between the 

field system and the original ALD equation, to rewrite the 

moment equations in terms of the average velocity and 

acceleration, 

   
    

  
             

    

  
  

and the centred moments 

                                    

where           and          .  Then the above 

become 

     
        

   

     
      

 

  
   

      

     
     

    
 

 
    

 

 
    

    

 
 

  
        

          
            

         
      

If the centred moments all vanish, these represent the ALD 

equation as a field system, with proper time derivatives replaced 

by     .  In general, the centred moments represent collective 

effects which drive the average motion away from the motion of 

an individual particle. 

As with the single particle ALD equation, this field system 

contains both physical and unphysical solutions, with the latter 

manifesting as instabilities.  By analogy with the Landau-

Lifshitz approximation, we can eliminate the unphysical 

solutions by expanding the equations about    .  Because of 

the acceleration moments, this will not in general lead to the 

same fluid system as we would get from a kinetic theory based 

on the Landau-Lifshitz equation. 

Reducing a kinetic theory to a fluid system based on a finite 

number of modes introduces a loss of information, which 

manifests itself in the failure of the moment equations to form a 

closed system.  It is therefore necessary to introduce equations 

of state to supplement the system.  Because of the greater 

variety of moments available, the appropriate choice of 

equation of state is more subtle than for the fluid system based 

on the usual Vlasov theory, and further exploration of this issue 

is required.  One convenient and physically relevant choice 

corresponds to a cold fluid model, and involves setting all 

centred moments to zero.  

 

 

Langmuir waves 

One of the most fundamental phenomena in the physics of 

plasmas is the existence of Langmuir waves, and these provide 

an important testing ground for any theory.  Although the 

effects of radiative damping on such waves will be extremely 

small, it provides a useful demonstration of how the theory can 

be applied.  For simplicity, we consider only the case of a cold 

plasma. 

The equilibrium state for a cold quiescent plasma is 

           
    

                     

with external current due to the ions,     
        

 . 

Linearizing the field system and Maxwell's equations about this 

equilibrium, and seeking harmonic longitudinal solutions of 

frequency   leads to the dispersion relation 

            
   

where            is the plasma frequency.  This has three 

roots: two (physically equivalent) physical solutions, 

        
 

 
     

 
  

 

 
  

    

and the unphysical solution, 

  
 

 
  

 

The physical roots behave as one would expect: oscillations 

close to the plasma frequency, with a small radiative damping 

term.  The third root describes an extremely rapid growth 

without oscillation.  Its origin in the runaway solutions of the 

ALD equation is seen in the impossibility of taking the limit 

   , so it must be rejected as unphysical. 

 

Conclusions 

We have discussed a kinetic theory suitable for describing large 

numbers of radiating electrons, based on the exact Abraham-

Lorentz-Dirac equation.  Like the ALD equation, it admits both 

physical solutions and unphysical ones for which the limit 

    does not exist. 

While the presence of the nonphysical solutions prevents the 

kinetic theory from reducing to the usual Maxwell-Vlasov 

description in the appropriate limit, a fluid model can be 

derived from the moments of the particle distribution function 

which does have the correct correspondence limit. 

As a simple demonstration of the theory, we have applied it to 

the radiative damping of Langmuir waves, and found that, as 

expected, it exhibits both physically reasonable behaviour and 

unphysical solutions which must be rejected. 
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Introduction 

With the next generation of high intensity lasers it will be 
possible to access the regime in which Quantum 
Electrodynamics (QED) plays an important role.  Specifically, 
the laser-fields may be sufficiently strong to generate electron-
positron pairs [1,2].  In order to correctly simulate laser-plasma 
interactions with 10PW lasers one must include pair production 
in the modeling tools, first and foremost in Particle-in-Cell 
(PIC) codes.  Here we will discuss the model required to do this 
efficiently. 

At laser intensities between 1023Wcm-2 and 1024Wcm-2 two 
effects become increasingly important.  Firstly the acceleration 
of the electrons in the laser fields is sufficiently violent that they 
may generate high-energy gamma-ray photons, the generation 
of which causes the electron to recoil significantly.  This 
radiation drag is important in determining the motion of the 
electrons.  The high energy photons may then go on to generate 
pairs in the fields of the laser, a process known as the 
(multiphoton) Breit-Wheeler process.  Alternatively the 
electrons may generate pairs directly in the laser-fields, via a 
virtual photon.  This is known as the Trident process.  Of 
particular interest is the fact that the two-step Breit-Wheeler 
process can lead to all of the laser energy being converted to 
pairs, and so very efficient antimatter production [1,3].  At 
10PW laser intensities the emission of gamma rays by the 
electrons is discontinuous, i.e. few high-energy photons are 
emitted instead of continuous radiation.  This enhances the rate 
of pair production as the electron can reach high energy 
between emission events and so emit a high energy photon 
which is in turn more likely to create a pair, this process is 
known as straggling [4]. 

 

The theoretical model 

A semi-classical model describing the QED effects described 
above was developed by Bell, Kirk, Arka & Duclous [1,2,4], a 
summary of this model is presented here.   

The controlling parameter determining the rate of emission of 
photons by electrons accelerated in the laser fields is  

 

η = γ E⊥

Es

+ v ×
B
Bs

        (1) 

Here E⊥ is the electric field perpendicular to the direction of 
motion of the electron Es  (= cBs =1.3x1018Vm-1) is the 
Schwinger field (the field at which the vacuum breaks down 
into a cascade of pairs).  Pair production becomes important 
when η becomes of the order of 0.1 [1].  For an intensity of 
1023Wcm-2 the electric field of the laser is of the order of 
1015Vm-1.  From  equation (1) one can see that when the 

Lorentz factor of the electrons (γ)  is of the order of 100 then 
pairs should be produced in significant quantities.  Electrons are 
accelerated to this energy by a 10PW laser. 

The second controlling parameter is 

 

χ =
hν

2mec
2

E⊥

Es

+
k
k

×
B
Bs

        (2) 

 

Here hν is the relevant photon energy and k is its wavevector.  

The rate of generation of gamma-ray photons by an electron and 
their energy are controlled by these parameters.  The rate of 
generation of photons of all energies by a single electron of 
Lorentz factor γ is 

 

dNγ

dt
= 3

mec
2α f

h
η
γ

F(η,χ)
χ0

η / 2

∫ dχ         (3) 

Where η and γ are those for the emitting electron. F(η,χ) is the 
(quantum-corrected) synchrotron function [2].  As the energy of 
the electron increases, the energy spectrum (i.e. the synchrotron 
function) shifts to higher energies, and so higher energy photons 
are emitted; these are much more likely to generate pairs. 

The rate of pair production from photons with energy hν and 
controlling parameter χ by the Breit-Wheeler process is given 
by 

 

dN±

dt
=

α f mec
2

h
mec

2

hν
χT(χ)        (4) 

The corresponding rate of pair production directly by an 
electron (the Trident process) with Lorentz factor γ and 
controlling parameter η is  

 

dN±

dt
= 0.64

α f
2mec

2

h
η
γ

Ω(η)        (5) 

Ω(η) and T(χ) are well known functions [2,5]. 

 

The inclusion of pair production in PIC codes 

The emission of gamma-ray photons and pairs described above 
is a statistical process.  A quantum particle may or may not emit 
in a given time interval subject to emission probabilities.  This 
statistical nature of the emission process gives rise to the 
straggling effect already mentioned [4].  In order to capture this 
effect a Monte-Carlo approach is taken when including pair-
production in a PIC code [4].  If a beam of particles of initial 
intensity I0 travels through a medium of optical depth τ then the 
emerging intensity is  
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I = I0e
−τ ⇒ P = (1− e−τ )        (6) 

P is probability of a given beam particle emitting.  From 
equation (6)  we see that most particles penetrate to some small 
optical depth, with relatively fewer getting further.  Such a 
description of the emission process is naturally suited to 
inclusion in a PIC code.  Each particle is assigned with a P-
value at random, this is used to compute the optical depth it 
reaches before emission.  As the particle moves along its 
worldline by distance ∆s, ∆τ  is added to its optical depth until it 
reaches its optical depth for emission, at which point it emits a 
particle.  The increments to the optical depth are 

 

∆τ = ∆t
dN
dt

        (7) 

dN/dt is the relevant rate of particle production, for the 
generation of photons by an electron or positron this is given by 
equation (3) and for the generation of a pair from a photon by 
equation (4).  Note that it has been shown that the generation of 
pairs by the Trident process is not important for high intensity 
(>3x1023Wcm-2) interactions and it will no longer be considered 
[4]. 

We will now consider each step in the two-step Breit-Wheeler 
process.  Firstly a photon is generated.  This occurs when the 
optical depth of an electron or positron equals that for emission 
as calculated using the Monte-Carlo approach described above.  
The photon is emitted moving in the same direction as the 
electron or positron, its energy is determined by a quantum, and 
therefore, Monte-Carlo process.  The probability that the 
emitted photon has a given energy is set by the synchrotron 
function.  The energy of the photon is related to the χ-value 
with which it is emitted.  The probability of the photon having a 
χ-value between 0 and χf is 

 

P =

d2Nγ

dχdt
dχ

0

χ f

∫
d2Nγ

dχdt
dχ

0

η / 2

∫
=

F(η,χ)
χ

dχ
0

χ f

∫
F(η,χ)

χ
dχ

0

η / 2

∫
        (8) 

Once again P is chosen at random and by inverting equation (8) 
χf is found.  This then gives the energy of the emitted photon 

 

hν =
2mec

2χ f γ
η

        (9) 

η and γ are those for the emitting particle.   

The electron (or positron) recoils, resulting in its momentum 
changing from pf to pi 

 

p f = pi −
h

2π
k         (10) 

k is the wavevector of the emitted photon.  This formulation 
does not conserve energy but the error has been shown to be of 
the order of 1/γiγf (the subscripts i and f  denote the initial and 
final states of the electron respectively) [4].  The error is small 
as the electron is ultra-relativistic in 10PW laser-plasma 
interactions. 

The photon generated is then assigned an optical depth for 
emission and propagates until this is reached, at which point it 
emits a pair and is annihilated.  The electron and positron are 
emitted moving in the same direction as the photon.  The 
electron is assigned a fraction of the photon’s energy f.  The 
probability of the electron gaining this fraction is given by 

 

 

 

P =

dR( f ,χ)
df

df
0

f

∫
dR( f ,χ)

df
df

0

1

∫
        (11) 

dR(f,χ)/df  is given by [6] 

 

dR( f ,χ)
df

∝
2 + f (1− f )

f (1− f )
K2 / 3

1
3χf (1− f )

 

 
 

 

 
         (12) 

Where χ is that for the emitting photon and K2/3 is a Bessel 
function of the second kind.  The constant in equation (12) is 
not required as P is expressed as a ratio.  

The electron is assigned a P-value at random and equation (11) 
is inverted to determine f.  It should be noted that the value of f  
is relatively unimportant as the energy the electron and positron 
in the pair gain by acceleration in the laser field is typically 
much greater than that they start with. 

 

Conclusions 

A relatively straightforward prescription for including radiation 
and pair-production in a PIC code has been developed and 
presented here in summary.  Including these QED effects is of 
crucial importance to modeling the interaction of 10PW laser-
plasma interactions, where such processes are of importance. 
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Introduction 

Fast Ignition ICF [1] is an attractive alternative to central hot-
spot ignition of inertially confined fusion fuel.   The key 
attractions are the significant reductions in implosion 
requirements and the overall reduction in laser energy that 
should be required (a few hundred kJ as opposed to > 1MJ).   

The reduction in overall laser energy will only be achieved if 
there is a sufficiently high coupling efficiency between the short 
“ignitor” laser pulse and the hot spot that is generated in the 
compressed DT fuel.  Extensive hydrodynamic studies, based 
on analytic considerations, have indicated that the minimum 
energy that must be coupled into the hot spot for ignition are in 
the range 10-20kJ (assuming  DT compressed to 350-400 gcm-

3) in 10-20ps.  Achieving a laser to fast electron conversion 
efficiency of 30%, and perhaps higher, is not unlikely.  This 
therefore leaves the question of how to ensure that a sufficiently 
large proportion of the fast electron energy is deposited in the 
hot spot.  If the fast electron population has a large divergence 
angle (PIC simulations increasingly suggest this is the case) this 
will not be possible, but if one could devise a scheme for 
effectively guiding the fast electrons then this could become 
possible. 

In this report we describe a new concept for guiding fast 
electrons using structured inserts in the cone tip.  The concept 
has been assessed using 3D numerical simulations for multi-kJ 
conditions that are relevant to full Fast Ignition.   

Magnetic Switchyard Concept 

We propose a new concept for effectively guiding the fast 
electrons in the case where the fast electrons have a high 
divergence angle.  This is termed the “Magnetic Switchyard”, 
and this is based on the idea of engineering the growth of 
resistivity gradients that the authors proposed in [2], and which 
were explored experimentally in [3,4].  The idea is to use an 
insert in cone and to focus the laser onto the rear surface of the 
insert.  The insert consists of an array of concentric quasi-
cylindrical shells embedded in a lower-Z substrate.  The shells 
are axisymmetric about the cone axis.  This arrangement is 
illustrated in figure 1 below. 

 

Figure 1 : Slice Plot of Z for a Magnetic Switchyard insert 
into a cone.  Red regions are higher Z than blue regions.  
This shows the concentric, axisymmetric shells embedded in 
the lower-Z material. 

The Magnetic Switchyard works as follows : As fast electrons 
flow through the structure, initially as a divergent spray, 
magnetic fields will grow at the interfaces between higher-Z 
and lower-Z materials.  These fields will act to push fast 
electrons into the higher-Z guiding shells.  Eventually the 
magnetic fields will have grown to such an extent that they will 
function as `rigid pipes’ for the fast electrons.  The shells will 
only accept a part of the fast electron source with a limited 
angular spread.  As the bunches move through the shell they 
will have their mean direction altered (from diverging to 
converging), but the angular spread of the bunch cannot be 
reduced.  At the far end of the switchyard we should thus emit 
electron bunches whose mean direction have all been altered so 
as to point at a distant target region.   In a fast ignition scenario 
there is now no need to introduce any guiding elements outside 
the cone, which pose problems for hydrodynamic fuel 
assembly.   In figure 2 below, we show the results of a 2D 
particle tracking simulation through a prescribed B-field 
arrangement similar to what one might obtain. This shows how 
such an arrangement might act to guide electrons. 

 

Figure 2.  Results of 2D particle tracking calculation 
through a prescribed B-field.  This illustrates how the 
Switchyad might work to guide fast electrons to a distant 
point, even when they are initially divergent. 

3D Hybrid Simulation Model  

In what follows we will now show the results of one of a 
number of numerical simulations that show that the magnetic 
switchyard concept may be highly beneficial to Fast Ignition 
ICF, even if the switchyard is not too complex. 

The numerical simulations are 3D particle-based hybrid code 
calculations, that have been performed using the ZEPHYROS 
code [3,4].  ZEPHYROS is a particle hybrid code, and a 
description of this method can be found in the work of Davies 
and co-workers [5]. The simulations were performed on a 
200x200x200 grid with a cell size of 1µm on each side.  In 
these simulations an array of carbon shells (density 2gcm-3) 
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embedded in CH2  (density of 1gcm-3) was studied.  The atomic 
Z-map and ion density are shown in figure 3 below as a slice 
through the x-y mid-plane.  The background temperature is 
initially set to 100eV.   Note that we also include compressed 
DT fuel in the simulation, however no hydrodynamics or burn 
is included in the simulation model. 

The fast electron injection models irradiation by a laser 
intensity of 4 x 1020Wcm-2 with a 50% conversion efficiency.  
The temporal profile of the beam is a top-hat function of 18ps 
duration, and the transverse injection profile that was employed 
is exp(-(r/rs)

4) with rs = 15µm .  The fast electron distribution 
was given by a single-temperature relativistic Maxwellian in 
energy, with Tf = 2.6MeV (from the ponderomotive scaling with 
a 0.351µm wavelength) and in terms of angular distribution a 
uniform distribution over a cone subtended by a half-angle of 
70o was used.  The total fast electron energy that is injected is 
23kJ.  These simulations are run up to 20ps. 

 

Figure 3 : Ion Charge (Z) in x-y midplane (left), and Ion 
Density in x-y midplane (right).  

Results  

In the simulation it was found that the Magnetic Switchyard 
structure had a strong guiding effect on the fast electrons as we 
anticipated.  In figure 4 we show the fast electron density and 
the Bz component of the magnetic flux density in the x-y 
midplane at 6ps. 

 

Figure 4 : Fast Electron Density in x-y midplane at 6ps 
(left), and Bz component of magnetic flux density in x-y 
midplane at 6ps (right). 

The fast electron density in figure 4 shows that strong guiding 
of the fast electrons has occurred, both through the switchyard 
structure and through the DT fuel.  The structure of the fast 
electron density is interesting.  There exists a distinct cone that 
suggests convergence of fast electrons, surrounded by a 
‘penumbra’ of lower fast electron density, which suggests that it 
consists of divergent fast electrons.   

The plot of Bz in figure 4 shows that collimating/confining B-
field builds up around all of the more resistive shells inside the 
Switchyard as expected, thus achieving the anticipated effect.  
In the DT fuel region we note that a strong collimating field is 
generated but only around the aforementioned ‘penumbral’ part 
of the fast electron beam.  The denser, converging part of the 
beam only seems to have much weaker magnetic field 
associated with it. 

The observations of the fast electron density pattern and 
magnetic field apply to most of the simulation time.  At the end 

of the simulation, one is clearly more interested in examining 
the coupling of the fast electron energy into the dense DT fuel. 

 

Figure 5 : Ion temperature in x-y midplane at 20ps (left), 
and Ion Internal Energy in x-y midplane at 20ps (right).  
Note that both plots only show the DT fuel region. 

In figure 5 we show plots of the ion temperature and ion 
internal energy at 20ps in the DT fuel region only (i.e. > 110 
µm).  In terms of the energetic of this simulation, it is important 
to remember that 23kJ of fast electron energy is injected.  The 
ion temperature shows that a very small spot is heated to 6keV 
(at this point the density is about 275gcm-3) and this is 
surrounded by a wider region which is heated to about 3keV.  In 
terms of the ion internal energy one can see that a roughly 
spherical hot spot has been generated with a roughly 20µm 
radius.   If one integrates the internal energy over a 
40x40x40µm cube centred on (172,100,100)µm then one finds 
that 6.22kJ has been deposited.  This means that the effective 
coupling efficiency is 27%.  The Atzeni minimum ignition 
criterion [6] for a spot of this size would be about 22kJ so this is 
insufficient to ignite the target.  Nonetheless it does show that 
the Switchyard can lead to good coupling efficiencies even 
when the electron divergence is large (70o half-angle in this 
case) under multi-kJ Fast Ignition relevant conditions. 

 

Conclusions 

In this article we have reported on the development of a new 
concept for guiding fast electrons which are initially highly 
divergent for Fast Ignition ICF.  The concept is based on 
previous work which showed that resistivity gradients can be 
used to engineer the growth of collimating magnetic field as 
required.  3D hybrid simulations suggest that even when the 
electron divergence half-angle is 70o, that the use of the 
switchyard results in 27% coupling into a 20µm radius hot-spot.  
Future work will concentrate on scaling the concept to full 
ignition conditions. 
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Introduction 

Recently there has been considerable interest in Radiation 
Pressure Acceleration (RPA) of  ions.  RPA can occur in two 
distinct modes that have been termed ‘Light Sail’ (LS) [1] and 
‘Hole-Boring’ (HB) [2] RPA respectively.  In LS RPA a slab of 
plasma will be accelerated as a whole, and it has been shown 
that numerical simulations of this are well modeled by the 
classic simple model of a planar reflecting slab being 
accelerated by pure light pressure – hence the name.  In HB 
RPA a laser pulse will drive into a thick slab of plasma pushing 
a beam of  ions ahead of the receding  plasma surface.  Studies 
suggest that it should be much easier to reach high energies (> 
100MeV per nucleon) with LS RPA than HB RPA.  

 In non-relativistic HB RPA the ion energy should be given by , 

,
cn

I

i

=ε  (1) 

and if we now assume that the minimum ion density is a0nc, 
then we can express the intensity in terms of a0 and substitute to 
obtain, 

2
0 cma e=ε  , (2) 

which is a very slow scaling compared to LS RPA.  This scaling 
is not consistent with previous numerical simulations which 
show a much better scaling [2].  In this article we will examine 
why Eq. 2 is incorrect, and thus show that HB-RPA is much 
less restricted than the a0nc ‘limit’ suggests.  This opens up the 
possibility that HB RPA will actually allow us to produce 100-
200MeV protons at not excessively high intensities. 

Theory 

The a0nc ‘limit’ on HB-RPA comes from the minimum density 
at which a plasma will be transparent to an incident laser pulse.  
Linearized relativistic fluid theory gives this as a0nc for the case 
of a circularly polarized laser pulse.  The problem with this is 
that linear theory does not fully treat such high intensity laser-
plasma interactions.  The effect of non-linearity on the 
penetration of laser pulses into plasma slabs was thoroughly 
analysed by Cattani et al. [3] using analytic theory.  This yields 
the following expression for the penetration threshold at a given 
a0, 
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Note that the electron density is normalized to the critical 
density in Eq.3 and 4.  If this is shown graphically, as is done in 
figure 1, then we find that the penetration threshold rapidly 
exceeds that predicted by linear theory.  In other words, 
Cattani’s analysis indicates that we should be able to achieve 
HB-RPA with much lower density plasmas than that predicted 
by linear theory. 

 

Figure 1 : Penetration threshold in terms of a0 as predicted 
by Eq. 3 and 4. 

Futhermore we can use the expressions developed in [2] to 
predict the proton energies that can be achieved given this limit.  
If one assumes that the laser wavelength is 1µm and that HB-
RPA can be achieved right at the penetration threshold then one 
obtains the curves plotted in figure 2 below where both the 
maximum obtainable energy and the intensity requirement are 
plotted. 

This shows that protons in the range of 100-200MeV can be 
generated using laser intensities in the range of 5x1021-1x1022 
Wcm-2.  In [2] the PIC simulations suggested that one would 
need 2-4x1022 Wcm-2 to reach the 100-200MeV so this result 
represents a reduction by a factor of four in the required 
intensity.  In what follows we will report on our numerical 
investigations that were carried out to validate this theoretical 
result. 
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Figure 2 : Maximum achievable proton energy from HB-
RPA as a function of plasma density normalized to critical 
density at 1µm wavelength. 

Numerical Simulation Set-Up 

One dimensional electromagnetic Particle-in-Cell simulations 
were carried out to address the questions raised in the preceding 
section.  The code employed for this is the same used in 
previous investigations (e.g. [1]).The plasma consists of a 
purely hydrogenic plasma initially at a temperature of 20keV 
with a density in the range 3-10x1027m-3.  The plasma has a 
`top-hat' density profile and is 10µm thick.  Each species is 
represented by 100 macroparticles per cell.  The spatial grid 
consisted of 10000 cells of 10nm width.  A circularly polarized 
pulse with a FWHM intensity of IFWHM = 1.25 x 1021Wcm-2 and 
FWHM duration of 40fs is incident on the target from the left. 
The pulse has a sin2 temporal profile and a wavelength of 1µm. 

Results 

Initially a scan was conducted over the range of densities from 
3-10x1027m-3 and the results are summarized in figure 3 in 
which we show the average energy of the protons accelerated 
by HB RPA at 75fs (if any), and the predicted energy according 
to the formulae of [2] for both the FWHM intensity and the 
peak intensity.  As can be seen, we are obtaining HB RPA at 
plasma densities well below a0nc as predicted.  To demonstrate 
that HB RPA is indeed observed we show the results of one 
particular simulation (the one where n = 7x1027m-3) in figure 4.  
This clearly shows the hole-boring process in the both the phase 
space, and the strong pistoning of the plasma in terms of the 
particle densities.  Note that the actual target thickness is not 
important provided that it is more than a few microns thick.  
The target could be much thicker than the 10µm used here and 
the same results would be obtained.    

 

Figure 3 : Results of 1D PIC simulation as average proton  
versus plasma density (blue circles).  Black line is predicted 
proton energy from HB formulae at FWHM intensity and 
red line is the same at the peak intensity. 

 

Figure 4 : (Left) px-x phase space for protons. (Right) 
Number densities of protons (red) and electrons (blue).  
Data is taken from the n = 7x1027m-3 simulation. 

The loss of HB-RPA at 6x1027m-3 is consistent with Cattani’s 
prediction for the penetration threshold.  On extending this 
method of scanning across density at a given a0 to a set of a0s 
we have found a very good general agreement with Cattani’s 
prediction. 

Thus 1D PIC simulations validate the idea that one can reach 
much higher proton energies using HB-RPA than one would 
think from the a0nc limit. 

This is the main text of the article. This will include many lines 
about what the article is about. There can be many sections 
depending what the subject matter is. These may contain 
graphs, figures, photos equations etc. 

Conclusions 

In this paper we addressed the question of the minimum plasma 
density that can be used to obtain HB-RPA.  If this were limited 
to a0nc then reaching high proton energies is demanding.  We 
showed, however, that the limit is considerably lower due to the 
effect of nonlinear processes on laser pulse penetration.  In fact 
this reduces the intensities required to reach the 100-200MeV 
range by a factor of 4 – down to 0.5-1x1022Wcm-2, which 
means that high energy proton generation from HB-RPA should 
be possible.  In future we will conduct multi-dimensional 
simulations to further investigate this route. 
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A systematic experimental and computational investigation of the effects of density scalelength on ultra-
intense laser-solid interactions has been performed. When the density scalelength is sufficiently large, the fast
electron beam resulting from the laser-solid interaction is best described by two distinct populations: those
accelerated within the sub-solid density plasma - the fast electron pre-beam, and those accelerated near or at
the target front surface - the fast electron main-beam. The pre-beam has considerably lower divergence than
that of the main-beam with a half-angle of ∼ 20◦, under the conditions investigated it contains up to 30% of
the total fast electron energy absorbed into the target. The fast electrons comprising the pre-beam have a
higher temperature than those of the main-beam. The number, kinetic energy, and total energy of the fast
electrons in the pre-beam is increased by an increase in density scalelength.

A larger density scalelength reduces the total number of electrons absorbed into the target, but increases
their mean kinetic energy, while the total absorbed energy is unchanged. With a larger density scalelength, the
fast electrons heat a smaller cross sectional area of the target, causing the thinnest targets to reach significantly
higher rear surface temperatures. This is ascribed to the enhanced fast electron pre-beam associated with the
large density scalelength interaction, which generates a magnetic field within the target of sufficient magnitude
to partially collimate the subsequent, more divergent, fast electron main-beam.

The study of MeV (fast) electron transport in high
density plasmas is important for numerous applications
including proton and ion beam production1–3, isochoric
heating of high density matter for opacity studies4, and
fast ignition inertial confinement fusion5.

For successful fast ignition, laser energy must be ef-
ficiently coupled to fast electrons at the vacuum-solid
boundary. Various mechanisms can cause ablation of
the solid prior to the arrival of the ultra-high intensity
laser pulse, thereby creating a density gradient at the
vacuum-solid interface. Particle-In-Cell (PIC) modelling
indicates6 that a density gradient enhances laser absorp-
tion in comparison to a delta function type density pro-
file. The aim of this experiment was to perform a sys-
tematic experimental investigation into the target rear
surface heating using three well characterised front sur-
face density ramps and three target designs.

a)Electronic mail: Robbie.Scott@stfc.ac.uk; The authors gratefully
thank the staff of the LULI2000 laser facility, Ecole Polytechnique,
Paris, France. This investigation was undertaken as part of the
HiPER preparatory project and was funded by the UK Science
and Technology Facilities Council.

This paper begins by outlining the experimental setup
and results. It then describes PIC and Vlasov modelling
of the experiment. Finally the experimental results are
discussed and explained in light of the modelling.

A. Experimental Setup

The experiment was performed at the Ecole Polytech-
nique LULI pico2000 laser system which operates at 1053
nm, 40 J, 12 µm full-width-at-half-maximum (FWHM)
and 800 fs pulse duration giving a peak intensity of
2 × 1019 W/cm2. The laser was p-polarised with an in-
cidence angle of 45◦ onto the CH surface of the CH(5
µm)-Al(10, 20 or 50 µm)-Cu(10 µm)-Al(1 µm) layered,
planar, targets. The transverse target dimensions were 5
mm square.

The front surface density gradient was created using
the laser’s amplified spontaneous emission (ASE). The
ASE arrives nanoseconds prior to the high intensity pulse
ablating the target front surface, creating a front surface
density gradient. The ASE was controlled by altering the
timing of the Pockels cells, thereby changing the energy
content and duration of the ASE and consequently the
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front surface plasma density scalelength7.

The plasma density gradient was inferred using a com-
bination of gated transverse interferometry at 527 nm
and 2D magneto-hydrodynamic modelling. Refraction
of the 2ω0 interferometry probe beam within the un-
derdense plasma means interferometry can only provide
a reference density profile below ∼ 1021 electrons/cm3.
The interferometry timing error was ± 200 ps. The den-
sity profile above 1021 electrons/cm3 was inferred using
the 2D magneto-hydrodynamic (MHD) code chic8. The
modelling was fitted to the experimental data by setting
the laser ASE duration and contrast parameters within
chic to the measured experimental parameters, then it-
erating the input parameters until the MHD density pro-
file fitted the interferometric data. This technique pro-
vides the complete target density profile.

DSL ASE Energy Density profile
‘size’ duration contrast (e− /cm−3)

(ns)
Small 1.1 3.0 × 10−3 1.530 × 1025(10 − x(µm))−3.0

Medium 1.9 6.0 × 10−3 7.095 × 1024(14 − x(µm))−2.7

Large 4.3 1.0 × 10−2 5.805 × 1024(20 − x(µm))−2.4

Table I. The shot parameters for the three experimental den-
sity scalelengths and the functions fitted to the front surface
density profiles. The functions fit the front surface density
profiles along the propagation axis of the laser (45◦ off tar-
get normal), x is zero at the initial target front surface and
decreases along the (outward) target normal axis. The func-
tions were bounded at the target solid surface, switching to
the solid density.

The target rear surface temperatures were evaluated
using Cu Kα x-ray spectroscopy, and spatially and tem-
porally resolved streaked pyrometry of the rear surface.
A KAP conical crystal with a focal length of 310 mm and
2d spacing of 26.64 Å focussed the 6.85-8.5 keV (fifth or-
der) Cu Kα1

and Kα2
x-rays onto an image plate9. Bulk

electron temperatures within the Cu fluor layer were in-
ferred by fitting Cu Kα1

and Kα2
line spectra generated

by the non-LTE code FLYCHK10 to the data. F/4 op-
tics at 20◦ from target normal collected the visible opti-
cal emission from the target rear surface, which was split
between a gated optical imager (GOI) and a high speed
sampling camera (HISAC)11. The GOI provides a single
frame image with high spatial resolution (∼10 µm) within
the gate time of 80 ps, while HISAC combines a lower 2D
spatial resolution (70 µm) with higher temporal resolu-
tion (∼ 50 ps) and multi-frame capability (2 ns window).
HISAC was filtered using an ND 6, 950 nm lowpass filter
and an ND 4, 20 nm FWHM bandpass filter centred at
532 nm, the temporal resolution is a function of the spec-
tral bandwidth of the signal due to dispersion within the
fibreoptics. Any optical transition radiation was removed
from the spectral integral of the Plankian emission spec-
trum (the signal HISAC measures - subsequently referred
to as the thermal signal) by extracting the thermal signal
100 ps after the interaction. Radiation-hydrodynamic

modelling was used to infer the initial target tempera-
ture from the thermal emission at t=100 ps. During 100
ps, the target rear surface expands and cools, modifying
the thermal emission spectrum. hyades12 was used to
model the expansion and resultant evolution of this spec-
trum for many initial target temperatures. These spectra
were folded with the spectral response of the streak cam-
era optics, tube, and experimental spectral filtering, then
integrated. This yielded a unique emission intensity for
a given initial target temperature, allowing the measured
intensity at t=100 ps to be directly related to the target
temperature at t=0 ps. An absolutely calibrated lamp
provided a reference intensity for both optical diagnos-
tics.

The propagation of fast electrons (> 8 keV) within the
target was inferred via 2D Cu Kα imaging from a 10 µm
Cu fluor layer 1 µm beneath the target rear surface. The
fast electrons heat the target via collisions and the re-
turn current13, the thermal emission from the target rear
is measured by HISAC. Finally the spatial distribution
of the (incoherent) optical transition radiation14–16 (the
prompt emission detected by HISAC) was used to infer
the spatial distribution of those electrons which escape
the target.

B. Experimental Results

1. Density Scalelength & Target Thickness

The density scalelength (DSL) (Ln) is defined7 as:
Ln = n dxdn , where n is the plasma density and dx

dn the
density gradient at n. Typically the density gradient
is fitted by a function of the form ne = Cexp(−x/Ln)
where C is a constant, however it was found the three
experimentally inferred density gradients along the laser
propagation axis were best fitted by a bounded power law
function, and were not even approximately exponential in
form. The fitted functions and inferred laser parameters
are summarised in table I. For the purposes of brevity,

(a) (b)

Figure 1. Plots of target electron density lineouts along the
laser axis and the fitted power law functions (see table I) used
to describe the density profile in osiris . (a) small DSL, (b)
large DSL.
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Figure 2. Rear surface temperatures as a function of target thickness for the three experimental density scalelengths: (a)
HISAC pyrometry, (b) Kα spectroscopy. Actual data points are shown with hollow symbols, while the errors bars depict the
standard deviation from the mean (shown by solid symbols).(c) Comparison of mean pyrometry data from this experiment
against previously published experimental results. Note all data on plot (c) is normalised to laser energy on target.

the three experimental density profiles will subsequently
be referred to as small, medium, and large density scale-
lengths, although at no point are scalelength values ex-
plicitly assigned to these terms for the above reasons.

The target thicknesses were calculated based on a com-
bination of 2D chic radiation-hydrodynamic modelling
and 2D3P osiris PIC. The front surface ablation due
to ASE was evaluated with chic, showing that the tar-
get thicknesses were altered for each density scalelength,
meaning use of the initial target thickness was incor-
rect. Furthermore the offset of the critical density sur-
face and the associated density ramp was also greatly
affected by the ASE, so to simply use the solid density
thickness post ablation would also be wrong. The PIC
modelling showed that for each density scalelength, the
laser refracted and hole-bored, propagating to a certain
distance from the solid target front surface. The final
effective target thickness was found by measuring the
distance from the target rear to the position of closest
approach as shown in figure 6. It should be noted that
the initial target thicknesses used in the PIC modelling
were the post ablation thicknesses from the radiation-
hydrodynamic modelling.

2. Target Rear Surface Temperatures

The initial temperatures measured by pyrometry and
spectroscopy are shown in figures 2 (a) and (b) respec-
tively. The error bars depict the standard deviation of the
results from the mean. Systematic errors in both mea-
surements were approximately ± 5 eV. The pyrometry
dataset indicates a clear increase in the rear surface tar-
get temperatures with increased density scalelength, and
is most notable for the thinnest targets. The spectro-
scopically derived temperatures show no clear variation

with target thickness or density scalelength.

It can be seen from figure 2 that there is broad quanti-
tative agreement between the two sets of results, however
the clear decrease in rear surface temperature with target
thickness measured by HISAC, which is particularly evi-
dent with the larger density scalelengths is not in agree-
ment with the Cu Kα spectroscopy. The increase in the
Kα source size as the fast electrons diverged within the
target had to be taken into account in order for accurate
interpretation of the Cu Kα spectroscopy. If this was not
accounted for, the loss of spectral resolution caused the
Kα1 and Kα2 lines to merge creating a spectrum which
was well fitted by a (flychk generated) spectral line cor-
responding to an unphysically high temperature.

The apparent discrepancy between the spectroscopic
and pyrometric (HISAC) results for the larger density
scalelengths is attributed to a relative lack of sensitivity
of the Cu Kα spectrometer. This is due to the com-
bined effects of spatial and temporal integration, and
poor signal-to-noise ratio. Furthermore the synthetic Cu
Kα lines vary little over the (pyrometrically inferred) ex-
perimental temperature range, while the measured black-
body radiation increases by a factor of 25 over the same
range. This lack of sensitivity has been shown on numer-
ous experiments in this temperature regime, this diag-
nostic does however provide a useful order of magnitude
temperature reference.

A comparison of the mean pyrometric experimental
data with previous experimental laser-solid target heat-
ing data is shown in figure 2 (c). A best fit (R2 =
0.625) to all of this data (not shown) was found to be
T (eV/J) = 1.23e−0.018x, where x is the target thickness
in µm. It should be noted that the vast majority of this
data was from Aluminium targets. The rapid increase
in rear surface temperature for thin targets with a large
density scalelength measured via pyrometry is at the up-
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per bound of previous measurements. Comparison of our
data with the previous datasets suggests the large vari-
ation in the measured temperatures may be largely ex-
plained by variations in density scalelength.

3. Fast Electron Divergence

(a) (b)

Figure 3. Emission spot size HWHM as a function of target
thickness: (a) 2D Cu kα imager, (b) HISAC thermal emis-
sion. The HWHM of both emission regions is reduced with
increasing density scalelength, the reduction in the thermal
dataset is greater.

The spatial extent of the Kα emission was measured
with the 2D Cu Kα imager, as depicted in figure 3 (a)
showing the half-width-at-half-maximum (HWHM) as a
function of target thickness. This emission is primar-
ily caused by fast electron collisions within the target,
although effects such as photo-pumping may cause sec-
ondary Kα emission. The HWHM of the signal for var-
ious target thicknesses diverges with a 25±7◦ half angle
for all density scalelengths.

The spatial HWHM of the thermal emission region on
the target rear surface measured by HISAC is approx-
imately halved for the larger density scalelengths. The
mean Kα imager data shows the same trend but the mag-
nitude of the reduction is less.

In both the Kα and pyrometry datasets, an extrap-
olation of the data to zero target thickness yields an
apparent laser spot size considerably greater than that
measured (∼ 12 µm FWHM). PIC modelling shows that
this is due to refraction of the laser beam in the ablated
plasma as it approaches the 45◦ p-polarised target, this
causes the laser beam to bend along the target surface
meaning absorption occurs over a far larger area than
that of the vacuum focal spot. This is discussed in more
detail in section C.

4. Integrated Emission

In order to measure the relative absorption of the three
density scalelengths, the integrated emission was evalu-
ated from the spatial integral of the HISAC thermal and

(a) (b)

(c)

Figure 4. Integrated emission as a function of target thickness
and density scalelength: (a) spatial integral of HISAC ther-
mal signal showing no clear trends as a function of density
scalelength, (b) the spatially integrated Cu kα imager signal
is enhanced by the small density scalelength, (c) spectrally in-
tegrated spectrometer signal, showing the small density scale-
length signal is largest. Note to aid comparison, all data has
been normalised to a shot energy of 50 J.

spatial integral of the Cu Kα 2D imager, as summarised
in figure 4. No clear variation with DSL was visible in the
spatially integrated thermal signal, while the spatially
integrated Cu Kα imager, and spectrally integrated Cu
Kα spectrometer showed an increased signal with smaller
density scalelengths.

The OTR signal is measured from the streaked HISAC
signal at t = 0. It was found that the spatially integrated
OTR was clearly increased with the larger density scale-
lengths and thinner targets, as were the backgrounds of
both x-ray diagnostics, as shown in figure 5.

C. Particle-In-Cell Modelling

2D3P PIC modelling was performed using osiris17

to evaluate the effect of changing the density scale-
length. The 2D electron density profiles from the rad-
hydro/interferometry, were fit along the axis of propaga-
tion of the laser as shown in figure 1. The fitted functions
(see table I) described the front surface plasma density
ramp to a distance of 150 µm from the target front solid
surface, at the solid surface a step function switched to
the solid target density. 45◦ p-polarisation was imple-
mented by offsetting the density function.
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(a) (b)

(c)

Figure 5. X-ray background as a function of target thickness
and density scalelength: (a) Spatially integrated OTR, (b) Cu
Kα imager background, (c) Cu Kα spectrometer background.

A grid of 26800 × 10000 cells (16 electrons and 1 ion
per cell) were used over a real space of 270 × 100 µm.
This resolved the plasma wavelength 19 times at the peak
density of 40 times critical (nc). The time-step satisfied
the 2D Courant condition, resolving the peak plasma fre-
quency 27 times per time-step. Each run lasted a real
time of 1.5 ps and took 1150 cpu-days. Based on the
measured numerical heating effects, all particles of en-
ergy less than 250 keV were removed prior to analysis.

The PIC modelling showed that in this density scale-
length regime, the variation in density scalelength only
caused relatively subtle differences to the dynamics of the
laser pulse propagation. The large density scalelength
causes enhanced relativistic self-focussing in comparison
to the small DSL case, with the initial minimum occur-
ring ∼ 20µm further from the target. In both cases the
laser reaches a focal spot FWHM of ∼ 3 µm, after which
it diverges slightly before finally refocussing to ∼ 2 µm
nearer the critical surface. The laser ponderomotive force
initially creates a straight, low density (∼ 0.02nc), chan-
nel within the underdense plasma. The formation of this
channel is not affected significantly by the density scale-
length.

The most notable feature of the laser propagation in
both density scalelength cases is the refraction of the
laser, this is due to the density gradient in combination
with the 45◦ polarisation, as shown in figure 6. This
refraction causes the effective focal spot to be greatly en-
larged near the target front surface in comparison to the
the vacuum focal spot-size. The p1x2 (momentum par-

allel to, and space transverse to the initial laser propa-
gation axis respectively) phase space (not shown) shows
that the refraction also greatly enlarges the transverse
fast electron source size. This explains why the exper-
imentally measured fast electron source is consistently
so much larger than the laser’s vacuum focal spot-size.
Modelling of the large DSL run, but with normal inci-
dence (not shown), showed this refraction was prevented,
creating a considerably smaller fast electron source size.

The re-emitted laser beam can either reflect specularly
or propagate along the target before being refracted away
from the front surface by the underdense plasma. Mod-
elling with shorter density scalelengths than those de-
scribed here, showed that the pulse can hole-bore into
the denser plasma creating a depression in the ion popu-
lation of approximately the width of the focal spot, this
tends to partially confine the lateral spread of the laser
beam otherwise caused by refraction.

Figures 7 (a) and (b) show the p2p1 (momentum com-
ponents transverse and parallel to the initial laser prop-
agation axis respectively) phase space plots of the small
and large density scalelengths respectively during the un-
derdense interaction shortly before the pulses reach the
target front surfaces. At this time, the fast electron pop-
ulation generated by the large density scalelength inter-
action has a significantly enhanced p1 component. In
order to further characterise the fast electron beam, a
quantitative analysis of phase space was performed by
extracting data from the p2p1 plots, consequently the
subsequent analysis is integrated over space.

Figures 8 (a) and (b) show the electron number distri-
bution function (ENDF) and electron energy distribution
function (EEDF)18 respectively at various times during
the simulation runs. The data at 1000 ω−1

p is the in-
tegral of all the data up to that point in time, while
the data at 1370 ω−1

p is the integral of the data from

t = 1000 − 1370 ω−1
p , and so on. These plots show that

the fast electron number and energy absorbed into fast
electrons is enhanced by the large DSL at early times
(during the laser-sub-solid density interaction). Towards
the end (the laser-solid interaction) this trend reverses -
the small DSL ENDF and EEDF overtake those of the
large DSL. This only occurs for the lowest energy elec-
trons, but their numbers are sufficient to dominate the
total fast electron number.

The ENDF shown in figure 8 (a) were fitted with
Maxwellian distribution functions. It was found that sat-
isfactory fits could only be obtained if two temperatures
were used, furthermore the lower temperature compo-
nent was only well approximated when a non-relativistic
Maxwellian was used. The high temperature component
was consistently 3× that of the low temperature compo-
nent. The low temperature component varied as a func-
tion of time (the laser beam is gaussian in time) from ∼
1.5 - 3 MeV, averaging approximately 2.2 MeV. Based
on the theoretical peak intensity, this low temperature
component was best fit by Wilks’ scaling, although it
is probable that the actual intensities were higher than
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Figure 6. Channelling by, and subsequent refraction of the laser beam in the large density scalelength underdense plasma
as it approaches the 45◦ p-polarised 40nc target (top right). The effective target thickness (t) is depicted. Only part of the
simulation box is shown.

(a) (b)

Figure 7. Phase space plots showing the momentum compo-
nents parallel (p1), and transverse (p2), with respect to the
laser injection axis at time 1035ω−1

p - the pulse is at 0.5nc,
just 4 µm from nc: (a) small density scalelength, (b) large
density scalelength.

those inferred experimentally due to the dominance of
relativistic self-focussing effects in the pre-plasma.

Figure 9 depicts the angular distributions of the fast
electron energy - the electron energy angular distribu-
tion function (EEADF). At the earliest time 9(a) the
laser intensity is too low for the fast electrons to obtain
sufficient transverse velocity for the v ×B push of the
Lorentz force term to be significant, hence the energy
distributions are peaked in directions transverse to the
laser axis. Subsequently (9(b)) the intensity increases
and two lobes of fast electrons at ±20◦ about 10◦ off the
laser axis (the off axis effect is caused by the target an-
gle) are clearly visible. The energy in the large DSL case
is considerably larger than that of the small DSL case.
The enhancement in the axial fast electron beam compo-
nent is also visible in figure 9(c), while by (d) the angular
distribution is nearly isotropic. Note varying scales are
used for clarity.

The findings shown in figures 8 and 9 indicate that
the laser’s interaction with the lower density plasma cre-
ates a fast electron population with characteristics which
are quite distinct to the fast electron population subse-

quently generated during the laser-solid interaction. Fur-
thermore the number of fast electrons generated within
the lower density plasma are enhanced by the larger den-
sity scalelength. The population generated within the
lower density plasma is subsequently referred to as the
fast electron pre-beam, or pre-beam. The main fast elec-
tron population is accelerated by the laser from the region
of steep plasma gradients close to the target solid surface.
This population is highly divergent. Subsequently this is
referred to as the fast electron main-beam, or main-beam.

Further analysis of the effects of density scalelength on
the fast electron pre and main beams, was performed by
splitting the fast electrons into two populations based on
propagation angle. From figure 9(b), the pre-beam was
designated as those electrons which are within a cone
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Figure 8. PIC modelling results: (a) The electron number
distribution function integrated from the earlier time to the
time shown, e.g. the data denoted time 2050ω−1

p is the fast
electron number distribution function injected by the laser
between 1370 and 2050. At early times the large density
scalelength accelerates considerably more electrons to a given
energy. Over the whole simulation, the short density scale-
length interaction accelerates a higher number of electrons to
the lowest energies. (b) Integrals of the electron energy dis-
tribution function from the previous time to the time shown.
Here the trends are similar to those in (a).
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Figure 9. (a)-(d) PIC modelling results showing the angular
distribution of the electron energy integrated from the earlier
time to the time shown, e.g. the data denoted time 1632
ω−1
p is the fast electron energy angular distribution function

injected by the laser between 1370 and 1632. 0◦ is the laser
axis, the target plane is shown. At early times (a) the laser
Iλ2 is too low for the electrons to be accelerated forwards
by the v ×B push. Later (b)-(c) when the laser is more
intense and still propagating in the sub-solid density plasma,
there is a significant amount of energy peaked either side of
the laser axis. This is the ‘collimated’ fast electron pre-beam
component, it is considerably enhanced with the large density
scalelength. The electron energy distribution created at late
time (d) is near isotropic, this is in part due to the refraction
of the laser in the underdense plasma which causes the laser
to change direction, accelerating electrons in many directions.

of half-angle (θ1/2 < 30◦ measured from the laser axis),
while the forward going electrons not in the pre-beam
(30◦ < θ1/2 < 180◦) were also binned for calculation
of the total absorbed population. This binning system
is only valid until the laser reaches the front surface
(∼ 1400ω−1

p in both cases) as any fast electrons accel-
erated subsequently, no matter what their angle, are by
definition, part of the main-beam.

The effect of the density scalelength on the fast elec-
tron pre-beam is shown in figure 10. Figures 10(a) and
(b) show the pre-beam fast electron current and mean ki-
netic energy (respectively) are considerably enhanced by
the large density scalelength. Also of interest in (b) is the
angular variation in the fast electron mean energy, fur-
thermore the mean fast electron kinetic energy drops sig-
nificantly when the laser interacts with the steep plasma
density profile near the target front surface. (c) unam-
biguously shows that with a large DSL more energy is
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Figure 10. The effect of density scalelength on the fast
electron pre-beam: (a) the fast electron current in the pre-
beam (θ1/2 < 30◦) normalised to the total absorbed current
(θ1/2 < 180◦) over the whole small DSL run. The current in
the large DSL case is higher during the pre-beam stage, while
during the main-beam (laser-solid interaction) the small DSL
current is highest, generating the largest total current. The
current was found to be basically identical to the electron
number. (b) the mean electron kinetic energy in the pre-
beam, and that in the forward hemisphere but not in the
pre-beam (30◦ ≤ θ1/2 < 180◦). The large DSL pre-beam is
significantly hotter than that of the small DSL pre-beam. The
interaction of the laser pulse with the plasma near the target
front surface causes the rise in kinetic energy to stagnate then
fall. The mean energies of the forward going electrons not in
the pre-beam are also shown, they are similar for both DSLs
and of lower energy than those in the pre-beam - the fast
electron mean energy has angular dependance. The peak in
the laser intensity occurs at ∼ 1550ω−1

p . (c) the energy in
the pre-beam normalised to the total absorbed fast electron
energy over the whole run. Until the very end of the run
there is more energy in the large DSL case (the pre-beam is
enhanced). For both DSLs the total energy absorbed into the
forward hemisphere of fast electrons was identical.

absorbed into the pre-beam fast electrons at early times.
Although not shown here, the total absorbed energy in
both DSL cases is identical.

Various aspects of the fast electron pre-beam in-
dicate the predominant absorption mechanism of the
fast electron pre-beam is j×B acceleration during the
underdense/sub-solid density interaction: there are two
lobes of electrons either side of p2 = 0 (figures 7 and
9), the electrons are bunched at ω/2 in the x1p1 phase
space plots, while the angular dependance of the fast elec-
tron temperature is in qualitative agreement with the



8

classical ejection angle of a fast electron due to j×B
acceleration19.

In summary the PIC modelling shows that the fast
electrons accelerated by the laser during the laser-solid
interaction when a relatively large density scalelength is
present are best described by two distinct populations:
those accelerated within the sub-solid density plasma -
the fast electron pre-beam, and those accelerated near
or at the target front surface - the fast electron main-
beam. The pre-beam has considerably lower divergence
than that of the main-beam with a half-angle of ∼ 20◦.
Depending on the density scalelength, the pre-beam con-
tains approximately 10-30% of the total fast electron en-
ergy absorbed into the target. The fast electrons com-
prising the pre-beam have a higher temperature than
those of the main-beam for a given laser intensity. A
larger DSL causes the generation of an enhanced pre-
beam relative to a smaller DSL, this beam will have
higher numbers of fast electrons, increased mean fast
electron kinetic energy, and increased fast electron cur-
rent. During the laser-solid interaction, the same large
DSL causes the fast electron main-beam, to have a higher
fast electron kinetic energy, but lower fast electron num-
ber and current (than an equivalent interaction with a
smaller DSL). The total energy absorbed into fast elec-
trons was unchanged by the DSL.

D. Vlasov Modelling

The Vlasov-Fokker-Plank code FIDO18 was used to
evaluate whether the pre-beam has the correct charac-
teristics for the generation of resistive magnetic fields
within a solid Aluminium target, as this could poten-
tially explain the reduced divergence and increased target
heating observed experimentally.

In order for the pre-beam to effectively collimate the
main-beam, the pre-beam must generate a magnetic field
of sufficient magnitude to bend the trajectories of a sig-
nificant proportion of the fast electron main-beam. A
simple formula for estimating the magnetic field required
to do this for electrons injected at an angle θ 1

2
was de-

rived by Bell & Kingham20:

1 − cos θ 1
2

= 0.06
RµmBMG

[E511(2 + E511)]1/2
(1)

This equation shows that in order to collimate 1 MeV
electrons injected at 85◦, a magnetic field of 4 MG is re-
quired, this is the threshold for the complete collimation
of the sub-MeV population of the main-beam. Complete
collimation would not be expected based on the exper-
imental results. If even a fraction of the electrons were
collimated, the increased current density should cause
measurable increases in the rear surface temperatures.

For the purposes of these runs, the bulk electron tem-
perature was set to 50 eV in order that the initial Spitzer
resistivity value would be a reasonable approximation to
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Figure 11. The effects of the fast electron pre-beam, due
to symmetry only half of each image is shown: (top) Target
electron temperature plots at the end of the pre-beam, the
simulation background temperature was set to 50 eV. (left)
the large density scalelength fast electron pre-beam heats the
target at a depth of 20 µm by ∼ 8 eV - considerably less than
that observed experimentally (right) the small density scale-
length fast electron pre-beam heats the target at a depth of
20 µm by ∼ 5 eV. (bottom) magnetic field strength generated
within the target at the end of the pre-beam (left) large den-
sity scalelength (right) small density scalelength. The mag-
netic field generated by the large density scalelength pre-beam
is significantly larger.

that of cold Aluminium. The fast electron number, en-
ergy, and angular distribution functions of the injected
electrons were based on those from the PIC modelling
as shown in figures 9 and 10. A fast electron population
representative of the pre-beam was injected for 300 ps
then switched to that of the main beam. Three pre-beam
regimes were modelled: (1) there was no pre-beam (e.g.
if the contrast was ideal), (2) the pre-beam corresponded
to that of the small density scalelength interaction, and
(3) the pre-beam was that generated by the large DSL
interaction.

The spatial characteristics of the PIC fast electron pre-
beam number distribution were accurately reproduced,
while a highly divergent (basically hemispherical) source
was used for the fast electron main-beam. The tempo-
ral characteristics of the currents were approximated by
switching between the pre and main beam after 300 ps.
The magnitudes of the currents were based on the PIC
results.

The temperature and magnetic field distributions gen-
erated by the two pre-beams (corresponding to those
generated by the small and large DSL interactions) are
shown in figure 11. It can be seen from figure 11 that
the temperature increase due to the pre-beams alone
(note the initial temperature was 50 eV) are consider-
ably smaller than those observed experimentally for 20
µm targets (experimentally the difference in temperature
between the two DSLs was clearest for the 20 µm targets
- see figure 2). This implies the extra heating caused di-
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Figure 12. (Top row) Target temperatures 400 fs after the
arrival of the fast electron main-beam: (left) no pre-beam,
(middle) small density scalelength pre-beam, (right) large
density scalelength pre-beam. (Bottom row) The magnetic
field within the target 400 fs after the arrival of the main
fast-electron beam: (left) no pre-beam, (middle) small den-
sity scalelength pre-beam, (right) large density scalelength
pre-beam. The temperatures and magnetic fields are both
significantly enhanced in the large density scalelength case,
in qualitative agreement with the experimental results.

rectly by the enhanced pre-beam due to the large DSL
cannot alone explain the experimentally observed tem-
perature increases.

Using the small DSL fast electron pre-beam parame-
ters the magnetic field generated by the end of the pre-
beam has a maximum strength of 1.0 MG, while in the
large DSL case the pre-beam generated a field of 1.6 MG.
Both of these values are less than the 4 MG which was
calculated as the minimum value required for complete
collimation of the main beam, however some collimation
of the lower energy and lower divergence fast electrons
will occur. Figure 12, shows that although the magnetic
fields were lower than the value required for complete col-
limation, significant enhancements to the magnetic field
and target temperatures have occurred in the large DSL
case. This is due to the fact that the partial collimation
of the lower energy and lower divergence fast electrons
enhances the current density, further increasing the mag-
netic field, causing the process to self-reinforce, or ‘boot-
strap’. In the small DSL case, the magnetic field was
increased by the bootstrapping process to 1.9 MG, while
for the large DSL case the field increased to 4.6 MG.

The modelled temperatures at a depth of 20 µm are
greater than those obtained experimentally. This is in
part due to the simplified pure Aluminium target used
to model the CH-Al-Cu-Al target - the experimental tar-
get has a far higher areal electron density. Accounting for
this areal electron density effect, it is more accurate to
compare the model data at a depth of 40 µm to the exper-
imental targets of ∼ 20 µm. Comparing these tempera-
tures and accounting for the 50 eV initial target temper-
ature, shows good quantitative agreement between the
modelling and experiment.

In order to establish the effects of resistively generated
magnetic fields on target heating, the fast electron pre

and main beams’ characteristics generated by PIC mod-
elling were used as injection functions for Vlasov mod-
elling. It has been shown that with a pre-beam corre-
sponding to that generated within a small density scale-
length, some magnetic field was generated, but the in-
creases in current density were small, causing target tem-
perature increases of ∼ 10 eV over the control case with
no pre-beam. When the pre-beam corresponded to that
from the large DSL interaction, a larger magnetic field
was generated, this increased the current density suffi-
ciently to cause the magnetic field to self-reinforce. The
temperature rise observed corresponded approximately
to that observed experimentally. This indicates that par-
tial collimation of the fast electron main-beam due to
magnetic field generation by the pre-beam is a likely ex-
planation for the experimentally observed reduction in
fast electron divergence and increase in rear surface tem-
perature as observed with a large density scalelength.

E. Discussion

The observed experimental findings can in large be ex-
plained by the fast electron pre-beam which is enhanced
by the presence of the large density scalelength and is
clearly shown in the PIC modelling. Each of the exper-
imental findings are examined and explained below in
light of this.

The experimental data of the total energy reaching the
target rear (spatially integrated data) indicates that, if
the diagnostic is sensitive to the higher energy electrons
(OTR, x-ray background caused by bremsstrahlung), the
large density scalelength yields a higher signal, while if
the diagnostic is more sensitive to lower energy electrons
(Cu Kα imager) the smaller density scalelength yields a
stronger signal. The pyrometry (which measures energy
deposition by both the high and low energy fast elec-
trons) showed no clear variation with DSL. These find-
ings are fully explained by the results of the PIC mod-
elling as described below.

The fast electrons in the pre-beam have a signifi-
cantly higher mean kinetic energy than those of the
main beam, hence the diagnostics sensitive to the high-
est energy electrons (OTR, x-ray background caused by
bremsstrahlung) will be dominated by the signal of the
pre-beam. PIC modelling shows the number, mean ki-
netic energy, and total energy going into the fast elec-
trons of the pre-beam are enhanced by a large density
scalelength, while the instruments sensitive to the higher
energy fast electrons also measure a clear enhancement
with a large DSL. Hence the signals of the instruments
sensitive to the higher energy fast electrons are domi-
nated by the pre-beam which, as has been shown, is en-
hanced by the large density scalelength.

The Cu Kα imager signal is dominated by lower en-
ergy fast electrons as they are dominant in number and
have higher collisional cross sections. The PIC mod-
elling clearly shows that the total number of fast elec-
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trons absorbed over the whole interaction is significantly
enhanced with a small density scalelength, but this domi-
nance is only due to the lowest energy fast electrons. This
is in agreement with the spatially integrated Cu Kα im-
ager results - explaining the experimental observations.

Finally the pyrometry observes no clear change in the
total energy reaching the target rear as a function of den-
sity scalelength. This instrument measures energy depo-
sition at the target rear by both the high and low energy
fast electrons via Ohmic and collisional heating. The PIC
modelling showed that the total energy absorbed was in-
variant with density scalelength, thereby explaining the
pyrometric experimental observations.

The rear surface temperatures measured by the Cu Kα

spectroscopy and pyrometry were of the same order, how-
ever the spectroscopy did not show the factor of four tem-
perature increase for the thinner targets and large density
scalelength. This was ascribed to the lack of sensitivity
of the spectrometer, similar observations have been made
over numerous expeirments.

All of the diagnostics found the spot-size HWHM
caused by the electron transport within the target was
reduced with a large density scalelength. The reduction
in the spot-size HWHM was considerably larger in the
cases of the thermal and OTR than that of the Cu Kα im-
ager. The reduction is attributed to the more collimated
nature of, and increased current in, the fast electron pre-
beam generated by the sub-solid density interaction in
the large DSL case. The exact mechanism by which this
reduction in spot size occurs is discussed in more detail
below.

Vlasov modelling showed that the pre-beam only in-
creased the target temperature by ∼ 8 eV in the large
DSL case - insufficient to explain the pyrometrically ob-
served increases in rear surface temperature.

It was found that the fast electron pre-beam gener-
ated by the small density scalelength could generate some
magnetic field but it was insufficient to cause significant
collimation of the main-beam, and the observed temper-
atures rises were small. The large density scalelength
interaction was sufficient to cause partial collimation of
the subsequent fast electron main-beam and resultant in-
creases in rear surface temperatures were of the order of
60 eV - similar to those observed experimentally.

Fast ignition inertial confinement fusion requires the
ignition electron beam to have a mean energy of ∼ 1
MeV. The enhancement in forward energy flux which
has been demonstrated with the large density scalelength
pre-plasma is principally due to the creation of a pre-
beam of fast electrons of increased number and mean ki-
netic energy but reduced divergence (in comparison to
those fast electrons generated near the solid surface).
The fast electron pre-beam does not have the correct
characteristics for a fast ignition ICF driver as the mean
fast electron kinetic energy is too high and there are in-
sufficient electrons within the pre-plasma, however it may
possess useful characteristics with regards to the creation
of a magnetic field structure which could collimate (or

at least reduce the divergence of) the highly divergent,
colder electrons accelerated at the solid-surface (be that
an embedded cone or surface of a compressed ICF cap-
sule).
B ≈ ηjt/R approximates the resistively generated

magnetic field by a fast electron beam propagating in a
solid21, where B is the magnetic field, j the current den-
sity, t the laser duration and R the electron beam radius.
This is now applied in a fast ignition relevant scenario.
Assuming η = 1.6 × 10−8Ω −m (Spitzer resistivity for 1
keV D-T ), a fast electron beam radius of 10 µm, a laser
pulse duration of 1 ps, and a mean fast electron energy of
5 MeV (the temperature of the fast electron pre-beam),
the total energy in the electron beam would be required
to be ∼ 500 J in order to create a 400 T magnetic field
which extends 200 µm into the solid, compressed D-T.
Within this field the 1 MeV electrons will have a Larmor
radius of the order of the magnetic field radius, and hence
will be confined by the magnetic field ‘structure’. This
shows that in principle it is possible to use the initial
high energy population of electrons to draw a sufficient
resistive return current within a fast ignition relevant sce-
nario in order to generate a magnetic field suitable for the
collimation of the bulk electron population.

This scheme is similar to the artificial collimation tech-
nique proposed by Robinson et al21, however it has the
advantage that the initial population is of higher tem-
perature and importantly, is more collimated than that
of the bulk electron population, hence it may be possible
to set up a magnetic field which extends deep into the
compressed DT core, guiding the fast electrons within
the DT until they deposit their energy.

F. Summary

In conclusion, when a sufficiently large density scale-
length exists (see table I), the fast electron beam result-
ing from the laser-solid interaction is best described by
two distinct populations: those accelerated within the
sub-solid density plasma - the fast electron pre-beam,
and those accelerated near or at the target front surface
- the fast electron main-beam.

The fast electron pre-beam has considerably lower di-
vergence than that of the main-beam with a half-angle
of ∼ 20◦. Depending on the density scalelength, the pre-
beam contains approximately 10-30% of the total fast
electron energy absorbed into the target. The fast elec-
trons comprising the pre-beam have a higher temperature
than those of the main-beam for a given laser intensity.

A larger DSL causes the generation of an enhanced
fast electron pre-beam during the sub-solid density in-
teraction, this beam will have higher numbers of fast
electrons, increased mean kinetic energy, and increased
current. The same large DSL causes the main-beam gen-
erated at or near the solid surface, to have a higher fast
electron kinetic energy, but lower fast electron number
and current. The total energy absorbed into fast elec-
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trons was unchanged by the DSL.
There is strong evidence that with a larger density

scalelength, the fast electrons heat a smaller cross sec-
tional area of the target, causing the thinnest targets
to reach significantly higher rear surface temperatures.
Based on the modelling performed it is most likely this
is due to the enhanced fast electron pre-beam associated
with the large density scalelength interaction. This gen-
erates a magnetic field within the target of sufficient mag-
nitude to partially collimate the subsequent more diver-
gent fast electron main-beam.

The fast electron pre-beam may have suitable proper-
ties to generate a magnetic field within the compressed
DT core of a fast ignition ICF capsule. This magnetic
field structure would act to collimate the subsequent pop-
ulation of highly divergent electrons accelerated from the
solid surface. Simple calculations show this is energeti-
cally feasible requiring less than 1% of the ignition laser
energy. More detailed work is required to accurately as-
sess the viability of such a scheme.

This work has two main findings in the context of fast
ignition. Firstly, if it is not possible to generate a mag-
netic field in the manner described above, higher con-
trasts are advantageous for fast ignition as they increase
the fast electron current and reduce the fast electron’s
mean kinetic energy. Secondly, the hole boring phase of
cone-less fast ignition inertial confinement fusion may be
used to generate a fast electron pre-beam with suitable
characteristics for the divergence reduction of the fast
electron main-beam generated by the laser-solid interac-
tion.
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Introduction 
In relativistic laser-plasma interactions, highly energetic 
electrons are produced which stream through the target plasma. 
Once these electrons reach the target’s rear surface they can in 
principle leave the target and propagate through the vacuum, 
where they may be detected by a spectrometer [1]. The energy 
of the electrons once they reach the spectrometer is not 
representative of their energy just prior to exiting the target, 
because the electrons generate an electric field which attempts 
to pull them back toward the target. It might be argued that the 
energy of electrons that reach far into the vacuum is less than 
their energy as they leave, because the field is decelerating. On 
the other hand it could be argued that only the very highest 
energy electrons are able to reach far into the vacuum because 
they are the only ones with sufficient energy to overcome the 
decelerating fields. An idealised experimental setup depicting 
this scenario is shown in Fig. 1. 

We will show with a simple analytical model that the energy 
distribution function for electrons that reach far into the vacuum 
is such that their energy is lower by a factor of about 2. This 
result is independent of geometry (and hence is valid in 3-
dimensions).  

The Model 
Fig. 2 depicts the model used, which is 1-dimensional. For 
educational purposes we first treat the electrons as discrete 
particles, which leave a plasma target with some given forward 
momentum p0. As they propagate into the vacuum region, they 
will set up an electric field which can easily be found from 
Gauss’ Law: 

 

in which A is the cross-sectional area, Ex is the field and Qleft is 
the amount of charge found to the left of the surface of interest. 
Qleft can be found from the total charge Qtotal by considering the 
charge to the right (which includes the target): 

 

 

Since the total charge is zero we have 

 

 

By labeling the electrons with index i=1,2,3…, we know that 

 

 

and hence the field at particle i is just 

 

 

This idea predicts a field which rises linearly with particle 
index, from zero at the front of the electron stream up to some 
maximum value at the target edge and is valid so long as 
particles do not decelerate so much as to cross one another’s 
paths. Once this begins to occur (near the plasma edge), the 
field instead becomes a Debye sheath. Thus ahead of the Debye 
sheath there is a linear field which we call the “escape sheath”. 

 
In order to take into account the effect of the escape sheath on 
particle energies it is preferable to use instead a continuous 
model for the electron current, which is easily adapted from the 
discrete model by making the following replacement: 

 

 

 

in which the particle index is essentially replaced by τ, the time 
at which an infinitesimal charge element leaves the target. In 
this field the particle equations of motion are simply: 

 

 

and 

 

 

in which the momentum p is normalized to mc.  

For the simple case of a constant current j0 the parametric 
solution to these equations is: 
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and  

 

 

These solutions are plotted at various times in phase-space in 
Fig. 3. We are interested in the energy distribution of the bunch 
of particles that escape. This can be found by considering the 
solution for the particle momentum: 

 

and expanding this about τ=0 for small τ and large t: 

 

which, approximately, gives f(p)=constant for p<p0 and f(p)=0 
otherwise. The average energy can then be found simply from 

 

 

which, in the ultra-relativistic limit, becomes: 

 

 

Hence the average energy of electrons that escape far into the 
vacuum is about half of their energy on leaving the target. 

3D effects can be included by considering that, rather than the 
planar geometry considered here, the most extreme non-planar 
case corresponds to an electron stream that propagates 
spherically (filling a hemisphere on the back of the target). 
Repeating the above calculation in spherical geometry changes 
the field structure but not the energy of the electrons which 
reach the detector. 

This reduction in energy has been verified with Particle-In-Cell 
and Vlasov simulations. 

 

Conclusions 
A simple analytical model has been derived for the distribution 
of energetic particles that leave a plasma target and escape far 
into the vacuum. The average energy of these particles is about 
one-half of their initial energy on leaving the target. This result 
has implications for intense laser-plasma interaction 
experiments which measure the escaping electron energy 
spectrum and may explain why some experiments find the 
vacuum energy to be reduced as compared to the laser-
generated (Ponderomotive) energy [1]. 
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Contemporary high-power laser systems make use of solid-state 
laser technology to reach petawatt pulse powers. The 
breakdown threshold for optical components in these systems, 
however, demands beam diameters up to 1 metre. Raman 
amplification of laser beams promises a breakthrough by the 
use of much smaller amplifying media, i.e. millimetre diameter 
wide plasmas. Through the first large scale multi-dimensional 
particle-in-cell simulations of this process, we have identified 
the parameter regime where multi-petawatt peak laser powers 
can be reached, while the influence of damaging laser-plasma 
instabilities is only minor. Such powerful laser pulses have 
many applications in e.g. plasma-based particle acceleration, 
laser-driven nuclear fusion and laboratory astrophysics. 

In Raman amplification of laser pulses, the energy of a long, 
low intensity pump pulse is transferred to a short probe pulse 
via the Raman backscatter instability in plasma [1], [2], 
effectively making it a pulse compression technique. The 
immediate advantage of this scheme is that it uses plasma as an 
amplifying medium rather than solid state optics: theoretically, 
the intensity threshold for plasma-based amplification is 
100,000 times larger than the damage threshold for solids at 
1012 W cm−2. Initial theoretical studies indicated that the probe 
could be amplified to more than 1017 W cm−2 and 100 PW, and 
subsequently focused to 1025 – 1027 W cm−2 [3], [4]. So far, 
these results have not yet been demonstrated in experiments: 
while intensities of 1016 − 1017 W cm−2 have been obtained [5], 
[6], the corresponding spot sizes were only around 15 µm, 
leading to no more than 10-100 GW output power which is 4 
orders of magnitude lower than the most advanced solid-state 
laser systems in operation today. 

Previous studies investigated parameter regimes where high 
probe intensities could be obtained, while keeping the pump 
pulse free from premature Raman back- and sidescatter, or 
inverse bremsstrahlung [7], [8], [9]. However, the theory and 
simulations presented in those works are all 1-dimensional, and 
therefore do not model transverse effects like self-focusing or 
filamentation. Neither can they conclusively demonstrate that 
the high intenstities obtained via Raman amplification can be 
maintained across large spot diameters, leading to high powers. 
A recent systematic numerical investigation into Raman 
amplification using fully self-consistent multi-dimensional 
particle-in-cell simulations, revealed that Raman amplification 
of wide laser pulses to ultrahigh powers (in addition to ultrahigh 
intensities) is definitely possible, but only for certain 
combinations of laser and plasma parameters [10]. Through a 
series of large-scale particle-in-cell simulations, it was revealed 
that there is a narrow but definite parameter window for which 
Raman amplification of wide laser pulses is both efficient and 
free from both longitudinal and transverse instabilities. Outside 
this window, Raman amplification fails either because of poor 
efficiency or because of parasitic instabilities destroying the 
growing probe.  

A summary of our simulation results is shown in Table 1. A 
multitude of nonlinear effects have been encountered, such as 
probe saturation due to RFS and wakefield generation, breaking 
of the Raman backscattering (RBS) Langmuir wave that 
couples pump and probe, parasitic pump RBS and transverse 
filamentation of both pump and probe pulses in two-
dimensional (2D) simulations. In general, it has been found that 
increasing the pump intensity and/or the plasma density will 
lead to more efficient amplification, but will also increase the 
growth of unwanted instabilities of both pump and probe, 
leading to a poor probe envelope and reduced probe 
focusability. 

 

Ipump 

(Wcm-2) 
É 0/É p 

10 14 20 40 

1014 RFS 1017 1017 ineff. 

1015 RFS, fil 4×1017 4×1017 ineff. 

1016 RFS RFS RFS, fil RFS, ineff. 

 

Table 1: Summary of our simulation results, for various values 
of the pump intensity and plasma density, and a fixed pump 
wavelength of 800 nm. The plasma density is expressed as the 
ratio of the laser frequency É 0 and the plasma frequency É p. 
For each case where the probe was strongly amplified while 
retaining a smooth envelope, the FWHM probe intensity is 
shown in Wcm-2. For each case where the probe was either 
poorly amplified or did not have a smooth profile, the reason 
(Raman forward scattering (RFS), filamentation (fil.), low 
energy-transfer efficiency (ineff.)) is listed. It follows clearly 
that the pump FWHM intensity should not exceed 1015 Wcm-2, 
while 14 < É 0/É p < 20 is recommended. A higher pump 
intensity leads to a higher absolute probe intensity, but the 
highest relative amplification is found for lower pump 
intensities because probe saturation is postponed in that case. 

The simulation results presented in Ref. [10] and depicted in 
Figure 1 have been obtained used the 2-dimensional particle-in-
cell (PIC) codes XOOPIC [11] and OSIRIS [12]. These codes 
solve Maxwell’s equations directly, resolving the electro-
magnetic fields down to the laser wavelength and period, 
without resorting to pulse envelope models or other 
approximations aimed at bypassing the short temporal and 
spatial scales of the laser carrier wave. The relativistic Lorentz 
force is used to calculate the motion of the plasma particles, 
while relativistic expressions are used to derive the charge and 
current densities from the positions and momenta of the 
particles. This approach allows the modelling of laser intensities 
up to at least 1023 W/cm2, and a number of parasitic instabilities 

Numerical simulation of plasma-based laser pulse compression to petawatt powers 
via Raman amplification 
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of the laser pulses, such as Raman forward scattering, pulse 
modulation or filamentation, and parasitic pump Raman back- 
and side scattering [13], as well as any effects of trapped 
particles on the RBS Langmuir wave (Landau damping, wave 
breaking) are included in the simulations by default. The graphs 
of the simulation results were prepared using VisXD, the 
advanced visualization routines of the OSIRIS framework, 
described in Ref. [14]. 

 

 

Figure 1: Raman amplification for É 0/É p = 20 (top) and É 0/Ép 
= 10 (bottom), all other parameters equal. Shown are five 
snapshots of the growing probe at 2.5 ps intervals. The x and y 
scales refer to the local coordinates of the probe pulse itself, and 
the ‘time’ scale refers to the probe propagation time. The 
amplified probe displayed in the top frame has a mostly smooth 
intensity envelope, as the reduced plasma density keeps probe 
filamentation and other damaging instabilities in check. The 
amplified probe in the bottom frame also shows strong and 
efficient growth, but, at the higher plasma density used in this 
simulation, uncontrolled filamentation destroys the probe 
envelope and compromises focusability. 

In the top frame of Figure 1, five snapshots of the growing 
probe are presented corresponding to 0.8, 1.6, 2.4, 3.2 and 4.0 
mm of propagation. The plasma density was chosen such that 
É 0/É p = 20. This ensures that the probe retains a smooth 
envelope during the entire simulation. After amplification, the 
probe has an average intensity of about 4 × 1017 W/cm2, 
corresponding to a final probe power, duration and energy of 
1.5 PW, 25 fs and 34 J respectively. Since the pump has a 
power, duration and energy of 4 TW, 25 ps and 96 J 
respectively, this corresponds to an estimated efficiency of 
35%. The amplified probe has sufficient quality that it can be 
focused down to 1 µm FWHM and 1.0 × 1023 W/cm2 FWHM 
intensity. The bottom frame shows the results of a simulation 
that is similar in all aspects, except that É 0/É p = 10 instead of 
20. The amplified probe in this simulation also shows strong 
and efficient growth, but, because of the higher plasma density, 
uncontrolled filamentation destroys the probe envelope and 
compromises focusability. This emphasizes the importance of 
considering transverse effects and instabilities when studying 
Raman amplification, to ensure that the high peak intensity of 
the amplified probe can be maintained across a large spot size, 
and that the probe envelope is smooth to preserve focusability. 

 

In conclusion, we have studied Raman amplification of high-
power and high-intensity laser pulses in low-density plasma. A 
25 ps, 4 TW laser pulse has been compressed to 25 fs and 1.5 
PW. It also follows from the simulation results that, for these 
optimal parameters, Raman amplification can be extended to 
cm-wide spot sizes, allowing the compression of a 1 PW, 25 ps 
pump pulse to 300 PW in as little as 30 fs. 
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Introduction 
A complete description of the ion dynamics within the 

warm dense matter (WDM) regime is important for describing 
many physical phenomena ranging from phase transitions 
within the interior of large astrophysical objects [1] to 
temperature relaxation rates during the internal processes of 
inertial confinement fusion [2]. Recent advances in both 
experimental and theoretical high energy density physics [3] 
have permitted these extreme states of matter to be formed in 
the laboratory and characterization methods are being rapidly 
developed and improved upon. Here we look at adapting a 
conventional condensed matter technique to study ion dynamics 
in the WDM state. This state is characterized by high pressure 
(≈1 Mbar), temperature (≈1 eV) and approximately solid 
density [4, 5] and represents a major challenge theoretically, 
computationally and experimentally. It lies in the regime 
between traditional solid state and plasma physics where 
expansion techniques are no longer applicable and neither the 
kinetic nor the potential energy can be treated perturbatively.  

High density plasmas can be parameterized by the 
ion-ion coupling parameter, 

 

             (1) 
 
where Q is the ionic charge, Ti(e) the ion (electron) 

temperature, a=(3/4πn)1/3 the Wigner-Seitz radius (average 
inter-particle separation) and n the ion number density. 
Equation (1) expresses the ratio of the pairwise Coulomb 
interaction to the average kinetic energy. WDM lies in the 
region where the coupling parameter is of order unity or greater. 
In this state strongly coupled ions, non-equilibrium species 
(Te/Ti > 1) and non-negligible electron degeneracy play an 
important role in defining structural dynamics [6]. At higher 
ion-ion coupling parameters the influence of the Coulomb 
interaction is increased and the ions arrange themselves around 
their equilibrium lattice positions. The ions oscillate around 
these positions and consequentially the ion acoustic waves 
present in a less strongly coupled plasma (fluid) are now 
replaced by phonons which must be treated quantum 
mechanically.  

In the laboratory these non-equilibrium systems can 
occur when matter is exposed to ultra-intense optical laser 
radiation. Energy is transferred ‘instantaneously’ to the 
electrons in the system and the degree of electron-phonon 
coupling determines the inter-species temperature relaxation 
rates. One area that has received considerable attention and is 
based on these equilibration rates is the process of ultra-fast 
non-thermal `melting` [7, 8]. Here an ultra intense laser beam 
can create a strongly perturbed potential surface (due to the 
excited state of the energetic electrons) causing high carrier 
density and in some cases exceeding that of the crystal stability 
limit. The residual motion of the atoms then causes disordering 

of the crystal on timescales much shorter than the usual 
propagation of a melt front. Conversely in gold the electron 
excitation is thought to produce a hardening of the lattice 
structure [9]. In all cases study into these non-equilibrium 
processes require simultaneous measurement of the electron and 
ion temperatures.  

Currently many techniques exist to determine the 
electron temperature in a dense plasma [10]. However 
diagnosing the ion temperature, particularly at temperatures of a 
few eV or below, is far more difficult without resorting to 
interpolation based surface techniques such as emission 
spectroscopy [11], and interferometery [12, 13]. The method 
investigated in this report directly measures the ion bulk 
temperature through x-ray scattering from a strongly coupled 
plasma. The Debye-Waller (DW) technique has long been used 
in solid state physics as a way to characterize the displacement 
of atoms in a crystal from equilibrium through the intensity of 
elastically scattered radiation (Bragg diffraction) [14]. Here we 
examine the applicability of this technique to infer ion 
dynamics and temperature in matter transitioning from cold 
condensed matter to the WDM state. This is done through a 
combination of the solid state DW theory (section 1) and large-
scale molecular dynamic simulation (section 2). Finally we 
evaluate the applicability of this technique through 
experimental results from proton heated highly orientated 
pyrolytic graphite (HOPG) (section 3).  

 

1. Temperature Dependent Debye-Waller Factor 
In the kinematic limit where radiation interacts only 

weakly with a sample it has been shown that the intensity of 
scattered radiation at position R is proportional to the value of 
the dynamic structure factor S, the incident power P0 and the 
inverse irradiated area A, 

 

                        (2) 
 

where ω is the frequency shift of the scattered photon and Ω the 
solid angle [10]. In the non-relativistic limit for near-elastic 
scattering, |k|=2k0sin(θ/2) for incident x-rays with wave vector 
|k0|=4π/λ0. Here, θ is the scattering angle and λ0 the probe 
wavelength. The dynamic structure factor is the spatial and 
temporal Fourier transform of the dynamic electron density-
density auto-correlation function, known as the van Hove 
function [15]. In effect, the scattered radiation profile from a 
dense plasma contains information on the motion and position 
of the particles within.  

In a solid it is natural to decompose the motion of the 
ions into multiple terms, Ri which represents the equilibrium 
position of the ions in the lattice as well as uoi(t) and uti(t) 
which represent the displacement of ions from these points, 
oscillatory and translational motion respectively. Following the 
derivation by Gregori [16, 17] we derive a set of equations 

Γ =
Q2

4π�0kBTia
,

Ps(R,ω)dΩdω ∝ P0

A
S(k,ω) ,
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Figure 1. Ion-Ion Static Structure Factor for graphite 

where k is aligned perpendicular to the planes. Obtained from 
molecular dynamic simulations performed with LAMMPS (see 
section 2).   

 

showing the temperature dependence of the ion-ion static 
structure factor, 
 

              (3) 
 

             (4) 
 

                       (5) 
 

where ⟨...⟩Ti denotes an ensemble average of N particles at 
temperature Ti and S(k)=∫S(k, ω)dω. Equation (4) can be 
thought of a translational structure factor (≈N in a solid) and (5) 
as the crystal Bragg peak. Eq (3) describes, to first order, the 
reduction in coherent scattering as the parameter 2W=k2⟨u2

oi⟩ 
is increased. In the harmonic approximation [18,19] the 
displacement of an atom from its equilibrium position can be 
related to the temperature Ti through,  
 

        (6) 
 
Hence the temperature of the ions can be related to 

the decreased intensity of the Bragg scattered signal. However, 
as pointed out by Ernstorfer et al [9] great care must be taken 
when using (6) in a highly non-equilibrium system. In such 
cases the electron excitation can impact the Debye temperature, 
TD, dramatically and as such TD should be treated as TD(Te). A 
full ab-initio analysis of the phonon density of states at higher 
electron temperatures is necessary to calculate an exact value of 
TD, however this value can be approximated. One method is to 
use the definition of the Debye temperature in a plasma, 

 

                              (7) 
 

as given in [20] which is based upon the Bohm-Staver relation 
in simple metals. Here Z is the ionization, ne the electron 
density, and M the ion mass. In such cases the temperature 
dependence comes in through the degree of ionization Z=Z(Te). 
Another method is to extract the Debye temperature from large-

scale molecular dynamic simulations (Section 2). In this report 
we consider both methods of calculating TD for graphite in the 
WDM regime.  
 

2. Molecular Dynamics Simulation 
 An MD simulation was constructed to approximate 
the conditions of warm dense graphite investigated in section 3. 
To model the bonds between the layers a screened Coulomb 
potential (Yukawa) was used,  
 

                   (8) 
 
where the parameter kD is related to the screening length by kD 
= 1/λD. The advantage of using the screened Coulomb potential 
is that it can approximate the behavior (in a single reciprocal 
lattice direction) of both `cold` and `hot` graphite either side of 
the melting point. Below the melt point the forces between the 
graphite layers are determined by the delocalization of the 
single free electron per carbon atom creating the weak inter-
planar π-bonds. By choosing the screening length to be λD = a/2 
the melt point of the model can be matched to that of graphite 
[21]. At temperatures above the melt point and while ionization 
remains low the Thomas-Fermi [22] screening model also 
produces a value very close to λD = a/2. Hence the screened 
Coulomb potential is suitable for the temperatures considered.   
Large-scale molecular dynamic simulations were run with the 
LAMMPS MD package [23] using 20000 ions at several 
temperatures above and below the melt point. In each case the 
simulation was initiated in a lattice configuration at t=0, then 
allowed to equilibrate for 1000(1/ωpi) with a time step Δτ = 
0.005(1/ωpi) during which time temperature rescaling was used 
to maintain the temperature. ωpi is the ion plasma frequency. It 
was ensured that in all cases the system reached an equilibrium 
state before performing calculations of the structure factor for a 
further 1000(1/ωpi) in the microcanonical ensemble. These 
results are shown in figure 1. The change in the static structure 
factor for various temperatures is shown in figure 2 for two 
different k values. The value of the structure factor for k=kBragg 
at low T approaches Eq. (5) which for an infinite perfect crystal 
(N→∞) is a Dirac-delta function. However for any finite crystal 
the actual maximum value is given by the fourier transform of a 
top hat function (a sinc function) describing the extent of the 
crystal. The relative intensity between two temperatures 
however is not affected since this analysis was done at constant 
volume.  
 

 
Figure 2. Bragg Intensity vs Ion Temperature from 

MD simulation (black lines), DW theory `cold` TD=950K (green 
lines), DW theory using Eq. (7) TD=677K (blue lines) and DW 
theory `fitted` TD=620K (red lines). Produced at k=kBragg  (solid 
lines) and k=(3/4)kBragg (dashed lines). 
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Table 1. Comparison between MD results and DW 
theory for different values of the Debye temperature, TD. 

Method TD SMD/SDW(0.5TM) SMD/SDW(0.9TM) 

Cold Graphite 950K 0.75 0.5 

Equation (7) 677K 0.94 0.78 

Fitted function 620K 1.02 0.92 
 

Of interest to this work is the reduction in the Bragg 
scattering (solid lines) with increased temperature. Table 1 
shows the ratio between the DW theory and the MD results at 
50% and 90% of the melt temperature. The discrepancy 
between the two is clearly apparent when TD is set to 950 K 
[24] the graphite inter-plane solid state value. This high TD 
models a crystal with stronger and more rigid bonds than seen 
in the MD simulation, this is the source of the increased 
structure factor at high T. Using a higher value for TD=677 K 
obtained from Eq. (7) the discrepancy between the models can 
be reduced and at 90% of Tm there is an improvement from 0.5 
to 0.78 in the structure factor ratio. If the model is fitted to the 
data a slightly lower Debye temperature of TD=620 K is 
obtained leading to an even better agreement between the two 
models. The improvement seen in Table 1 shows the degree to 
which the DW theory can capture the ion behavior at ion 
temperatures up to Tm given the correct value for the Debye 
temperature. The small difference when T=0.9TM can be 
attributed to the motion of the ions no longer being described 
within the harmonic approximation of equation (6). This 
inconsistency can be reduced at these high temperatures by 
modifying the underlying assumptions of the DW factor and 
including additional anharmonic terms. This additional terms 
are neglected here due to the uncertainty already present in the 
experimental results.  

It is interesting to note the increase in scattering at 
angles not equal to the Bragg angle i.e. k≠kBragg. This is shown 
in figure 2  by the dashed lines. Scattering at these angles is 
known as thermal diffuse and represents incoherent scattering 
from the thermal motion of the ions (phonons) and to first order 
represents the density of states of the phonons [18]. As this 
scattering has a smaller cross section it can be neglected in this 
analysis of the coherent Bragg scattering.  

 

3. Experimental temperature inference in warm dense 
HOPG 
 

 
Figure 3. A schematic of the experimental setup used 

on the Titan Laser at the Jupiter Laser Facility, Lawrence 
Livermore National Laboratory (USA).  

 

In this section we will describe an experiment 
performed at the Titan Laser at the Jupiter Laser Facility, LLNL 
(see Fig 3). The 150 J, 10 ps long Titan west beam (at the 
fundamental frequency λ0=1054 nm) was split into two arms in 
a 30/70 pump-probe configuration. To heat the graphite sample 
30% of the energy was focused onto a thin aluminum foil 

creating an intense proton beam through the Target Normal 
Sheath Acceleration (TNSA) mechanism [24,25]. The 
remaining energy was focused 225 ps later onto a copper disk to 
create an intense Cu-Kα 8 keV x-ray probe. An image plate was 
placed 300 mm away from the graphite sample at 27.4° to 
detect the Bragg diffracted light. The magnification of the setup 
was 138.  

 

 Figure 4. Bragg scattering signal on image plate from 
proton heated (top) and unheated (bottom) sample. 

 

The proton beam forms a spot size of ~0.5 mm on the 
sample, which is magnified to 75 mm onto the image plate 
detector. The sample consisted of 50 µm thick HOPG covered 
with 15 or 30 µm of plastic (PP), increasing the purity of the 
proton beam reaching the sample and stopping low energy 
protons. This helps to achieve a more homogeneous heating of 
the sample. The thickness of 50 µm for the HOPG sample was 
chosen to be considerably less than the penetration depth of the 
expected protons (up to 1000 µm) and of the Cu-Kα radiation 
(1285 µm). This ensures total heating of the sample and 
prevents unheated regions being probed. Figure 4 shows an 
example of two image plates from an unheated and heated 
sample. The heated area is clearly visible through a reduction in 
the Bragg peak. By integrating the intensity of scattered 
radiation along the Bragg scattering signal and normalizing to 
the cold scattering signal either side of the heated region we 
used the model developed above using TD=620K to infer the 
temperature of the ions.  

In order to validate our temperature diagnostics we 
have also compared our measurements with the predicted 
heating from the proton beam [25, 26, 27]. This was done by 
assuming that the laser produced protons with a Boltzmann-like 
distribution of the form,  

 

                  (9) 
 

with the proton temperature Tp≈0.5 MeV, a cutoff energy of 
Emax≈15 MeV and a conversion efficiency of 0.16% for protons 
with energy greater than 4 MeV. A linear relationship between 
Emax and angle was used to approximate the spatial dependence 
of the beam, as suggested in ref. [27].  
 

 
Figure 5. Target temperature (eV) approximated from 

the theoretical proton spectrum from ref [26] and the known 
stopping power of PP and graphite [28].  

dN

dE
=

A

E
1
2

exp

�
−
�
2E

Tp

� 1
2

�
E < Emax ,



From the assumed proton distribution and its spatial 
variation using the known stopping power in cold PP and 
graphite the estimated deposited energy at a given depth in the 
sample was calculated. An example for 15 µm of PP is given in 
figure 5 with the resulting heating profiles shown for the 
different cases in figure 6. Figure 6 also shows the temperatures 
obtained for three different shots using the DW theory for 15 
µm of PP (a), 30 µm of PP (b) and no proton beam (c). The 
similarity between the temperatures obtained using the 
theoretical spectrum and those obtained using the DW theory 
coupled with the experimental results is promising. Further 
analysis of the proton spectrum using RCF and proton 
spectrometers present at the experiment should allow for 
improvement between the predicted and the measured 
temperatures in the sample. This analysis should help to 
evaluate the validity of the spatial features of the heated sample 
present in our results. 

 

 
Figure 6. Inferred ion temperature from the DW 

model (red lines) and expected temperature from the theoretical 
proton spectrum (blue lines) for 15 µm of PP (a), 30 µm of PP 
(b) and no heating (c). The red dashed line indicates the 
equilibrium melt temperature of graphite ~0.33 eV.  
   
Conclusions 

In this report we present an overview of the 
Debye-Waller (DW) technique to characterize the displacement 
of atoms in a crystal from the equilibrium positions. We show 
how within the harmonic approximation this displacement can 
be linked to the ion temperature through eq. (6) provided that 

TD is known. Using a classical simulation we have shown that 
when a fitted TD is used the DW theory agrees with MD 
simulation extremely well up to 90% of the melt temperature, 
Tm. However when using the solid state result we obtained a 
large (~50%) discrepancy at these higher temperatures. We also 
showed that for temperatures below 0.5Tm using the value of TD 
obtained from the the Bohm-Staver relation (7) is also 
comparatively  accurate (<5%). 

Finally we evaluate the validity of this technique 
through experimental results in an equilibrium system by 
inferring the ion temperature in warm dense graphite (HOPG) 
and have shown that the results obtained from the DW theory 
compare favorably with an approximate proton spectrum and 
known energy deposition in graphite.  
 

Acknowledgements 
The work in this report was supported by funding from AWE. 
The author would also like to thank all the staff at the Jupiter 
Laser Facility, LLNL for their support.  
 

References  
[1] J. Daligault and S. Gupta, Astrophys.J. 703, 994 (2009). 
[2] M. Matzen, M. Sweeney, R. Adams, and J. Asay, Physics of 
Plasmas (2005).  
[3] R. Drake, High-energy-density physics, fundamentals, inertial 
fusion, and experimental astrophysics (Springer Verlag, 2006). 
[4] R. Davidson, D. Arnett, J. Dahlburg, and P. Dimotakis, Frontiers in 
high energy density physics (Frontiers, 2002). 
[5] R. Drake, Physics Of Plasmas 16, 055501 (2009).  
[6] G. Gregori and D.O. Gericke. Physics Of Plasmas. 16, 5 (2009) 
[7] C.W. Siders, Science 286, 1340 (1999).  
[8] A. M. Lindenberg, Science 308, 392 (2005).  
[9] R. Ernstorfer et al, Science 323, 5917 (2009) . 
[10] S.H. Glenzer and R. Redmer, Reviews Of Modern Physics 81, 
1625 (2009). 
[11] P. Patel et al, Physical Review Letters 91, 12, (2003). 
[12] A. Mancic et al, High Energy Density Physics 6, 21 (2010). 
[13] G.M. Dyer et al, Physical Review Letters 101, 1, (2008). 
[14] T.H. Metzger, Journal of Applied Crystallography 19, 200 (1986). 
[15] J.P. Hansen and I. R. McDonald, Theory of Simple Liquids, Third 
Edition, 3rd ed. (Academic Press, 2006). 
[16] G. Gregori, S. Glenzer, W. Rozmus, R. Lee, and O. Landen, 
Physical Review E 67, 026412 (2003). 
[17] G. Gregori, S. H. Glenzer, and O. L. Landen, Physical Review E 
74, 026402 (2006).  
[18] J. Als-Nielsen, Elements of Modern X-Ray Physics (Wiley, John & 
Sons, Incorporated, 2001).  
[19] R. Mossbauer and W. Wiedemann. Kernresonanzabsorption Nicht 
Doppler-Verbreiterter Gammastrahlung in Re-187. Z Phys. 159, 1 
(1960). 
[20] G. Gregori et al, High Energy Density 3, 99 (2007).  
[21] S. Hamaguchi, R. Farouki, and D. Dubin, Physical Review E 56, 
4671 (1997). 
[22] D. Salzmannn, Atomic Physics in Hot Plasmas (Oxford University 
Press, 1998) 
[23] http://lammps.sandia.gov/ 
[24] W. DeSorbo, The Specific Heat of Graphite from 13° to 300°K. J. 
Chem. Phys. 21, 1660 (1953). 
[25] P. Mora, Plasma Expansion into a Vacuum. Physical Review 
Letters. 90, 18 (2003). 
[26] J. Fuchs et al, Laser-driven proton scaling laws and new paths 
towards energy increase. Nat Phys. 2, 48–54. (2006). 
[27] F.Nuernberg, M. Schollmeier, E. Brambrink, et al. Radiochromic 
film imaging spectroscopy of laser-accelerated proton beams. Rev Sci 
Instrum. 80, 3 (2009) 
[28] http://physics.nist.gov/PhysRefData/Star/Text/PSTAR.html 

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

-0.8 -0.6 -0.4 -0.2  0  0.2  0.4  0.6  0.8

Inf
er

re
d I

on
 T

em
pe

ra
tur

e (
eV

)

Distance on HOPG (mm)

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

-0.8 -0.6 -0.4 -0.2  0  0.2  0.4  0.6  0.8

Inf
er

re
d I

on
 T

em
pe

ra
tur

e (
eV

)

Distance on HOPG (mm)

 0

 0.05

 0.1

 0.15

 0.2

 0.25

 0.3

 0.35

 0.4

-0.8 -0.6 -0.4 -0.2  0  0.2  0.4  0.6  0.8

Inf
er

re
d I

on
 T

em
pe

ra
tur

e (
eV

)

Distance on HOPG (mm)

(a) 

(b) 

(c) 

Gaps in data correspond to no 
scattered light i.e. to graphite above 

the melt point 



A new VFP-PIC hybrid code to model fast electron transport with hydrodynamic 
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Introduction 

The interaction of a high-intensity laser beam with a solid target 
generates a large number of fast-electrons with long mean free 
paths. The study of these fast-electrons is still the subject of 
active research, given their relevance to Tabak's proposed fast-
ignition (FI) approach to inertial confinement fusion [1]. 
Modelling of these electrons from the region in which they are 
generated to the dense fuel core is not a trivial task given the 
range of plasma conditions experienced by the electrons. 
 
Conventional methods for simulating this FI system fall into 
two categories: kinetic and hybrid codes. Kinetic codes, such as 
Vlasov Fokker-Planck (VFP) and Particle in Cell (PIC) codes, 
provide an almost complete description of the system, but are 
often computationally expensive and have strict constraints on 
the time-step. Thus, these codes can struggle to model 
picosecond timescales when hydrodynamics of the background 
is expected to be significant. VFP codes work best in collision-
dominated plasmas. As for PIC codes, there is some debate 
about their ability to reproduce the results of classical transport 
theory, which can play a significant role in beam-plasma 
systems. Furthermore, PIC codes can struggle to accurately 
represent the fast-electron beam in a solid density background 
as most of the particles in a cell will be used to model the 
background. 
 
Hybrid codes [2] often consist of a PIC code, which accurately 
models the fast-electrons, and a simple fluid code to model the 
response of the background. While hybrid codes are 
computationally light, the description of the background is often 
rudimentary. This reduced description of the background allows 
probing of longer time-scales and larger spatial-scales. This 
description of the background is sometimes as simple as  
 

 
 
where  η is the Spitzer resistivity. However, η should be a 
tensor when magnetic fields are present [3]. Also this simple 
treatment neglects many terms present in the full Ohm’s law. 
More advanced hybrid codes still rely on the fluid treatment of 
the background plasma. However this treatment is only valid in 
the case of Maxwellian background distribution functions and 
also in the absence of steep number density and temperature 
gradients. Both non-Maxwellian distributions and steep 
gradients are expected to be present in fast ignition scenario. 
 

Novel Hybrid Code 

We present a new approach to modeling fast ignition type 
scenarios. This novel hybrid code offers a good description of 
the fast-electrons (PIC), and an improved description of the 
background (VFP) compared to conventional hybrid codes.  
The VFP code used (IMPACT [4]) is suited to describing 
magnetized transport in the presence of steep temperature and 
number density gradients. Furthermore, it can model magnetic 
field generation and includes the displacement current in 
Ampere’s law. IMPACT solves the VFP equation by making 
use of a Cartesian tensor expansion in velocity space 

 

                             

In order to truncate this expansion, IMPACT utilises the 
diffusion approximation, which neglects terms in f of higher 
order than 1. This approximation is valid for a collisional 
plasma, and limits the hybrid approach to systems with small 
beam to background ratios (just as in a conventional hybrid 
code). The PIC code and VFP code are linked via their current 
contributions to Ampere’s law.  

Filamentation instability 

To test the VFP-PIC interaction we considered the filamentation 
instability in a 1d2v system. The mechanism for this instability 
is essentially a feedback between the generation of a magnetic 
field due a transverse perturbation of the beam current, and the 
enhancement of this current due to the Lorentz force of the 
perturbed magnetic field [5]. Due to the novel set up of the 
hybrid scheme it was necessary to derive a dispersion relation in 
the VFP-PIC system. We used the approach of Epperlein [6] as 
a template. We consider the distribution function of the 
background electrons to be a shifted Maxwellian evolving under 
the f0 and f1 equations. The beam electrons are initially 
monokinetic with velocity vh and evolve under the collisionless 
Vlasov equation. Considering wavelike perturbations, and using 
Ampere’s law and Faraday’s law we find a cubic dispersion 
relation of the form given in figure 

                                

 

 

where 

                                

 

 

 

 

 

 

 

and

 

γ is the growth rate, k is the wavenumber of the instability, 

 

ωh is the hot electron plasma frequency, 

 

ωc
 is the background 

electron plasma frequency, 

 

τ th is the collision time of a thermal 
electron in the background, 

 

f0
0 is the initial isotropic part of the 

distribution function for the background electrons. The real 
parts of the roots of the above cubic are shown in figure 1 for a 
system with a beam to background ratio of 0.01, vh = 10 vth, 
where vth is the thermal velocity in the background, with the 
background at a temperature of 50 eV and an electron density of 
and 5*1021 /cm3.  
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Fig. 1: Real part of roots of the dispersion relation. Wavelength is 
normalized to the thermal electron mean free path, and the growth rate 
is normalized to the collision frequency for a thermal electron. 

 

As we are considering the growth of the instability, we consider 
the positive real part. We see that at low wavelengths, the 
growth rate is saturated as the generation of the perturbed 
magnetic field is balanced by the resistive diffusion of the field. 
At larger wavelengths the growth rate tends to zero due to the 
decrease in the magnitude of the perturbed magnetic field 
(generated by the curl of the total current). As IMPACT utilises 
the diffusion approximation, it is useful to consider the effect of 
including  f2  in the background. The first order correction to the 
dispersion relation is plotted in figure 2. We see that the 
contribution of  f2  to the growth rate is only significant for 
background drift speeds greater than the thermal velocity. We 
see also that this contribution is greatest for low wavelength 
perturbations. This is due to the increased importance of 
collisionless phenomena in the background for wavelengths 
close to the mean free path of a thermal electron. The agreement 
of the two models for

 

λ <100 is due to lack of higher order 
anisotropic terms in the model. 

 

 

Fig. 2: Fractional difference between growth rates without and with f2 
contribution for beam to background ratios of 0.01 (blue), 0.1 (red), and 
0.2 (grey). 

Code comparison 

Figure 3 shows the dispersion relation predicted by theory and 
by the hybrid code for the system parameters mentioned above. 
The growth rate for an initial perturbation of 0.1% differs from 
theory by less than 20%, and the growth rate for the smaller 
perturbation of 0.0001% differs by less than 10%. The smaller 

the perturbation the closer the instability resembles the linear 
analysis, as expected. This test confirms that the PIC and VFP 
codes interact correctly. 

 

Fig. 3: Comparison of the growth rates predicted by the code with a 
0.1% initial perturbation (blue), with a 0.0001% initial perturbation 
(black), to the growth rate predicted by the linear instability analysis 
(red). 

Conclusions and Future work 

We have constructed a novel VFP-PIC hybrid code to study fast 
electron transport in fast-ignition type scenarios. A linear theory 
of the filamentation instability has been developed to test the 
interaction of the VFP and PIC codes. A good agreement has 
been found for the dispersion relations predicted by the code 
and by the linear theory. 

The inclusion of hydrodynamic response in IMPACT makes the 
hybrid code well suited to study fast electron transport on 
picosecond timescales. We hope to offer an improved 
description on phenomena such the as re-collimation effects of 
the fast-electron beam due to PdV cooling in the background 
plasma [7],[8].  
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Quantum mechanics describes internal molecular dynamics in 
terms of the amplitude and phase of vibrational wavepackets, 
which are coherent superpositions of states and contain all 
information about the associated populations and phases. In the 
energy or frequency domain, the quantum beating is observable 
by resonant photonic processes; in the temporal domain, this 
interference results in characteristic time-varying motion. 
Ultrafast laser systems generating near-infrared (NIR) pulses 
with durations of hundreds of femtoseconds allowed the first 
observation of such wavepackets [1,2] with significant 
applications in chemical dynamics, opening up the field of 
femtochemistry. Vibrational wavepackets have been observed 
in a range of systems, often initiated by optical pumping with an 
ultrafast laser pump pulse and observed by fragmenting the 
molecule with a similar probe or dump pulse. Recent advances 
have allowed such wavepacket motion to be resolved in 
individual molecules [3] through the application of single-
molecule detection schemes. 

A range of coherent control strategies have been demonstrated 
whereby temporal or spectral shaping is applied to laser pulse to 
modify the launch or evolution of vibrational wavepacket 
motion, thus altering internal states of the molecular system 
under study [4]. Generally, such modifications require optical 
coupling between states, and complex spectral or temporal 
shaping is required to populate pre-defined final state [5] 

The vibrational periods of the lightest and simplest molecules 
H2

+ and D2
+ are 13 and 20 fs respectively. NIR few-cycle pulses 

are therefore perfectly suited for imaging vibrational 
wavepackets as a pulse duration shorter than the vibrational 
period is readily achievable. Using an interferometrically stable 
pump-probe configuration and reflection focusing tight enough 
to generate an intensity of the order 1014 Wcm-2 allows ultrafast 
strong-field imaging of vibrational motion. The wavepacket is 
generated by tunnel ionization of the neutral molecules [6] 
projecting the ground state wavefunction in the neutral 
molecule onto all vibrational states in the molecular ion. 

As with coherent control investigations, once it has been 
established that a vibrational (or indeed rovibrational) 
wavepacket has been generated and imaged, it is natural to try 
to modify its evolution. Spectral shaping unavoidably leads to 
an increase in pulse duration, which defeats the purpose of 
employing few-cycle pulses. Recent theoretical predictions 
indicate a strong-field few-cycle pulse applied at the correct 
time can heavily perturb a bound electron orbital leading to the 
transfer of vibrational population as the nuclei adjust 
nonadiabatically to the rapidly-varying electronic environment 

[7-9]. This process can be treated as a dynamic Raman or Stark 
process. In the former, multiphoton coupling between ground 
and excited states as wavepacket oscillates causes a bond length 
(hence time) dependent redistribution; the latter is a polarization 
of the molecular orbital by the dipole force leading to a time-
varying distortion of potential surfaces. The nuclear wavepacket 
then propagates on the modified potential, and the diabaticity of 
the process causes population transfer. In both cases, changing 
intensity, wavelength and intensity of control pulse influences 
population transfer. Experimental evidence for time-dependent 
manipulation of a vibrational wavepacket has been presented by 
the authors [10,11] in comparison with a focal volume 
integrated quasi-classical model (QCM) [12]. 

To demonstrate the feasibility of more extensive control of the 
vibrational state of a molecule with strong-field pulses, we now 
extend the recently published QCM [12] to two control pulses 
with independent delays. The proposed technique is distinct 
from traditional coherent control methods as, rather than 
applying one shaped pulse, we propose that multiple few-cycle 
impulsive actions on the wavepacket at well-timed intervals can 
achieve a useful fidelity of final state. This approach has been 
discussed for solution to the TDSE for unique double control 
pulse scenario [13], however here we further the state of the art 
by systematically investigating the control landscape. Such a 
study is a demonstration of the efficiency of the QCM, as 
solving the TDSE repeatedly would take a prohibitive long 
time. 

The QCM is readily modified to include an additional control 
pulse as the ensemble trajectory motion is modelled at each 
time-step, allowing a control field of arbitrary complexity. As 
with the single-control case, the QCM is run out to 750 fs in 50 
as steps, and returns the photodissociation yield, phase and 
population matrices and work done as a function of vibrational 
state. Operating the QCM 20,000 times requires 42 hours on a 
standard-performance PC (Intel 2.4 GHz Core 2 Duo P8600, 4 
GB RAM, Microsoft Windows 7). Scaling to more complex 
molecules will require an increase in computing power: each 
populated electronic state will have to be included, and for tri- 
and polyatomics, the QCM will have to be extended to cover 
each active degree of freedom. If resonant control pulses are 
applied, inter-state coupling will have to be introduced and a 
more complete representation of rovibrational dynamics is 
necessary. Finally, as discussed earlier, volume integration is 
clearly necessary. While such modelling is significantly more 
advanced than the current discussion, the problem is perfectly 
suited to parallelization methods. 
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Experimentally, deriving additional control pulses from one 
ultrafast pulse is nontrivial as repeated interferometric splitting 
of the laser output leads to significant loses, leading to a drop in 
the peak intensities available. An alternative to additional 
nested interferometers is the use of a focussing optic divided 
into independently movable annuli, however for large delays, 
the spatial overlap of the resulting focal volumes would 
degrade. Furthermore, such optics introduce significant 
diffraction [14], however the resulting distortion to the pulse 
wavefronts may compensate for focal walk-off. Another method 
for introducing independent delays is the azimuthal rotation of 
glass plates; again, by dividing into annuli, different spatial 
elements of the pulse can be delayed but this introduces a delay-
dependent group-delay dispersion, temporally distorting the 
pulse. These difficulties could potentially be overcome through 
the use of a noncollinear geometry, whereby the pump and 
probe are derived from one interferometer and multiple control 
pulses from another. While the requirement for tight focusing 
may make noncollinear propagation difficult, the necessity for 
the detector to image a restricted section of the focal volume 
implies that even tight (tens of micron) waists could be 
overlapped at angles of tens of degrees and still form a common 
interaction region, and could be improved with diffractive 
shaping of the foci. 

The result of applying dual control pulses (C1 and C2) to the 
vibrational wavepacket in D2

+ is presented in figure 1. The 
delay between the pump (t = 0) and probe is scanned for 0 < 
(C1, C2) <  200 fs in 1 fs steps. A pump intensity of 1014 Wcm-2 
is employed to launch the wavepacket and a pump:control 
intensity ratio of 3:1 is defined for both C1 and C2. To elucidate 
the transfer of population, the most populated vibrational state 
as a function of C1, C2 delay is presented as a colour map in 
figure 1(a). A regular modulation of the most populated state is 
predicted: at small temporal separations from t = 0, vibrational 
states up to v = 9 are populated with a periodicity defined by the 
average period of oscillation of the D2

+ molecular ion. At larger 
delays at constant C1 or C2 delay, an overlap of the repetitive 
structure is found, the result of the control pulses acting on a 
more spatially dispersed wavepacket. This effect is magnified 
along the C1 = C2 diagonal, resulting in a suppressed level of 
control. 

Clearly, the purity of the vibrational population is of interest to 
coherent control applications and the most populated state is 
only part of the story, hence the contrast of the population as a 
function of C1 and C2 is presented in figure 1(b). The contrast 
is calculated by taking the difference of the peak population to 
the average of other populations and calculating the ratio to the 
total population. Groups of pronounced ridges are found with a 
similar temporal smearing effect as the C1 and C2 delays are 
increased from t = 0. Interestingly, the maximum contrast only 
degrades by a small amount as the C1 and C2 delays are 
increased, rather the ridges blur into each other, which is again 
a result of the wavepacket dispersing spatially. 

Taken in isolation, the maximum populated state or contrast 
plots are of limited use. By overlaying the two results, figure 
1(c), the relative purity achieved by the dual-pulse control 
scheme is revealed. Around t = 0, a poor control outcome is 
observed. For C1 or C2 delays up to 100 fs, well isolated 
islands of optimal control are found, allowing single state 
access up to v = 7 with significant contrast. These regions offer 
the best chance of experimentally resolving the wavepacket 
modification. At C1 or C2 delays above 100 fs, the high 
contrast islands will be difficult to separate, however as the 
unperturbed wavepacket is known to revive around 580 fs, 
further investigation is required. Nonequal intensity control 
pulses may also allow an interesting mix of final states to be 
populated. 

As demonstrated in the single control pulse theoretical and 
experimental results [10,11], variation of the laser intensity has 

 
 
Figure 1. Modelling the outcome of applying two control 
pulses to the D2

+ ensemble. Pump intensity = 1014 Wcm-2, 
pump:control intensity ratio = 3:1, duration of pump, 
control and probe = 6 fs. (a) Colour map of the most 
populated vibrational state as control pulses C1 and C2 are 
scanned from 0 to 200 fs. (b) Vibrational state contrast, C as 
a greyscale map, where C = (popmax - popmin)/(popmax + 
popmin), and popmin is the mean of the remaining populations 
not equal to popmax. (c) Most populated state and contrast 
map overlayed to illustrate the final state fidelity that can be 
achieved, so the ridged colour indicates vibrational state and 
the luminosity indicates the purity of state. 
 
 
  



a dramatic influence on the observability of the control 
operation. In figure 2, we demonstrate the same is even more so 
the case for the dual-control pulse scheme. For a fixed pump 
intensity of 1014 Wcm-2, the pump:control intensity is varied 
from 3:1 (as in figure 1) to 2:1 and 1:1 and a subsection of the 
C1 - C2 variation landscape is presented where the clearest 
manipulation is found in figure 1. A pump-control ratio of 2:1 
significantly improves the contrast of the final state populations 
over a ratio of 3:1, particularly for the lowest lying states. This 
is the result of the more intense control pulse distorting the 
potential more severely, thus driving all states including the 
lowest lying. Despite the increase in control intensity from 3.33 
× 1013 to 5 × 1013 Wcm-2, the high-contrast maximal population 
ridges do not shift significantly with C1 or C2 delay. 

As the pump:control ratio is further increased to 1:1 the 
population and contrast of the v = 0 state is observed to be 
enhanced even further than the 2:1 or 3:1 cases, however the 
disruption of the ensemble is now so large that all other 
vibrational states are erratically populated. The loss of the 
regular structure seen in the 2:1 and 3:1 cases is therefore 
indicative that the upper useful limit of the dual-control scheme. 
To further improve the contrast or to populate a pre-defined 
distribution of states will require additional control pulses. 

Conclusions and outlook 

A novel application of the QCM has been presented, allowing a 
systematic study of the application of two intense few-cycle 
control pulses. High fidelity population transfer to individual 
vibrational states is predicted, and following discussions of 
experimental feasibility, we demonstrate how the range of 
available states and the transfer contrast depends heavily on the 

intensity of the control pulses, establishing an upper limit. With 
access to more computational power, this systematic approach 
could be improved to search for an optimal outcome to a pre-
defined final state using genetic algorithms, with applications in 
quantum information. 

The manipulation of a vibrational wavepacket by a strong-field 
control pulse has very interesting applications to attosecond 
science. It has recently been demonstrated that the localization 
of the electron in D2

+ can be externally manipulated by applying 
a carefully defined light field. By varying the relative phase of 
the carrier and envelope of a few-cycle pulse (referred to as the 
carrier-envelope phase, CEP), the electron is observed to be 
driven from one nuclei to the other. This manipulation of the 
electron wavepacket is evidenced from the asymmetry of the 
photodissociation or Coulomb explosion process. Such 
experimental demonstrations naturally point to controlling the 
vibrational wavepacket while simultaneously driving the 
electron motion, theoretically demonstrated by the authors 
where a significant asymmetry should be observable while 
modifying the vibrational population. Such methods allowing 
the nuclear and electronic motions to be selectively directed, 
allowing additional coherent control routes for strong-field 
science. 
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populated vibrational state, contrast and final state fidelity 
as in figure 1. 
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Introduction 

Advances in ultrafast laser technology now allow the motion of 
vibrational wavepackets to be imaged through the use of 
nonresonant strong-field laser pulses with the experiments 
generally carried out on single electron molecular ions or 
electronically isolated systems. In particular the hydrogen 
diatomics provide a crucial test-bed, leading to new discoveries 
in molecular dynamics and control [1]. In recent years, several 
substantial developments have been made in this field, owing to 
the production of few-cycle near-infrared (NIR) laser pulses 
with durations on sub-vibrational timescales. Such pulses are 
ideal for manipulation of potential landscapes for steering 
molecular wavepacket evolution. In recent pioneering studies 
the ability to control electron localisation during molecular 
dissociation has been demonstrated in the deuterium molecular 
ion [2]. Here, the electric field of the laser pulse has been used 
to couple the electronic states in the molecular ion and guide the 
electron during the photodissociation (PD) event. Innovative 
imaging techniques have also been developed through studies in 
this molecule, where the `molecular clock' and PACER schemes 
have availed of electron recollision dynamics. XUV attosecond 
pump pulses have also been employed to initiate vibrational 
dynamics, with the authors reporting the necessity to consider 
the influence of the NIR probe [3,4]. The evolution of nuclear 
wavepackets in the molecular ion underpin each of these 
developments, and the ability to manipulate such vibrational 
dynamics promises to provide a significant step in enhancing 
molecular control schemes. However, whilst there has been 
progress in time-resolved imaging (see [1] and references 
therein), experimental control of the vibrational distribution 
which dictates wavepacket evolution has remained elusive. 

Here, we apply a three-pulse sequence to create, manipulate and 
probe a vibrational wavepacket and report vibrational 
redistribution in a bound wavepacket in D2

+. Through probing 
the modified wavepacket, we find systematic trends observed in 
the experimental results that can be predicted by quasi-classical 
simulations and hence recover the redistributed vibrational state 
populations [5]. This is the first observation of such control in 
this prototypal system. Whilst other multi-pulse studies have 
demonstrated selective dissociation of a vibrational wavepacket 
[6], this current work constitutes a more significant 
breakthrough as the ability to modify the bound vibrational 
superposition provides a platform for future studies of 
molecular control (e.g. [7]). 

The scheme for wavepacket control is sketched in Fig. 1. The 
pump pulse initiates tunnel ionization of D2, populating a 
coherent superposition of vibrational states in the electronic 
ground state (1sσg) of the D2

+ molecular ion.  The manipulation 
pulse is applied after some delay, during which the vibrational 
wavepacket has evolved in time, see Fig 1(b-c), and acts to 
modify the bound wavepacket. Finally, the subsequent 
evolution of the modified wavepacket is mapped by a probe 
pulse, via PD of the molecular ion. 

The D2
+ wavepacket created in this scheme is in a broad range 

of vibrational states, each evolving at a different frequency. The 
wavepacket initially oscillates across the bound potential 
surface in a localized form. However due to the anharmonicity 
of the potential it rapidly undergoes quantum dephasing (shown 
in Figs 1b and 1c) so that the wavepacket becomes delocalized 
across the full extent of the potential [1,5,8-11]. The spatial and 
temporal profile of the vibrational wavepacket is thus inherently 
dictated by the vibrational population distribution. 

Whilst the vibrational distribution is initially set by the pump 
process, theoretical predictions suggest that the wavepacket can 
be actually manipulated by an ultrashort laser pulse, leading to 
modified vibrational state distributions [5,8-11]. It has been 
noted that some of the most significant redistribution effects 
occur when the modification pulse is timed to coincide with the 
initial dephasing of the wavepacket. The experimental approach 
to this study therefore required three intense laser pulses with 
variable and interferometrically stable delays.  A commercial 30 
fs Ti:Sapphire laser with a central wavelength of 790 nm and 
bandwidth of 35 nm generated 1 mJ pulses at 1 kHz, which 
were further broadened to 140 nm by self-phase modulation in 
an argon-filled hollow fibre with a pressure gradient . Following 
compression by a series of chirped mirrors, the 240 µJ, 10 fs 
pulse was split into three pulses with independent delays in a 
nested Mach-Zehnder interferometer, resulting in 32 µJ pump, 
11 µJ manipulation and 35 µJ probe pulses. The synchro-
nization of the three pulses was established using a second-
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Figure 1. (a) Schematic of the pump-modify-probe scheme. 
The pump pulse (I = 0.4 - 1.1 × 1014 Wcm-2) ionizes D2  → 
D2

+ creating a vibrational wavepacket. Following a delay of 
tens of fs, the modifying pulse (I = 1.3 - 3.7 × 1013 Wcm-2 
distorts the molecular PES. The population redistribution is 
imaged by photodissociating D2

+ → D + D+ in the probe (I = 
0.6 - 2 × 1014 Wcm-2). The unperturbed vibrational 
wavepacket predicted by the time-dependent Schrodinger 
equation (b) and quasi-classical model (c). The region over 
which the manipulation pulse is applied is indicated by 
vertical dashed lines. 



harmonic autocorrelator containing a 10 µm BBO crystal. The 
three pulses were combined collinearly and reflection focussed 
into an effusive jet of room temperature D2 in the interaction 
region of an ion time-of-flight mass spectrometer, used to 
energetically resolve D+ products as a function of delays. The 
spectrometer contained a 250 µm aperture, hence only the 
fragmentation of molecules aligned to within a few degrees of 
the probe polarization direction was observed, essentially 
reducing this to a 1D problem. 

Figs. 2(a) to 2(h) display the experimental PD yield as a 
function of probe delay for a sequence of discrete manipulation 
pulse delays ranging from 18 to 32 fs. We have isolated the 
contribution of the vibrational wavepacket to the PD yield as 
discussed in [5,12,13]; a bandpass (25 < f < 400 THz) filter is 
applied, whereby the high frequency cutoff smooths subcycle 
noise and the low frequency cutoff removes the effects of 
rotational wavepackets in the neutral molecule. Each set of data 
describes the behaviour of the modified wavepacket resulting 
from the effect of the control pulse. As the PD probing event is 
enhanced near the outer turning point of the 1sσ $ potential 
well, oscillations in the yield serve to map the wavepacket 
motion. For instance in Fig. 2(a), with the control pulse at 18 fs, 
it can be deduced that the modified wavepacket evolves in a 
form that remains well localized as it propagates beyond 150 fs. 

Since the wavepacket is oscillating across the potential, this 
results in a periodic PD yield with strong signal when the 
wavepacket is at the outer turning point and weak signal when it 
is at the inner turning point.  On the other hand in Fig. 2(h) it 
can be observed that delocalization of the wavepacket is an 
immediate consequence of the application of the manipulation 
pulse at 32 fs, but with a strong fractional revival seen to occur, 
centred around 125 fs. Figs. 2(b) to (g) demonstrate a 
systematic trend between these two extremes. Thus it is 
immediately apparent that coherent wavepacket motion has 
been manipulated in this study, with each delay enforcing a 
different outcome on the subsequent wavepacket evolution. 

In order to gain a better understanding of this behaviour, and to 
characterise the vibrational state redistribution, it is instructive 
to model the influence of the manipulation pulse. In previous 
studies we and others have carried out full quantum simulations 
of such control interactions, taking advantage of the 
fundamental, effective 2-state nature of the D2

+ system.  
However to compare with the experimental results described 
here it is necessary to integrate the simulation over the intensity 
distribution throughout the effective interaction focal volume at 
each delay. Thus quantum simulations are computationally 
prohibitive, and instead we have employed a quasi-classical 

 
Figure 2. Experimental PD yield (black dots) for pump-
modification pulse delay times from (a) 18 to (h) 32 fs. The 
corresponding focal-volume-integrated yield is given by the 
solid red line and the varying vertical thickness indicates the 
uncertainty in fitting the experimental results 
 

 
Figure 3. Predicted PD yield integrated over the focal 
volume for different pump-manipulation pulse delays 
between 16 and 34 fs, as a function of pump-probe delay. 
 

 

 
Figure 4. Simulated vibrational distribution for each 
manipulation pulse delay. In each plot, the initial 
distribution created by the pump pulse is given by the light 
(green) line and modified distribution is the dark (black) 
line. The uncertainty in population (grey bars) is derived 
from the uncertainty when fitting the experimental PD yield 
(Fig. 2). 



model, which has been shown to be consistent with a 
Schrodinger equation approach in D2

+ [11] and which has been 
described in detail elsewhere [5,12] and in pervious CLF 
Annual Reports. 

The PD yields calculated by integrating the quasi-classical 
model over the range of intensities measured in the experiment 
for manipulation pulse delays in the range 16 - 34 fs are 
displayed in Fig. 3. The evolution from a well-localised 
wavepacket displaying periodic signal at short control delay 
times, to the more dispersed behaviour as control pulse delay is 
increased is clearly evident. So too are the `islands' in the colour 
map in the 100 - 150 fs range observed at longer control delay 
times, indicative of partial wavepacket revival. 

The results of the simulations have also been displayed as a 
solid line in Fig. 2, where a fitting procedure has been adopted, 
with pulse intensities varied in order to obtain a best fit. Sources 
of uncertainty are defining the zero delay time (estimated as 300 
attoseconds from a linear delay calibration), and the range of 
active intensities (estimated as better than 8 × 1012 Wcm for all 
three pulses). The agreement in trend with the experimental data 
(Fig. 2) is strong, indicating that the effect of a manipulation 
pulse on a bound wavepacket in a practical system can be 
predictable, even in circumstances where experimental volume 
effects may be expected to blur the outcome. 

Most interesting is that the model also returns corresponding 
predictions for the redistribution of vibrational state 
populations. We can thus, through comparison with the 
experimental PD yield, deduce the modification of the 
vibrational distribution by the manipulation pulse. These results 
are shown as black lines in Fig. 4 for the range of control pulse 
delays employed in the experiment. Also shown as a green line 
in each case is the initial vibrational distribution as predicted by 
the ionisation model. It should be noted that this is not a typical 
Franck-Condon distribution but is instead skewed to lower 
vibrational states, consistent with other studies of ultrashort 
pulse ionisation in D2. 

With a delay around 30 fs between the pump and manipulation 
pulse, the vibrational population is broadly distributed with 
meaningful population occurring in up to 10 states. The net 
effect of this operation is that population from lower states is 
distributed towards higher vibrational levels. By this time, the 
initial wavepacket has already executed a full field-free 
oscillation and is again moving outwards in R, towards the outer 
turning point of the potential well. As the potential surface 
begins to oscillate it acts to accelerate the wavepacket with the 
net effect of the dynamic Stark interaction imposing a force 
acting outwards in R [X]. Thus the population is redistributed 
with portions moving towards large R values, i.e. into higher 
vibrational states. 

The converse occurs if the wavepacket is moving inwards in 
$R$ when the manipulation pulse is applied. Here the outward 
force is opposing the motion, decelerating the wavepacket such 
that the population is redistributed to a subset of lower 
vibrational levels. This effect is observed for the shorter control 
delays in Figs. 4(a)-(c), leading to the dominance of fewer states 
and resulting in the oscillatory wavepacket motion of Figs. 2(a)-
(c) where, with fewer states occupied, the wavepacket executes 
localised motion for a longer period of time prior to any 
dephasing effects. 

Conclusions 

In this letter we have demonstrated that the modification of a 
bound vibrational wavepacket in D2

+ by an ultrashort control 
pulse can be experimentally implemented and quantified. The 
redistribution of vibrational population can be recovered using a 
model that incorporates tunnel ionization and dynamic Stark-
shift deformation of the potential surface integrated over the 
focal volume. While this model is approximate, it demonstrates 

the validity of applying a strong-field treatments to a simple 
system. In the future, multiple active electronic orbitals and 
more than two nuclei will add complexity but may well be 
theoretically tractable following the reduction to the most 
significant nuclear co-ordinates. Calculating polyatomic PESs 
and polarizabilities is well within the capabilities of modern ab 
initio quantum chemistry software, hence predictions for 
triatomics such as OCS are feasible and could be benchmarked 
against time-dependent density-functional theory (TD-DFT). 
Coherent control of complex polyatomic molecules has been 
demonstrated in the weak (< 1010 Wcm-2) and intermediate 
(1010 < I < 1012 Wcm-2) field regimes, see recent reviews for 
discussions of quantum chemistry, molecular dynamics, 
wavepacket propagation and optical control of polyatomic 
systems. 
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Introduction 

The use of electrostatic ion traps as mass spectrometers has 
been recognised as having great promise [1]. The electrostatic 
nature of such devices enables the trapping of all ions 
concurrently as the trapping is independent of mass for ions of 
the same energy per charge. In a linear Electrostatic Ion Trap 
(LEIT) ions are trapped along a linear trajectory. It behaves 
analogous to a laser cavity, with ions oscillating back and forth 
between the cavity mirrors. The frequency at which an ion 
oscillates in the cavity is proportional to the square root of its 
charge-to-mass ratio. Hence by using frequency information 
extraction techniques a mass spectrum of all trapped ions is 
produced. This may be done via Fourier analysis of the time 
spectrum generated by a LEIT; which consists of a series of 
impulses. We report here details on the KEIRA-CHIMERA 
technique for high resolution mass spectrometry using a 
femtosecond laser as an efficient ionization source. This is a 
novel new technique that combines the power of a linear 
electrostatic ion trap with a new frequency extraction technique, 
based on comb-functions, which enables easy generation of a 
mass spectrum with high resolution from the time spectrum. 

KEIRA 

The Kilovolt Electrostatic Ion Reflection Analyser (KEIRA), 
shown in figure 1, is a LEIT fitted with three pick-up rings used 
for the non-destructive detection of ions as they oscillate back 
and forth in the cavity. The pickup rings work on the principle 
of image charge detection and have been fully calibrated [2] so 
that ion numbers passing through the pick-up can be calculated.  

KEIRA [3] consists of a series of electrodes on which potentials 
are applied to create an electrostatic mirror and lens pair used to 
trap ions on a stable linear trajectory in the device. Every time 
an ion bunch transverses the central field free region they are 
detected at up to three locations with the pick-up rings. One 
pick-up ring is placed at the geometric centre of the device. The 
two off-centre pickups are placed either side of the central 
pickup. Each pickup generates a time signal that consists of a 
series of impulses as the ion bunch passes through the pick-up  

 

Figure 1 – Top: A picture of the KEIRA device showing the electrodes 
and locations of the pick-up rings. Bottom: A representation of the 

potential energy surface generated by the electrodes. 

on every pass through the device. Ions are generated with a 
femtosecond laser pulse interacting with a gas target just above 
one of the end electrodes. This ensures the ion bunches created 
are well defined in energy and space. 

The central pickup data consists of, for a single ion species 
present in the trap, a series of impulses spaced by half the 
period of oscillation in the trap. For every ion species present in 
the trap there will be an additional series of impulses spaced by 
half that particular ion’s period of oscillation. The period of 
oscillation is proportional to the square root of the mass-to-
charge ratio of the ion species.  

 

Figure 2 – Example of Xe+ trapping data. The revivals in signal are 
when the different Xe isotopes come back into phase wit each other. 

Figure 2 above shows an example time spectrum of xenon 
ionised with a femtosecond laser. Xenon is a noble gas with 
seven different stable isotopes. All the ions created due to the 
femtosecond laser interaction are initially created at the same 
point in space and time. As they travel through the trap the 
different isotopes become spread apart as they have different 
periods of oscillation. Beating in the spectrum can be seen as 
time progresses due to different isotopes coming back into 
phase with each other at the point of detection. There is a rich 
amount of frequency information contained within each time 
spectrum 
 
The time domain information can be analysed with Fourier 
analysis to extract the oscillation frequencies. Due to the non-
sinusoidal nature of this data a Fourier transform generates a 
large number of harmonics. Through use of these higher 
harmonics high resolution mass information [3] can be 
extracted for the ion species present in the trap. 

However the extraction of a mass spectrum for all ions in the 
trap is complicated, due to these harmonics. This is because 
each ion species will have its own unique series of harmonics. 
Thus even when there are relatively few ion species present, the 
complexity of the frequency data means that direct conversion 
to a mass spectrum is non-trivial. In order to circumvent this 
complication we have developed a new technique, which 
generates high resolution mass spectrum from the time 
spectrum information created from KEIRA. 

CHIMERA 

The CHIMERA technique (Comb-sampling for High-resolution 
IMpulsetrain frequency ExtRAction) is an advanced algorithm 
that extracts frequency information from the time spectrum 
information generated from KEIRA. The extracted frequency 
spectrum is absent of the harmonics generated from Fourier 
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analysis but retains the high resolution of the highest harmonics. 
Thus a mass spectrum of high mass resolution is readily 
produced. 

The CHIMERA algorithm [4] uses a series of test comb-
functions that are cross-correlated with the trapping data to 
generate frequency coefficients for the different ion species. A 
comb-function is a much better match to the time signal than 
sinusoids; resulting in better frequency resolution compared 
with the fundamental Fourier frequency. The drawback of this 
simple approach is that there are also many fractional 
harmonics generated in the frequency spectrum.  

However, this problem can be ameliorated by acquiring data 
simultaneously with two pickup rings. To demonstrate this 
frequency spectra generated with CHIMERA, analysis of 
simulated data ‘acquired’ from a single oscillating ion species 
from the central (a) and offset (b) pickup rings is shown in 
Figure 3.    

If these spectra are multiplied together and the square root 
taken, the fractional harmonics are suppressed and a ‘clean’ 
frequency spectrum with only the fundamental frequencies 
dominating is produced. The addition of more pick-up rings 
would act to reduce any remaining fractional harmonics to an 
even greater degree.  

Figure 3 - Frequency spectrum generated from artificial time spectra for 
(a) central and (b) pick up ring. Note both have a strong contribution at 

the fundamental but that the fractional harmonics are different. 

Experimental results 

Analysis of the data in figure 2 using the CHIMERA algorithm 
compared to a Fast Fourier Transform (FFT) is show in figure 
4. Both techniques are able to extract the seven fundamental 
frequencies representing the different isotopes of xenon. The 
CHIMERA frequency resolution is far superior compared to the 
fundamental FFT frequency and equivalent to the highest FFT 
harmonics, but with superior signal to noise ratio. As 
CHIMERA extracts a single frequency for each isotope it 
therefore can be readily converted into a mass spectrum. 

Figure 4 - Frequency analysis of Xe+ isotopes trapped for 8ms using (a) 
FFT with a Welch window and (b) comb-sampling with a window from 

0.8 - 8 ms. Plot (c) shows the fundamental frequecy from comb-
sampling compared to the second harmonic of of the FFT. The masses 

of the Xenon isotopes are indicated. 

As a demonstration of the capability of the KEIRA-CHIMERA 
method, we have used it to separate the isobars N2 and CO. 

With a mass difference of 0.011u, separation of these two 
molecules requires a mass resolution of greater than 2500.  
Figure 5 clearly shows two separate, well resolved, peaks for 
the isobars N2 and CO achieved from trapping the ions for 5 ms. 
The red vertical lines indicate the expected mass positions of 
the ions. 

Figure 5 – N2 and CO peaks clearly resolved 

Conclusions 

LEITs, such as KEIRA, have great potential as high resolution 
mass spectrometers. One fundamental problem, due to the non-
sinusoidal nature of the time signal extracted from such devices, 
is that the commonly used method of Fourier analysis generated 
a large number of higher harmonics in the frequency spectrum. 
While these higher harmonics provided a high mass resolution 
the presence of so many made the generation of a complete 
mass spectrum non-trivial. 

The use of the CHIMERA algorithm presented here uses data 
from multiple pick-ups to extract frequencies from LEITs with 
a high mass resolution at only the fundamental frequency. This 
enables the easy generation of a mass spectrum, realising the 
potential of LEIT’s as a powerful mass spectrometer. 
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Introduction 

In the work presented here, fs-ionisation is coupled with a linear 
electrostatic trap to produce high resolution mass spectra of the 
small organic molecule, allene. The tuneability of femtosecond 
laser systems is exploited to look at the ionisation and 
fragmentation of allene in intense light with linear or circular 
polarisation. The success of these experiments will promote the 
applicability of fs lasers as a universal, reliable and tuneable 
ionisation source in mass spectrometry, both for chemical or 
trace analysis and structural analysis of complex systems. 
Allene is a small organic molecule, consisting of three double 
bonded carbons in a linear alignment, with two pairs of 
hydrogens on either end (H2CCCH2). The nature of the π-
bonding between the carbons provides allene with a low 
ionisation potential (9.69 eV) while the appearance energy for 
ionisation and fragmentation e.g. for dehydrogenation is greater 
than 11 eV. The structure of allene is well understood 
theoretically [1] and so it is a good test case for the intense 
interactions in the present experiments. 
Experimental Technique 
All experiments were performed with the KEIRA mass 
spectrometer with the Artemis Laser [2] at the Central Laser 
Facility. KEIRA has been described in detail elsewhere [3]. In 
brief, it is made of a series of apertured stainless steel electrodes 
that, with the application of kV potentials, forms an electrostatic 
cavity (as depicted in Figure 1) to enable ions to stably oscillate 
back and forth between the two electrostatic mirrors. 
KEIRA is operated with a base pressure of 10-9 mbar, increasing 
to 10-7 mbar when allene gas is introduced to the cavity through 
a needle valve. The intense femtosecond laser is focussed onto 
this plume (see Figure 1), generating typically tens of thousands 
of ions per laser shot. 
The spectrometer may be operated in two experimental modes: 
1. Time of flight (ToF), where the second electrostatic region is 
reduced to zero such that the ions are not reflected, but are 
detected directly by a channel electron multiplier (CEM); or 2. 
Trapping mode, where the initial acceleration region is mirrored 
on the opposite side of the field free region. Two einzel lenses 
located either side of the field free region maintain the radial 
stability of the ions as they oscillate. 

 
Figure 1: Potential energy surface of the KEIRA spectrometer. 

Dimensions: 420 mm between the two maximum potential 
electrodes; field free drift region is 215 mm. [Adapted from the 

ion optics simulation software, Simion] 

 
Figure 2: Typical trapping spectrum of allene, recorded using the 

central image charge detector in KEIRA. The allene gas was 
ionised in situ with 785 nm, 35 fs pulses of peak intensity 4 x 

1014 Wcm-2, and summed over 10 000 shots. (a) 40 μs window at 
the start of trapping. (b) 40 μs window of the data after 0.9 ms of 

trapping. 

Every time an ion species passes through one of the three pickup 
rings located in the field free region of the trap, their image 
charge is detected. In this way, periodic impulses for each 
trapped species are recorded (Figure 2), where the period is 
proportional to the square root of the ion’s mass/charge. The 
initial peak shown clearly in Figure 2(a) has an amplitude of 
nearly 0.04 V per laser shot, which translates to 70 000 ions [4]. 
Through frequency analysis of this trapping spectrum using the 
CHIMERA algorithm [3], frequency information may be 
extracted and a high resolution mass spectrum is produced. 
For the present experiments, 785 nm pulses with a duration of 35 
fs were used. The repetition rate was set to 100 Hz to enable an 
ion trapping cycle of 10 ms. A 250 mm spherical Ag mirror was 
used to focus the light into the interaction region of the trap, 
providing a peak intensity of 5 x 1014 Wcm-2 at the focus for 150 
μJ pulses. The pulses were linearly polarised along the trap axis, 
and the polarisation could be changed to circular using a thin 
quarter wave plate.  
Results and Discussion 
Figure 3(a) shows a mass spectrum of allene ionised by 35 fs 
linear polarized pulses, at an intensity of 3.2 × 1014 Wcm-2. This 
is a regime in which ionization is expected to result from 
tunnelling of an electron through the barrier induced by the 
laser’s electric field. As well as the parent ion at a mass of 40, 
there are strong peaks corresponding to loss of H atoms along 
with doubly charged ions of these molecules. Breakage of a 
strong C=C double bond leading to CHn

+ and C2Hn
+ (n = 0-4) 

fragments can also be seen. There are a number of possible 
mechanisms that could generate this molecular fragmentation.  
The first relies on the fact that the molecule will have sufficient 
time, while still under influence of the field, to evolve into 
different conformations that allow access to dissociative 
pathways via resonant or virtual states, that are otherwise 
inaccessible when the molecule is in an equilibrium structure [5]. 
Alternatively, the strong laser field can modify the potential 
energy surface to produce field assisted dissociation [6]. For a 
stretched bond at a critical bond-length, the molecule has an 
increased probability of undergoing further ionisation (enhanced 
ionisation), or is further elongated until the bond breaks. Doubly 
charged ions formed by enhanced ionisation may also be 
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unstable, leading to Coulomb explosion to generate two singly 
charged fragments. 

 
Figure 3: (a) mass spectrum of allene from interactions with 35 
fs laser pulses with linear polarisation at an intensity of 3.2  

1014 Wcm-2; (b) the difference between linear and circular 
polarisation mass spectra. 

Another mechanism is a consequence of the electron being under 
the influence of the field once it has tunnelled through the 
barrier. For a linearly polarised field, it is possible for the 
electron to change direction and be accelerated back to the core 
(re-scatteing). Depending on the phase at which the electron is 
emitted, the returning electron can collide with the cation to 
induce secondary ionisation or fragmentation. Again, the doubly 
charged species may produce fragments by Coulomb explosion. 
Classically, the maximum kinetic energy with which the electron 
can return to the core with is 3.17UP, where UP is the 
ponderomotive energy, which in this case is about 60 eV. 
In contrast, for circularly polarised light, there is no rescattering 
as the electron is driven away from the core. Therefore a 
comparison between linear and circular results can reveal the 
influence of re-scattering. However, a straightforward 
comparison using the same intensity is not possible.   To 
compare results for linear and circularly polarised pulses, the 
different cycle averaged rates for the two must be considered. If 
the ion yields as a function of the maximum electric field 
strengths for each polarisation condition are calculated using 
ADK tunnelling theory [7], the circular yields are higher as the 
electric field is always ‘on’ during a cycle. If the electric field 
strength for the circular polarisation is multiplied by a factor of 
1.14, the two theoretical curves display excellent agreement in 
the saturation region. For experimental data, measurements taken 
at the same intensity have a maximum electric field strength 
which is √2 lower for the circularly polarised pulses. Therefore, 
to compare the two mass spectra the circularly polarised 
experimental data should be taken at an intensity which is 
approximately a factor of (√2/1.14)2 = 1.54 higher than the linear 
[8]. 
Figure 3(b) displays the subtraction of a circularly polarized 
mass spectrum at an intensity of 4.8 × 1014 Wcm-2 from the 
linearly polarized data (3.2 × 1014 Wcm-2) shown in figure 3(a). 
The relative amplitudes of the individual spectra have been 
normalised so that the contaminant water peak at 18 subtracts to 
zero, as this should be a good marker of the single electron 
tunnelling ionization yield.  
It can be seen that the yield of all fragment ions is increased for 
linearly polarized pulses, with the exception of the peak at 39 
corresponding to H loss for which there is a strong reduction. 
There are also more single charged (40) and slightly less doubly 
charged (20) parent ions produced.  
This suggests that the circularly polarized pulses provide 
additional energy input to the molecule resulting in a boost in the 
other main peaks in the spectrum (20, 39), but with a reduced 
yield of the singly charged parent ion. These peaks are likely to 
be produced through resonant enhancement via the many excited 
states of the cation [5], so the fact that are more photons in the 

circularly polarized pulse and there will be differences in 
selection rules could explain this relative enhancement.  
For all the other fragments, particularly those corresponding to 
multiple bond breakages which require substantial additional 
energy deposition (e.g. 12 – C+, 13 – CH+, 24 – C2

+, 36 – C3
+,  

37 – C3H+), there is clear evidence that re-scattering is enhancing 
production of these fragments.  For CH+ and C2

+, the yields are 
increased by about a factor of 2 which in a re-scattering collision 
are probably caused by electron impact dissociative ionization of 
the cation.  
Conclusions 
KEIRA has been successfully demonstrated as a high resolution 
mass spectrometer, suitable for studies of gas phase molecular 
species with intense femtosecond laser pulses. By changing the 
characteristics of the incident laser pulses, such as the 
polarisation, it is possible to extract information on the ultrafast 
dynamics that leads to bond breaking in small molecules. For 
allene we have found that when saturation intensities for single 
ionization are exceeded, there is an enhancement in the yield of 
fragment ions due to the re-scattering mechanism, especially for 
channels which correspond to more complete destruction of the 
molecule. 
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Introduction 

Ultrashort pulses of near-infrared (NIR) laser radiation have led 
to the production of attosecond pulses, either as pulse trains or 
in isolation. The generation of such coherent bursts of radiation 
requires an ultrabroadband laser oscillator producing sub-10 fs 
pulses, chirped pulse amplification to a peak power in excess of 
1 GW and a self-referencing phase measurement allowing the 
relative phase of the carrier and envelope to be locked with 
respect to each other, referred to as carrier-envelope-phase 
(CEP) stabilization. 

Modern titanium-sapphire oscillators and amplifiers generate 
near-transform-limited high power CEP-stable pulses with a 
duration of around 20 fs, which when focused into a Noble gas 
jet, initiates high harmonic generation (HHG) of XUV photons. 
This photon energy upconversion is the result of the strong-field 
initiating tunnel ionization of the Noble gas atom, propagation 
of the ejected electron in the time-varying field, followed by the 
release of additional odd-quanta of the fundamental photon 
energy as a single high energy photon upon recombination with 
the parent ion. 

Focusing laser pulses with tens of femtoseconds duration into a 
gas jet will result in coherent XUV radiation released over a 
similar timescale, which if CEP-stabilized will result in a train 
of attosecond-duration pulses. Even if the drive laser is not CEP 
stable, by monochromating the XUV radiation through the use 
of multilayer mirrors or diffraction gratings can result in a 
highly useful source. However to access the attosecond regime, 
there must be one high-flux recombination event per NIR drive 
pulse. This can be achieved through optical gating techniques 
such as direct-optical gating as recently demonstrated. However 
the most common technique is to employ a CEP-stable few-
cycle pulse (FCP): as the probability of tunnel ionization is 
highly nonlinear, there is only one half-cycle within the pulse 
that generates XUV radiation [1,2]. 

Compressing a transform-limited 20 fs pulse to a few cycles 
requires additional bandwidth, which may be produced by e.g. 
self-phase modulation (SPM) in a gas-filled hollow fibre [3]. 
This technique has been demonstrated in single-mode fibres for 
low peak power pulses, extended to the millijoule range through 
the use of hollow fibres and has potential to allow the spectral 
broadening of pulses of tens of millijoules when extended to 
planar or large volume waveguides. Dispersion control using 
prisms, gratings or multilayer chirped mirrors then allows the 
broadened pulse to be compressed. Here, we consider a hollow 
fibre with an internal bore of d = 250 µm such as would be 
employed to generate a few hundred microjoule FCP. 

To couple the output of the Ti:sapphire laser system into the 
hollow fibre, transmission or reflection focusing is employed to 
optimally match the near-Gaussian profile of the laser with the 
EH11 mode of the fibre. The most efficient coupling is 
nominally achieved when the 1/e2 diameter of the input beam is 
0.65 times the fibre diameter. A static volume of gas can be 
employed to spectrally broaden pulses with an energy below 0.3 
mJ; above this energy a pressure gradient [4] is advantageous 

such that temporal and spatial distortions due to ionization and 
plasma processes at the input of the fibre are avoided. In either 
case, as the pulse propagates along the fibre, it is broadened by 
SPM and dispersed by the gaseous medium. If the fibre is too 
short, the broadening will be insufficient to generate a FCP; 
beyond an optimal length, broadening will render the pulse 
incompressable.  

On the exit of the fibre, the termination of the waveguide and 
hard edge of the glass face cause a beam waist and diffraction. 
The output mode is a combination of modes but with optimum 
coupling will be predominantly the EH11 mode [1,2] which is a 
zeroth-order Bessel function of the first kind truncated at the 
first root, and a1 = 125 µm is the radius of the hollow fibre. 

Following propagation of around 1 m, the fibre output is 
recollimated on reflection from a spherical mirror, again 
introducing diffraction from the mirror edge. Temporal 
compression and beam transport into a vacuum chamber allows 
the diffraction from the fibre edge and recollimating mirror to 
dramatically alter the beam profile. 

To facilitate the generation of an XUV attosecond pump and 
NIR femtosecond probe with variable delay, some form of 
material or spatial beamsplitting and filtering is required. We 
assume that at this point the NIR pulse is split with a thin glass 
beamsplitter, with one beam reflection focused into a gas-jet, 
and the resulting XUV separated from the NIR by metal filters 
then reflection focused into the interaction region of a 
spectrometer without encountering any material. It is the high 
cross-section for material absorption in the XUV that places this 
constraint on the optical system. To allow the XUV and other 
NIR pulse to be temporally and spatially overlapped requires 
the use of annular or segmented optics which will result in 
additional diffraction. Intensity control is also necessary in both 
NIR beams and again this must be achieved without additional 
material hence hard apertures are employed, further diffracting 
the beam. 

In this work [5], we employ the Huygens-Fresnel diffraction 
equation to numerically model the influence of hard-edged 
optics on beam propagation in a typical attosecond beamline. 
The model incorporates a hollow fibre for spectral broadening, 
a hard-edged aperture for intensity control, and finite-diameter 
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Figure 1. Schematic of the optical system considered: a 
Bessel EH11 spatial mode propagates from the input plane 
at the exit of the hollow fibre via a spherical collimating 
mirror through an intensity-controlling aperture of 
variable radius a3 and focused into the interaction region 
by a spherical mirror. The annulus is modified by 
increasing the radius h of the central hole from 0 to 2 mm.  



reflection focusing optics including annular optics, with 
application to strong-field and attosecond experimental science. 
Throughout, we assume a Gaussian mode has been coupled into 
the hollow fibre resulting in an EH11 Bessel output mode. This 
is then collimated by a finite diameter mirror, allowed to 
propagate through an aperture of varying diameter then 
reflection focused from a spherical mirror as illustrated in figure 
1. We treat the case of an annular spherical mirror. It should be 
noted that we only consider the spatial characteristics of the 
diffraction process, taking no account for the broadband nature 
of the temporal pulse or nonlinear processes in the laser focus. 

Modelling and Results  

As an example, consider the optical system illustrated in figure 
1: The complex electric field at the collimating mirror is found 
by numerically evaluating the Huygen-Fresnel diffraction 
integral (HFDI) over the finite aperture of the fibre end. The 
imaginary component of the electric field contains phase 
information allowing the wavefront shape to be propagated. 
This process is then repeated for the collimating mirror which 
we define to have a radius of a2 = 12.7 mm, defining the 
integration limit of the HFDI. We define fully-open intensity-
controlling aperture with a3 = 12.7 mm and focusing mirror 
with a4 = 12.7 mm. The limits a2, a3 and a4 are chosen to 
represent the hard edges imposed by 25.4 mm (1") diameter 
beamline optics typically used in experimental beamlines.  
 

Figure 2 shows the effect of reducing the radius of the intensity-
controlling aperture. Since the Airy disk contains 99.2\% of the 
beam power, changes in the aperture size have little effect on 
the power transmitted for radii between 12.7 mm and 5.5 mm, 
though the low-intensity features present between these radii 
will be truncated and distorted. However, as the hard edge 
encroaches on the Airy disk, small changes in the transmitted 
power are immediately accompanied by dramatic changes in the 
transmitted beam profile. For an aperture radius, a3 = 2.9 mm, 
corresponding to a relative transmitted power, P = 0.8 compared 
to a3 = 12.7 mm, the underlying Bessel profile is barely 
recognisable, dominated by multiple intensity peaks due to 
diffraction at the intensity-controlling aperture.  
 
In Figure 3 we present the spatial intensity distribution and 
wavefront shape as a function of the optical power transmitted 
through the aperture onto an annular spherical focusing mirror. 
The annular mirror has an outer radius of a4 = 12.7 and a hole of 
radius h = 1 mm. The integration limits of the HFDI are now h 
and a4. As is apparent from figures 2 and 3, propagation from 
the fibre to the focusing mirror already introduces significant 
diffraction structure in the beam. A hole in the annular mirror 
introduces an additional hard edge and removes the highest-
intensity section of the beam from the centre to the radius h of 
the Airy disk, causing additional diffraction effects as well as a 
reduction in the power transmitted to the focus.} The maximum 
power in figure 3 corresponds to the aperture being the same 
diameter as the collimating mirror and the relative power 
transmitted by the aperture agrees with that shown in figure 4. 
As discussed earlier, this case is comparable to attosecond and 
XUV-NIR beamlines. Even at the highest power, there are 
obvious non-Gaussian features in the non-annular spherical 
mirror: cylindrically symmetric intensity lobes are generated 
on-axis and following the outer edge of the focal cone. As the 
power is decreased, the structure of the focal volume becomes 
more pronounced, with the `V'-shaped distribution dominating. 
Again, a significant shifting of the peak spatial intensity is 
observed, to a greater extent than the non-annular case. 
 
Figure 3 was produced from full three-dimensional plots of the 
focal volume, which require significant computing time to 
produce at sufficient accuracy to be meaningful. However, as 
can be seen from the figures, despite additional diffraction 
structure and spreading of the highest-intensity part of the 
focus, the peak intensity remains on axis. By solving the HFDI 
on axis, the peak intensity and focal shift can be quantified far 
more quickly and efficiently. Figure 4 has been produced using 
the on-axis intensity distribution only, at representative aperture 
radii a3, where the step size in aperture radius is varied with 
peak power. These plots can be produced in timescales of tens 
of seconds, meaning this calculation is practicable for 
quantifying or verifying focal parameters during an experiment. 
The figure demonstrates how the peak spatial intensity and its 
location vary as a function of aperture radius for five spherical 
mirror hole radii from h = 0 to 2 mm in 0.5 mm steps. 
 
The spatial intensity depends on the distribution of power 
through the aperture and the diffractive influence of all other 
elements in the system. As a result, the peak intensity is heavily 
nonlinear with aperture radius. The local minimum around 7 
mm is the result of a significant drop in peak intensity caused 
by the splitting of the peak into two separated by a few mm. 

As apparent from figures 3 and 4 as the aperture is closed, the 
maximum spatial intensity is observed to translate along the z-
axis by a measurable amount. This focal shift is quantified in 
figure 4 as a function of aperture radius and annular hole radius. 
For all hole radii, for an aperture radius above 4 mm, the focal 
shift is less than a millimetre. As the aperture is reduced below 
4 mm, a dramatic shift of the focal position is predicted. With a 
hole radius of 2 mm and aperture radius of 3 mm 
(corresponding to a relative intensity of ~ 0.1), a focal shift of 1 

 
Figure 2. Radial intensity distribution at the focusing 
mirror after propagating 1 m from the intensity-controlling 
aperture in the optical system illustrated in fig. 1. The 
aperture (radius a3) truncates the beam and reduces the 
relative power transmitted. The dotted line shows the 
position of the aperture edge.  
 



cm is predicted. Such a shift could easily move the useful 
intensity region of the focal volume outside the source region of 
a spectrometer. 

Conclusions 

Our numerical modelling of the focal volume using established 
methods applied specifically to a typical attosecond beamline, 
reveal significant changes to a focused beam when parameters 
are modified using typical non-dispersive methods, with clear 

implications to intensity- and spatially-resolved attosecond and 
few-cycle pulse experiments. The intensity structure in the focal 
region can become heavily structured and the peak intensity 
significantly offset from the geometric focus; these effects have 
been characterized for a range of conditions. Properly 
quantified, diffraction can be utilized advantageously to create 
regions of the focus where the intensity varies smoothly and 
phase variations are greatly reduced. Full three-dimensional 
focal volume modelling can be computationally intensive, but 
the on-axis intensity distribution can be computed quickly, 
revealing shifts in the focal position which are not predicted 
when geometric behaviour is assumed to be dominant. The 
method relies on a proper characterization of the input beam 
profile, since the beam propagation and therefore focal volume 
are strongly dependent on this. Our models can therefore be 
used to guide axisymmetric beamline design and construction, 
as well as optimisation of focal conditions in attosecond pulse 
production techniques and experiments. 
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Figure 3. Spatial intensity distribution and wavefront shape at the focus of the optical system in fig. 1 as a function of relative 
power, P transmitted by the aperture. Here the spherical focusing mirror has a circular hole at the centre of radius h = 1 mm. 
The lowest relative intensity is 10-3 and highest is 100; each thick contour represents an order of magnitude change, each fine 
contour is an intensity change of 100.2. The power P = 1.0 corresponds to the aperture radius being equal to the collimating 
mirror radius. Below each intensity plot the wavefront shapes are presented in 2 µm slices; the wavefronts are separated by 
2π.  

 
Figure 4. Peak spatial intensity and position  in the focal 
region as function of aperture radius relative to the peak 
intensity with the aperture fully open.  
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Introduction 

Charge density waves (CDWs) underpin the electronic 
properties of many complex materials. The canonical source of 
CDW order is Fermi-surface nesting, driven by electron-phonon 
coupling via the Peierls mechanism [2]. In many systems there 
are also pronounced electron-electron correlations, and multiple 
orderings may coexist or compete. Characterizing the interplay 
between different interaction mechanisms, and the associated 
hierarchy of energy scales and time scales, is crucial to 
understanding CDW physics in real materials. 

We use time- and angle-resolved photoemission spectroscopy 
with sub-30-fs XUV pulses to map the time- and momentum-
dependent electronic structure of photoexcited 1T–TaS2, a two-
dimensional Mott insulator with CDW ordering. Charge order, 
which splits occupied sub-bands at finite momentum, melts 
along with the Mott gap – both well before the lattice responds. 
This challenges the view of a CDW caused by electron-phonon 
coupling and Fermi-surface nesting alone, and suggests that 
electronic correlations originate charge order. 

1T–TaS2 

At room temperature 1T–TaS2 is metallic, with a nearly 
commensurate charge density wave (CDW) [3]. Below 180 K 
the CDW becomes fully commensurate and locks into the 
lattice [4], generating a periodic lattice distortion (PLD), 
reducing the Brillouin zone, and back-folding the Ta-5d 
manifold. Gaps appear at the new band crossings, splitting off 
several Umklapp or ‘shadow’ bands [5]. A narrow band left at 
the Fermi level [6] is further split by Coulomb repulsion into 
two Hubbard bands separated by a Mott gap. 

Excitation with an ultrashort laser pulse can promptly close the 
Fermi-level gap at the zone centre [7], but time-resolved 
electron diffraction [8] shows that long-range structural order 
does not completely relax. Meanwhile, time resolved core level 
photoemission measurements suggest that the onsite charge 
density is already perturbed within 100 fs [9], implying that 
charge and lattice order may decouple at early times. 

Methods 

Our measurements employ the time-resolved laser ARPES 
system at Artemis in the Central Laser Facility [10]. A 1-kHz 
beam of 30-fs amplified laser pulses is split in two. One beam 
stimulates the sample; the other generates harmonics in argon, 
in a vacuum beamline. A 20.4 eV harmonic, selected by a 
grating monochromator, is focused onto the sample in a UHV 
chamber. Photoelectrons emitted after each XUV pulse are 
collected and analyzed, revealing the distribution of electrons in 

the sample as a function of energy and momentum. We vary the 
delay between 790-nm and XUV pulses to follow the time 
evolution of electronic structure through the photoinduced 
insulator-to-metal transition. 

Results 

The first panel of Fig. 1 shows a photoemission intensity map of 
band structure in the low-temperature phase. Reduced intensity 
at the Fermi level, Ef, indicates the opening of the Mott gap 
above the lower Hubbard band (LHB). A CDW gap between 
sub-bands is seen at the reduced Brillouin zone boundary (the 
M point). High-momentum states folded back into the first zone 
reappear at k=0 (the Γ point). 

After photostimulation by a laser pulse, the Mott and CDW 
gaps both collapse within a few tens of fs, shown in subsequent 
panels. These spectral changes are highlighted in the energy 
distribution curves of Fig. 2. At Γ there is a rapid loss of 
intensity in the LHB, and a filling in of states at and above Ef, 
both associated with Mott-gap collapse. At M, the sub-band 
splitting is lost as the distinct peaks merge into a single feature. 
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Fig. 1: Photoemission intensity as a function of electron momentum and 
energy, at 14 K, during the process of CDW melting. Immediately upon 
photostimulation, the band structure approximates that seen at room 
temperature (bottom right panel). 
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Fig. 2: Energy distribution curves showing collapse of the Mott (left) 
and CDW (right) gaps. 
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Not all changes to the electronic structure proceed so promptly. 
Figure 3 shows a more detailed examination of the time-
dependence at Γ. At the Fermi level, where the increase in 
intensity corresponds to the collapse of the Mott gap, the 
transition is faster than the 30-fs resolution of the experiment. 
In contrast, at the lower energies of the uppermost Umklapp 
band (U1) at Γ the response is slower, well described by a 
transient response with a timescale of a half-cycle of the 
amplitude mode. This is consistent with a reduction in spectral 
weight brought about by relaxation of the PLD, which proceeds 
on structural rather than electronic time scales [8]. 

To illustrate this idea further, Fig. 4 shows the changes in 
intensity across the entire momentum range. The first panel 
shows relative changes from -50 to +50 fs relative to the arrival 
of the pump pulse; the second panel shows changes between 
+50 and +200 fs. The immediate response involves a loss of 
intensity in each band, but particularly at the peak of the LHB, 
and a gain in intensity at the Fermi level and above as the Mott 
state melts and hot electrons are created. In the delayed 
response, intensity is lost in U1 at Γ and reappears across the 
reconstructed zone boundary. This provides a direct snapshot of 
the unfolding of the Brillouin zone. Overall intensity is lost 
below the LHB peak and gained above it, as the PLD begins to 
relax and the band edge moves upward. 

Discussion 

The fact that these different processes take place on distinctly 
electronic and structural timescales gives new information 
about both the static band structure of 2D CDW materials, and 
the process by which they melt after ultrafast excitation. To 
explain the rapid closing of the zone-boundary gap we must 
conclude that the CDW order is lost on sub-vibrational 
timescales, and that the zone-boundary gaps reflect the broken 
symmetry of charge density in the CDW ground state. On the 
other hand, the intensity of the shadow bands at the zone centre 
must be a manifestation of the PLD. Thus the CDW melts via 
prompt destruction of the charge order, to which the lattice then 
responds on its own timescale. 

Conclusions 

Time-resolved ARPES with XUV radiation allows us to study 
the relaxation of a charge density wave in photo-stimulated 1T–
TaS2, measuring charge order at the edge of the reconstructed 
Brillouin zone with sub-vibrational time resolution. By clocking 
the evolution of various changes, we assign specific features of 
the electronic structure to individual aspects of the ordered 
ground state.  The gaps in the zone-boundary spectral function 
originate from the charge density ordering, which melts 
promptly after photostimulation. Subsequently, spectral 
intensity migrates from shadow bands in the first zone back out 
to higher momentum, revealing the unfolding of the BZ that 
accompanies incipient lattice relaxation along the coordinate of 
the Raman active amplitude mode following photo-doping [8].  

This hierarchy of time scales indicates that charge and lattice 
order must decouple at early times, so that it will clearly be 
necessary to go beyond the phase- and amplitude-mode picture 
of CDW dynamics [2] to understand this system. An electronic 
origin for the Umklapp gaps also casts into doubt the dominant 
conception of the thermal phase transition, as being primarily 
driven by nesting with Mott physics following. Instead, 
electronic correlations seem to play a much more central part in 
CDW ordering itself. 

 

 
Fig. 3: Time evolution of photoemission intensity for key spectral 
features: Gain at the Fermi level, loss in the LHB, and loss in U1 at the 
zone centre. Red curve: instrumental response. Black curve: expected 
transient response with a timescale of half an amplitude-mode cycle [1]. 
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Fig. 4: Differential maps showing prompt and delayed changes in 
photoemission intensity. 
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Introduction 

Accurate values of the optical properties of materials are 

required to make extreme ultraviolet (EUV) optics such as 

multilayer mirrors which are required for lithography, EUV 

astronomy and plasma diagnostics1. The properties of 

aluminium as considered in this report are particularly 

important as it is frequently used as a filter material and is an 

ideal material for theoretical comparison2.  

The refractive index n(ω) of a material is dependent on the 

photon energy and both real and imaginary components vary 

rapidly around absorption edges1. The complex refractive index 

is given by: 

 

 

where na is the atomic density, re is the classical electron radius, 

λ is the wavelength, f1 and f2 are the real and imaginary parts of 

the scattering factor3. The real part δ(ω) determines the 

dispersion and the phase shift of electromagnetic radiation 

within a material, while the imaginary part β(ω) is related to its 

opacity. At EUV wavelengths almost all solid materials are 

opaque with attenuation lengths < 1um, so the imaginary 

refractive index component is significant. 

The real and imaginary parts of the refractive index can be 

related by the Kramers - Kronig relationship allowing the real 

part of the refractive index to be determined indirectly from 

measurements of the absorption over a large range of the 

spectrum4,5,6. Both real and imaginary components for 

aluminium between 77.0 nm and 113.5 nm (11 eV- 16 eV) have 

been previously calculated from the Fresnel coefficients derived 

from measurements of reflectance as a function of angle of 

incidence7,8.  Independent measurements of δ(ω) for aluminium 

and nickel from 60 eV – 80 eV, and silicon and ruthenium from 

89 eV – 105 eV have also previously been undertaken using 

interferometry methods which allow simultaneous 

measurements of δ(ω) and β(ω), with the coherent EUV 

radiation provided by undulator  beamlines3,9. 

Measurements of the transmission of aluminium have been 

made using Ne-like Ge and Ni EUV lasers at 63.3 eV and 53.7 

eV10 and between the plasma frequency at 15 eV and the L3 

edge at 72.7 eV11 using EUV emission from a laser produced 

plasma. 

There are uncertainties in EUV refractive indices, especially 

where values change rapidly near absorption edges and in 

materials, in particular aluminium, which have oxide layers10,11. 

Examples of discrepancies between data sets for Al can be seen 

in figure 3, which compares measured photo absorption data 

with calculated data from Henke et al4, the CXRO database12 

and Shiles et al5. 

Refractive indices of materials heated so that ionisation occurs 

are not well known. Values of opacities in the EUV region, at 

high to moderate energy densities rely on large theoretical 

codes which require benchmarking with experimental data. The 

opacities of materials under high temperature and density 

conditions have applications in both astrophysics and ICF. The 

opacity of iron is of particular importance in modelling solar 

structure. There is a potential for further work using the method 

outlined in the report for measuring the optical properties of 

laser heated materials.  

 

 

Double Slit interferometry 

Odd harmonics between 17eV and 42eV were generated with 

an 800nm laser wavelength focused to an intensity of around 

1014 Wcm-2 in an argon gas jet on the Artemis Facility at the 

Rutherford Appleton laboratories. A monocromator allowed the 

selection of individual harmonics. The divergence of the beam 

is estimated to be 1mrad with a repetition rate of 1 kHz and a 

35fs pulse length. The average peak flux of the 17th harmonic 

was measured to be 1.1×1010 photons/s. 

The range of different harmonics allowed simultaneous 

measurements of the real and imaginary parts of the refractive 

index as a function of photon energy for harmonics from 11 to 

25  (17 eV - 39 eV) using a double slit interferometry method. 

Pairs of slits of 15μm width and 50μm separation were used. 

One half of one of the slits was covered in a layer of the sample 

material. This sample layer results in a fringe shift and a change 

in fringe visibility of the interference fringes relative to the 

interference pattern from the uncovered part of the slit which 

could then be used as a reference. Measurements were made for 

samples of Al and Fe. 

This double slit interferometry method can also be used to 

measure the spatial coherence of the Artemis harmonic beam 

from a measurement of the fringe visibility (V) as a function of 

slit separation13. For an uncovered pair of equally illuminated 

slits the fringe visibility is equal to the magnitude of the 

complex coherence factor (γ). 

All the slits were placed 10cm from the monocromator exit slit 

and the interference patterns were detected on a multi-channel 

plate (MCP) detector positioned 120cm from the slits the output 

of which was then imaged on to a CCD camera. In order to 

reduce the signal to noise ratio, data was taken with 937ms 

exposure for a series of 50 images with the same target. The 

repetition rate of the beam was 1 KHz giving a total of 46850 

shots per target. These images were then summed to give a final 

image of the interference pattern.  

To measure the complex coherence factor (γ) of the harmonic 

beam, pairs of blank slits of 25μm separation 15μm width, 

50μm separation 15μm width and 75μm separation 10μm width 

were used. This was measured for harmonics 11 – 29. This 

could then also be used to determine the transmission (T) 

through a covered slit from a measurement of the fringe 

visibility (V) given by:  

 

  

 

 
Figure 1: Harmonic coherence as a function of slit separation. 
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The fringe visibility as a function of slit separation for 

harmonics 11, 15, 21 and 25 are shown in figure 1. There is a 

high coherence of between 70% - 80% for the majority of 

harmonics up to the separation of 50um used to measure the 

refractive indices. Coherence tended to decrease above 

harmonic 21. The accuracy of this method is dependent on the 

equal illumination of the slits; unequal intensity will result in a 

decrease of fringe visibility and an underestimate of the 

coherence. The slits were positioned in the beam to maximise 

the peak intensity and visibility of fringes. An estimate of the 

effect of a ratio of intensities of 0.70 through each slit, only 

gives a decrease in visibility of ≤ 2%.  

In order to reduce errors in the measurement of the refractive 

index and to reduce the effect aluminium oxide, several 

different thicknesses of the sample foil were used. For 

aluminium sample thicknesses were measured to be 93 ± 1nm, 

585 ± 3 nm, 610 ± 5nm and 800 ± 2 nm. The iron Samples had 

thicknesses of 29 ± 1 nm, 43 ± 1 nm, 62 ± 2 nm. 

 

Results 

Phase shifts were measured from fringe shifts for each 

aluminium sample from harmonics 11 to 25. Data for the 

thickest foil (800nm) was only used for harmonics 19 and 23 

due to the very low fringe visibility in this photon energy range. 

Figure 2 shows the measured values (crosses) compared to 

experimental results from by Larruquert et al7,8, the CXRO 

database12 (dashed line) and tabulated data taken from Smith et 

al6 and Shiles et al5. Generally our measured values are lower 

than given in Shiles et al, showing increasing discrepancies at 

lower photon energies. The errors shown in the phase shift are 

derived from the deviation between repeated results, for 

harmonics 11 to 21 and thicknesses of 93nm and 585nm, and 

the error in measurements of fringe position. For some images 

there is a tilt in the fringes along the sample covered region. 

This was corrected using a measurement of the tilt angle which 

allowed using a measurement of the extra shift to the fringes. 

The origin of this tilt is still being investigated and may reflect a 

slow change in the phase of the harmonic along the slit.   

 
Figure 2: Measurements of the real component of the refractive 

index of Al compared to the CXRO database, Shiles et al and 

previous experimental work by Larruquert et al.  

 
Figure 3: Measurements of the imaginary component of the 

refractive index of Al compared to the CXRO database, Henke 

et al, Shiles et al and previous experimental work by Larruquert 

et al.  

 

Fringe visibility measurements were made for harmonics 11 to 

25, for the 3 thinnest aluminium foils and for all iron foils. 

Figures 3 and 4 show the measured data. Comparisons to 

published data sets are also shown. For Al this data generally 

shows good agreement with the CXRO data with values lower 

than expected from the Henke et al4 and Shiles et al5 data in 

particular at lower energies. There are some deviations at 17 eV 

and 39 eV with the CXRO data. The iron delta data shows 

higher values of beta compared to both Henke et al and CXRO 

data, again the largest deviations appear at 17eV and 39eV. The 

errors shown in the figures arise from both the spread of 

repeated results, as for Al delta, and from the measurement of 

the fringe visibility.  

 
Figure 4: Measurements of the imaginary component of the 

refractive index of Fe compared to the CXRO database and 

previous experimental work by Larruquert et al.  

 

Conclusions 

The coherence of the Artemis harmonic beam has been 

measured to be between 70 – 80% up to harmonic 21 over at 

least 50µm beam width. Measurements of the real (δ) and 

imaginary (β) parts of the refractive index of aluminium and the 

imaginary part of iron have been measured from 17eV – 39eV. 

Aluminium beta values show good agreement with CXRO 

database values. Iron beta measurements show some deviation 

from the CXRO and Henke et al. data, generally showing higher 

values of beta. Al delta values also show discrepancies at low 

values of photon energy. 
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Probing the microscopic origin of laser-induced ultrafast spin dynamics using 
time resolved photoemission/MOKE 
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One of the most intriguing issues in today’s nanomagnetism is the dynamics of spin 
systems at down to femtosecond timescales - femtosecond magnetism. Interest in this 
challenging field is fuelled both by the desire to develop novel concepts for ultrafast 
switching of spintronic devices and by the scientific need to establish fundamental 
understanding of spin systems in extreme non-equilibrium cases. Beaurepaire and his 
co-workers reported their pioneering work on ultrafast magnetisation dynamics, induced 
by femtosecond laser pulses, in ferromagnetic transition metals in 1996 [ i ]. They 
observed that the time-resolved magneto-optical contrast dropped by 50% on a 
timescale of 1-2 ps following the absorption of a 60 fs laser pulse. This rapid reduction 
was interpreted as non-equilibrium heating of the spins, electrons, and the lattice, 
resulting in an ultrafast demagnetisation of the sample. The non-equilibrium states 
developed in magnetic materials following intense fs laser excitation represent a subject 
that has been widely investigated over the last decade [ii].  

 

This paper reports the experimental results from our first beam time at the STFC’s 
Artemis beam line on combined time resolved photoemission spectroscopy and time-
resolved magneto optical Kerr effect (TR-MOKE) measurements. Our aim is to explore 
the microscopic mechanisms of ultrafast demagnetisation by mapping time-resolved 
energy band structures at the same time as monitoring time-resolved global 
magnetisation with femtosecond temporal resolution after ultra short pulse laser 
excitation in ferromagnetic iron thin films - which are grown in-situ.  

The growth system, assembled during the beam time, operated well and the single 
crystal Fe thin-films were grown. MOKE loops obtained ex-situ, Fig. 1, show the 
characteristic magnetic uniaxial anisotropy of the epitaxial Fe/GaAs(100) system with 
the easy axis along the [011] direction and hard axis along the [0-11] direction. The zero 
time-delay between the XUV probe pulse and the 800nm pump pulse was precisely 
located by time-resolved MOKE using the zero-order light of XUV as the probe. Clear 
time-dependent MOKE and reflectivity signals were obtained at various laser fluences 
for determining the relationship between the dynamic magnetic reversal and the 
electronic structure as shown in the Fig 2. An ultrafast rise in the reflectivity shows the 
electron temperature reaches its maximum around 200fs after laser excitation. This 
leads to a demagnetisation maximum about 100 fs later the peak electron temperature. 

Time-resolved photoemission spectroscopy was also performed. The spatial overlap of 
the pump and the probe beams was checked on the sample using a CCD camera to 
visualise the zero order light spot and the pump spot. The XUV spot position is well 
defined by looking at the zero order light on the beamline. Even though the expected 
large MLD was not observed, possibly due to an undesirable level of oxidation at the 
sample surface, the experimental measurements have been logically carried out and the 
data has been thoroughly analysed. Additionally, space charge effects of both the pump 
and probe at different powers were observed. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Magnetisation loops from an Fe(56ML)/ 
GaAs(100) sample grown in-situ in Artemis–and  
measured in York using the MOKE technique.  The 
loops show characteristic magnetic uniaxial 
anisotropy, which is characteristic of a single crystal 
Fe thin film on GaAs(100). 

Figure 2.  Kerr rotation and reflectivity 
versus time delay between probe and 
pump. - Observed from a 56 ML Fe on 
GaAs sample. Right: Peak signals versus 
pump power for the same thin film. 
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Figure 3. A raw photoemission spectrum 
obtained from a 56 ML Fe film on GaAs 
(100). The right-most peak is the Fe 3d 
electron peak. The oxidation is visible at 
18.2 eV. 
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Abstract—A photoacoustic (PA) spectroscopy system has been
built to study the differences between the PA spectra of oxy-
genated and deoxygenated blood, and various PA contrast agents,
with a view to optimising the identification of these media in
clinical PA images. A variable-wavelength laser delivers short (ns)
pulses of light, via a fibre optic cable, into a sample held between
75 µm transparent membranes. The optical wavelength is con-
trolled by a computer, which scans the wavelength range 400-700
nm using a different pulse for each wavelength. Each pulse causes
the sample to momentarily expand and emit a pressure wave,
the energy of which is measured by the computer using a digital
oscilloscope that samples the signal from a strongly focused 7.5
MHz ultrasound transducer. The resulting optical spectra are
corrected for some system variables, such as the wavelength-
dependent laser energy. Further corrections are planned, so
that the measurement is truly of optical absorption coefficient
at each wavelength. Even without these additional corrections
however, the measured PA spectrum of oxygenated blood strongly
resembles the published optical absorption spectrum.

These results suggest that, in addition to its intended use for
determining the optimum wavelengths for clinical PA imaging
of blood oxygenation level and contrast agent concentration, this
system may have applications as a laboratory spectrophotometer.
Unlike traditional transmission spectrophotometers, which mea-
sure the extinction coefficient, the PA spectrometer will measure
the absorption coefficient. This will make it suitable for use with
(a) optically dark samples such as normal blood, which cannot
be analysed in a standard spectrophotometer without dilution,
and (b) turbid media, which normally require an optical scatter-
correction to convert the extinction coefficient to an absorption
coefficient.

Index Terms—Photoacoustic spectroscopy, photoacoustic imag-
ing, optoacoustic imaging, blood spectrum, optical absorption.

INTRODUCTION

Photoacoustic Imaging (PAI) inspects the optical absorption
of the tissue. Tissue is irradiated using short laser pulses
and ultrasound waves are generated within the tissue upon
optical absorption (Wang 2009, Lai and Young 1982, Sigrist
and Kneubuhl 1972, Jaeger 2007). An image is formed of
the optical contrast based on the arrival times of the acoustic
waves. As blood has a high optical absorption over much of the
optical spectrum, photoacoustics can be used to detect blood
vessels and could be used to determine the cancer’s stage,
as advanced tumours create their own blood vessel network
to sustain the tumour. Photoacoustics can be taken further by
changing the wavelength of the emitted laser pulse. An image
acquired at different wavelengths enables spatially resolved
spectrometry. Therefore it should be possible to separate
signals from oxygenated blood and deoxygenated blood to
determine hypoxia. Hypoxia is important in oncology as it
has been shown to be associated with tumour aggressiveness,

angiogenesis and local recurrence; it affects and is affected by
radiation therapy and some chemotherapy agents (Tatum at al.
2006, Semenza et al. 2007, Vaupel and Mayer 2007).

A photoacoustic (PA) spectroscopy system has been built to
study the differences between the PA spectra of oxygenated
and deoxygenated blood, and various PA contrast agents, with
a view to optimising the identification of these media in
clinical PA images.

METHOD

This system comprises of a multiwavelength OPO (Optical
Parametric Oscillator) laser system (Continuum Powerlite plus
Panther OPO) which emits a laser pulse at a given wavelength.
This light is guided by a fibre optic cable into the water bath,
directed at a thin box with two 75 µm optically transparent
membranes 2mm apart (Opticell) filled with 10ml of human
venous blood (figure 1a). Then the emitted photoacoustic
wave is detected by a focused 7.5 MHz single element
ultrasound transducer. The acoustic signal was recorded by
an oscilloscope using the laser Q-switch trigger for starting
the acquisition. For each illuminating wavelength 100 traces
were averaged to reduce noise. Then a low pass filter was
used to reduce high frequency noise (figure 1b). The peak
to peak amplitude was recorded over the visible wavelength
range of 420 nm to 700 nm with a step size of 10 nm, shown
in figure 2b. Also the energy of the laser output at the fibre
optic cable exit was measured 100 times for each illuminating
wavelength to produce a plot of the mean energy spectrum
with the standard error as shown in figure 2a. The relative
absorption coefficient for venous blood, calculated by dividing
the peak to peak amplitude by the illuminating energy for each
wavelength, is shown in figure 2c. This relative absorption
coefficient µ∗

a assumes the following relation:

µ∗
a(λ) =

V (λ)

E(λ)
= µa(λ)ΓK

where V is the signal amplitude (voltage), E is the en-
ergy of the laser output both of which are wavelength (λ)
dependent. Before the true optical absorption coefficient µa

can be calculated the other system dependent variable K,
which includes the transducers response to the intensity of
the acoustic wave, and the Gruneisen coefficient Γ, which is a
combination of the thermal expansion coefficient, sound speed,
and specific heat capacity of the sample medium, needs to be
known and accounted for (Soroushian 2010). As the Gruneisen
coefficient is not wavelength dependent and to first order does
not vary greatly between water based samples, this small
variation is neglected at this stage. The other system dependent
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(a) Diagram of the photoacoustic setup

(b) Photoacoustic signal after noised suppression us-
ing a low pass filter.

Figure 1: Diagram of the photoacoustic setup with photoa-
coustic signal

variable K is assumed to be wavelength independent when the
scattering is much larger than the absorption, therefore for this
wavelength range it is neglected at this stage.

RESULTS AND DISCUSSION

The photoacoustically obtained spectrum of venous blood
(about 75% oxygenated) is compared to the known spectrum
of oxy- and deoxy-hemoglobin in figure 3a. The photoacoustic
relative absorption coefficient has an arbitrary unit and not
the same as the optical absorption coefficient. The shape of
the photoacoustic spectrum shares several features with oxy-
hemoglobin which nicely demonstrates that multiwavelength
photoacoustics can be used to measure the photoacoustic
spectrum of blood. Also an experiment using the same method
on two test objects of blue and red tape, producing the
relative absorption coefficient of the two objects, as shown in
figure 3b, demonstrate that the method can distinguish between
different objects. Although the shape of the relative absorption
coefficient of the venous blood is generally comparable there
are issues with the method which still need to be resolved.
Neglecting the change in units, the shape of the spectrum of
venous blood when compared to known values does change
slightly. It is hypothesised that the majority of the light
is being absorbed in a thin layer of the blood at lower
wavelengths (400-450nm) due to the very high absorption in
this range. This would result in not much variation in the
photoacoustic signal amplitude between different wavelengths
in this range. Once this method has been tested on blood
with varying oxygenation levels it will be possible using the
current technique to determine the optimum wavelengths for
measuring the blood oxygenation level.

In addition to the proposed (above) experiment the relative
absorption spectra of a sample of gold nano-rods and spheres
with transverse plasmon resonance at 520nm and longitudinal
plasmon resonance of 690nm was measured using the same
method. The relative absorption spectrum corresponds closely
to that measured using a standard UV spectrophotometer
(Jenway), see figure 4. In future this work could be used
to photoacoustically characterise the destruction threshold of
gold nano rods, which is important if they are to be used as
a clinical imaging contrast agent. The laser could be tuned to
the Plasmon resonance of the nano rod and the decay of the
signal over number of shots for different laser energies could
be measured.

These results suggest that, in addition to its intended use for
determining the optimum wavelengths for clinical PA imaging
of blood oxygenation level and contrast agent concentration,
this system, once optimised, may have applications as a
laboratory spectrophotometer. Unlike traditional transmission
spectrophotometers, which measure the extinction coefficient,
the PA spectrometer will measure the absorption coefficient.
This will make it suitable for use with (a) optically dark
samples such as normal blood, which cannot be analysed in
a standard spectrophotometer without dilution, and (b) turbid
media, which normally require an optical scatter-correction to
convert the extinction coefficient to an absorption coefficient.
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(a) Energy spectrum from output of the fibre optics

(b) Peak to peak amplitude spectrum for venous blood.

(c) Relative absorption spectrum for blood

Figure 2: The illuminating energy spectrum (a), the photoa-
coustic peak to peak amplitude spectrum of venous blood(b)
and the relative absorption coefficient spectrum of venous
blood (c)

(a) The magenta line is the relative absorption spectra of venous
blood measured photoacoustically, note this has an arbitrary unit.
Compared to previously established results of the optical absorption
coefficient assuming a molar concentration of 150 Hb/litre, red line is
oxyhemoglobin (HbO2), blue line is the deoxyhemoglobin (Hb) and
black line corresponds to 75% oxygenated hemoglobin. Data from
http://omlc.ogi.edu/spectra/hemoglobin/summary.html.

(b) The relative absorption coefficient of two test objects of blue (blue
line) and red (red line) electrical tape. Where the error shown is one
standard error from the mean.

Figure 3: The relative absorption coefficient of venous blood
compared to known optical absorption values of oxy- and
deoxy-hemoglobin values (a). The relative absorption coef-
ficient of test objects: blue and red tape (b).
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Figure 4: A comparison of spectras of gold nanoparticles
using two different methods, absorbance spectrum using a
standard spectrophotometer (blue) and photoacoustic relative
absorptipon spectrum (red).
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Introduction 
This study investigated the intracellular uptake of 
E-combretastatin analogues (Figure 1) into live mammalian 
cells using multiphoton fluorescence lifetime microscopy 
(FLIM). Combretastatins, and especially combretastatin A4, 
have been recognized as powerful anticancer drugs in their 
Z-configuration more than a decade ago. They are small 
stilbene-like organic molecules that were first extracted from 
the African bush willow Combretum caffrum by Pettit and his 
co-workers in 1982 [1]. A water-soluble phosphate ester 
derivative of Z-Combretastatin A4 is currently in phase II/III 
clinical trials [2].      
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Figure 1 Molecular structure of E-combretastatin derivatives (1 
E-CA4, 2 E-CA4F, 3 E-ACA4 and 4 E-DMAC) 

Compared with the Z-form, the E-isomers show ~ 2-3 orders of 
magnitude lower cytotoxicity towards cancer cells [3]. The 
objective of the project is to investigate the use of 
E-combretastatins as prodrugs which may be converted to the 
more active Z-isomer by photoisomerisation in living tissues.  
The activated Z-isomers act by binding to the colchine binding-
site in the β-tubulin subunit, inhibiting tubulin polymerization 
to microtubules and eventually preventing cell growth and 
division. 
 
Z-combretastatins are only very weakly fluorescent, but 
E-isomers have appreciable fluorescence (ΦF 0.05 to 0.40) 
depending on the solvent and max 390 - 450 nm. The use of this 
fluorescence was investigated as a means to observe 
combretastatin uptake into living mammalian cells. 

Conventional one-photon excitation requires UV wavelengths 
(300 – 350 nm) which may be absorbed by chromophores in 
biological tissues, and therefore prevent photoactivation. It is 
suggested to overcome this problem by the use of two-photon 
activation in the near-infrared, as deeper tissues penetration is 
possible in this wavelength regime [4]. High resolution images 
of the E-combretastatins time-resolved uptake into live 
mammalian cells, and intracellular lifetime distributions were 
obtained using two-photon excited multiphoton fluorescence 
lifetime imaging microscopy (FLIM).  
 
Four different E-combretastatin derivatives, (E)-Combretastatin 
A4 (E-CA4, 1), a fluorinated (E-CA4F, 2), an amino (E-ACA4, 
3) and a dimethylamino analogue (E-DMAC, 4) (Figure 1) were 
used in the experiments and their uptake into live CHO 
(Chinese Hamster Ovarian), HeLa (cervical cancer cells) and 
PC-3 (human prostate cancer) cells was studied.  
 
Results and Discussion 
Spectroscopy 
The absorption spectrum of E-CA4F has a maximum at 326 nm 
in hexane and a fluorescence maximum at 380 nm in hexane 
(Figure 2). There is relatively little effect of solvent on the 
fluorescence with the peak shifting to 388 nm in methanol. We 
are currently studying other combretastatin derivatives which 
exhibit larger solvatochromic behavior and which may have 
larger two photon absorption cross sections. Excitation of 
E-CA4 and other derivatives (Figure 3) with ultrafast laser 
pulses at 620-630 nm, or approximately half the energy of the 
one-photon peak, using the system described by Botchway et al 
[5].  Fluorescence intensities were determined to show 
quadratic dependence on laser power, confirming a two-photon 
mechanism. Fluorescence lifetimes were also measured with 
two-photon excitation at 630 nm and showed strong dependence  
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1 R = OMe, R’ = OH 
2 R = OMe, R’ = F  
3 R = OMe, R’ = NH2 
4 R = N(CH3)2, R’ = H 
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Figure 3 Nonlinear power-dependence of two-photon excited 
fluorescence from E-CA4 () and E-ACA4 ()  (0.5 mM) in 
dichloromethane excited at 620 nm. 
 

Figure 2 Normalised absorption and fluorescence 
spectra of E-CA4F in hexane and methanol. 



 
 
on solvent polarity and viscosity. For E-CA4F lifetimes varied 
between 440 ps in methanol, 750 ps in hexane and 1,070 ps in 
glycerol.  Such behavior is typical for stilbenes in which 
fluorescence decay competes with photoisomerisation. Overall 
it was found that a linear relation existed between fluorescence 
lifetime and quantum yield and this proved to be extremely 
valuable in estimating intracellular drug concentrations (see 
below). 
 
Intracellular uptake of combretastatins 
The accumulation of E-combretastatins in living prostate cancer 
PC-3 cells was observed using two-photon excited FLIM. 
Figure 4A shows a fluorescence intensity image of E-CA4F 
distribution in PC-3 cells measured 10 minutes after addition of 
the compound. The combretastatin is seen to be excluded from 
the cell nucleus and to reside within regions of the cytoplasm 
and some punctuate structures inside the cell. The latter are 
identified as lipid droplets by co-localisation with nile red 
(results not shown), a dye that labels lipid droplets and cell 
membranes [6]. The fluorescence lifetime of E-CA4F in the cell 
(Figure 4 B,C,D) has a distribution centered around 1.18 ns, 
suggesting that it is located in a viscous environment. This is 
consistent with the viscosities of cell membranes and 
triglycerides (the latter a major component of lipid droplets).  
Figure 4E shows the rate of accumulation of E-CA4 into PC-3 
cells at room temperature. Uptake appeared to be biphasic with 
a fast unresolved component followed by slower accumulation 
over a period of minutes.  
 
Similar results were obtained for accumulation of E-CA4 and 
E-CA4F into Chinese hamster ovary (CHO) and HeLa cells. 
Intracellular concentrations were estimated from fluorescence 
intensities, adjusted for the quantum yield as deduced from the 
linear correlation with fluorescence lifetime. Starting with 
combretastatin concentrations of 10 M in the surrounding 
medium, the intracellular concentrations in the cytoplasmic 
regions were estimated to be up to around 500 M, whereas 
lipid droplets were found to containing drug concentrations up 
to 5 mM. Therefore the intracellular concentration of drug may 
exceed that in the extracellular medium by 2-3 orders of 
magnitude.  
 

Conclusions  
The results show significant accumulation of combretastatins 
into live mammalian cells. Further investigations will explore 
the conversion of intracellular E-combretastatins to the more 
cytotoxic Z-isomer using two-photon activation with ultrafast 
laser pulses. It is interesting to note that whilst cellular assays of 
E-CA4 toxicity indicate LD50’s in the nanmolar region [2], the 
true intracellular concentration of the drug may be considerably 
higher, and closer to micromolar concentrations at which 
tubulin aggregation is affected [7].  
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Introduction 
Work in the Plant Cell Biology Group at Oxford Brookes is 
centered around the structure and function of the organelles of 
the higher plant secretory pathway.  
This report summarises a continuing series of experiments that 
were carried out to investigate the interactions between plant 
Golgi matrix proteins and regulatory GTPases, new projects on 
the interactions of plant Golgi transferase enzymes and the 
oligomerisation of storage proteins in the endoplasmic 
reticulum (ER), plus interaction between myosin tail domains 
and Rab GTPases. We also summarise progress on the 
development of a TIRF based laser tweezer instrument. 
 
Plant Golgi Matrix Proteins: 
Proteins do not reach their location within the secretory 
pathway instantly but require a certain amount of time in which 
they might be located in different compartments and therefore 
are exposed to different environments. In our case, it cannot be 
distinguished by eye whether our marker is located at ER exit 
sites or Golgi bodies, as the localisation signals look the same. 
However, as fluorescence lifetime is dependent on the 
fluorophore’s surroundings, its lifetime might be different in the 
ER or Golgi lumen and affect our interpretation of putative 
protein binding. We therefore measured the lifetimes of our 
GFP control at day two, three and four after transfection. The 
control lifetimes appeared to be constant throughout, reassuring 
us that changes in lifetimes were most likely due to co-
expression of binding partners and not due to external 
influences on the control.  
We continued to screen for putative interactions of the cis-Golgi 
matrix protein AtCASP, focussing on the small GTPases 
SAR1A, SAR1B and ARF1 which are key players in 
orchestrating COPI and COPII-mediated protein trafficking. We 
observed no interaction between AtCASP and ARF1. 
Interestingly, in case of AtCASP and SAR1A or SAR1B, the 
GFP lifetime appeared to be significantly reduced in a small 
subset of Golgi bodies and only in a few cells. This might 
indicate that binding between these proteins is spatially or 
temporally very restricted, or happens transiently. Alternatively, 
the orientation of the attached fluorophores might not be too 
favourable for energy transfer to occur in an efficient manner, 
leading to a slight reduction lifetime. We also tested binding of 
the Golgi tethering factor GC2 to microtubules, but did not 
observe a reduction in lifetime. Measurements were difficult to 
carry out though, as the microtubule marker labels long 
filaments and the cytoplasm, whereas GC2 locates to the rims 
of Golgi bodies, resulting in a very narrow region of overlap 
between the two. 
 

Plant Golgi transferase interactions: 
Even after decades of research, the mechanisms responsible for 
the localisation of glycan processing enzymes, the major class 
of Golgi integral membrane proteins, within the plant Golgi 
apparatus have remained uncertain. One of the proposed 
retention mechanisms is based on the formation of homo- 
and/or hetero-oligomers of enzymes residing in the same or 

adjacent Golgi cisternae. In mammals there is compelling 
evidence in favour of an oligomerisation of cis-/medial-Golgi as 
well as medial-/trans-Golgi enzymes. However, evidence for 
similar events in plants is still lacking.  
 
We have cloned a multitude of Golgi-located enzymes and 
analysed the subcellular localisation of the full-length enzymes 
as well as truncations thereof containing only their 
transmembrane domain and flanking regions, by confocal 
microscopy. Photobleaching experiments suggested an 
unhindered mobility of those enzymes in Golgi membranes and 
hence we concluded that they do not seem to be physically 
restrained by a potential complex formation, consequently 
arguing against potential oligomerisation retention mechanisms.  
 
To ultimately confirm our hypothesis, we used the two-photon 
FRET-FLIM set-up to test for interactions in planta between 
four different cis-/medial-Golgi plant N-glycan processing 
enzymes, namely full-length versions of MNS1 (mannosidase 
1), MN3 (mannosidase 3), GnTI (N-acetyl glucosaminyl 
transferase 1) and GMII (Golgi mannosidase 2). N-terminal 
GFP and RFP fusions were constructed for FRET and every 
possible combination of enzymes was tested. Surprisingly we 
found that each of the four enzymes interacted either with itself 
or at least with one of the other enzymes or both. In detail, the 
following results were obtained: A clear interaction was 
observed between GnTI with itself, MNS1 and MNS3, plus 
MNS1 with itself. Potential interactions of GMII with MNS3 
and GnTI were observed which will be tested further. 
 
This unexpected result provides the first experimental evidence 
in plants for the oligomerisation of N-glycan processing 
enzymes residing in close proximity to each other.  
 
Endoplasmic reticulum protein interactions: 
We continued our study of proteins that control the morphology 
of the endoplasmic reticulum. Using FRET-FLIM we tested 
whether RHD3, an ER membrane protein implicated in ER 
tubule organisation, interacts with reticulons, a family of ER 
shaping proteins. The expected results were that RHD3 would 
interact with reticulons, however the lifetime values do not 
reflect an interaction. However, this interaction has since been 
tested biochemically and shown to occur.  
 
Myosin interaction with Rab GTPases: 
We have started to look at potential interactions between Rab 
GTPases and myosin tail domains using N terminal fusions to 
mRFP and eGFP. Initial lifetime values recorded indicated that 
there may be a slight reduction in lifetime. This will be 
repeated. 
 
Trafficking of wheat storage proteins in tobacco: 
Prolamins, the main storage proteins of wheat seeds, are 
synthesized and retained in the endoplasmic reticulum (ER) of 
the endosperm cells, where they accumulate in protein bodies 
(PBs) and are then exported to the storage vacuole. The 
mechanisms leading to these events are unresolved. To 
investigate this unconventional trafficking pathway we fused 

Contact  c.hawes@brookes.ac.uk 



wheat γ-gliadin and its isolated repeated N-terminal and 
cysteine-rich C-terminal domains to fluorescent proteins and 
expressed them in tobacco leaf epidermal cells. Our results 
indicated that γ-gliadin and both isolated domains were able to 
be retained and accumulated as protein body-like structures 
(PBLS) in the ER, suggesting that tandem repeats are not the 
only sequence involved in γ-gliadin ER retention and PBLS 
formation. We also report on the high actin-dependent mobility  
 

 
 
Figure 1. A. Expression of C terminal--gliadin-GFP and N 
terminal--gliadin-RFP in tobacco leaves showing co-
localisation of the protein bodies. B-F.  FRET-FLIM analysis in 
tobacco leaf epidermal cells. Lifetime images of Cter--gliadin-
GFP (B),  and Cter--gliadin-GFP in a cell coexpressing Nter-
-gliadin-mRFP (D) are shown. Insets are confocal images 
showing expression of Nter--gliadin-mRFP (red) and or Cter-
-gliadin-GFP (green) in the cells shown. C,E  Curves of B & E 
showing reduction in GFP lifetime in co-expressing cells. 
 
of γ -gliadin PBLS, and demonstrate that most of them do not 
colocalize with Golgi body or prevacuolar compartment 
markers. Both γ -gliadin domains are found in the same PBLS 
when coexpressed, which is most likely due to their ability to 
interact with each other as indicated by the yeast two-hybrid 
experiments. To confirm this data in vivo we applied a 
FRET/FLIM strategy. Tobacco leaf epidermal cells expressing 
either C-terminal -gliadin fused to GFP or in combination with 
N-terminal -gliadin fused to mRFP were excised and 
interaction tested. The fluorescence lifetime of C-terminal -
gliadin fused to GFP  in cells coexpressing both N and C 
terminal -gliadin fusions was significantly reduced compared 
to cells only expressing C-terminal -gliadin GFP (1.70 +/- 
0.12ns s.d. compared to 2.19 +/-0.1ns s.d. respectively p <0.001 
t-test). The significant reduction of more than 0.1ns  indicated 
that in plants N and C terminal domains of -gliadin did in fact 
interact, confirming the yeast 2 hybrid studies (Francin-Allami 
et al. 2011). 
 
Development of Laser Tweezers on a TIRF microscope 
Last year we reported on the construction of TIRF-based laser 
tweezer microscope based around a Nikon TE-200-S inverted 
TIRF microscope with a 1.49NA oil immersion objective. 
Imaging is carried out with a 473nm diode laser and trapping 
with a 1064 Nd:YAG diode laser focused to the imaging plane 
of the microscope. Experiments were carried out on tobacco and 
arabidopsis leaves and successful trapping of Golgi bodies was 
achieved. The instrument is now prepared for routine use and 
will be used in an investigation of Golgi connections to the ER 
in leaf cells. 
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Introduction 
Flavoproteins are a large family of proteins that contain a 
covalently or non-covalently bound flavin cofactor.1  Although 
the isoalloxazine ring of the flavin functions predominantly as 
an electron transfer intermediate in biochemical oxidation-
reduction reactions, there are at least three subfamilies of 
flavoproteins that function as photoreceptors: the light-oxygen-
voltage (LOV) domain proteins, the cryptochromes, and the 
Blue Light Using FAD (BLUF)-domain proteins.2 The 
chromophores in other well known photoreceptors such as the 
rhodopsins, xanthopsins and phytochromes undergo an 
isomerization when light is absorbed.  However, this is not the 
case for flavoprotein receptors. Consequently there is 
substantial interest in understanding how absorption of light by 
the flavin is coupled to the conformational change(s) that lead 
to the signaling state.  In the LOV domain proteins a cysteinyl-
flavin adduct is transiently formed in the signaling state.  
However, in the cryptochromes and BLUF proteins, the initial 
structural changes resulting from photoexcitation are less well 
established.  

The most extensively studied BLUF domain protein is AppA, 
an anti-repressor involved in controlling photosystem 
biosynthesis in the photosynthetic bacterium Rhodobacter 
sphaeroides.  In the dark, AppA binds PpsR, a transcription 
factor, forming an AppA-PpsR2 complex. When irradiated with 
blue light, the complex dissociates releasing PpsR, which can 
then bind to DNA and repress photosystem biosynthesis.  
Photoexcitation of AppA to form the signaling state is 
characterized by a 10 nm red shift in the 445 nm electronic 
transition of the isoalloxazine chromophore, and is known to 
involve strengthening of hydrogen bonds between the C4=O 
group of the chromophore and the protein.  However, the 
mechanism leading to these structural changes and how they 
relate to BLUF domain activity remain to be fully elucidated.   
A plausible model for the BLUF photocycle has been proposed 
based on ultrafast transient absorption spectroscopy of AppA.3  
In this model, the light activated state of AppA (lAppA) is 
formed via an electron transfer that leads to formation of the 
anionic FAD semiquinone (FAD●–) followed by proton transfer 
leading to the formation of the neutral semiquinone (FADH●), 
and finally to lAppA in which the FAD has returned to its fully 
oxidized state.  Subsequent photon absorption by lAppA is then 

proposed to lead to FADH● which relaxes back to lAppA 
explaining the absence of rapid photoreversibility.  

Since the FAD is fully oxidized in both the dark and light 
adapted forms of AppA (dAppA and lAppA, respectively), 
transient changes in the electronic structure of the FAD 
isoalloxazine ring must trigger a metastable change in the 
protein environment that surrounds the cofactor and that 
distinguishes dAppA and lAppA.  While several proposed 
structural changes are involved in formation of the signaling 
state, all suggest an alteration of the Q63 hydrogen bonding 
interactions with FAD. Anderson and co-workers proposed a 
model where Q63 rotates upon light absorption resulting in 
cleavage of the hydrogen bond to the N5 of the flavin and 
formation of a new hydrogen bond to the flavin O4 carbonyl 
oxygen (Figure 1).4 This rotation causes a rearrangement in 
hydrogen bonding which includes the formation of a new 
hydrogen bond from the hydroxyl side chain of Y21 to the 
amide side chain of Q63 and disruption of the hydrogen bond to 
the nearby W104.  Such structural changes should have 
observable consequences for the (transient) infra-red spectrum. 
Based on additional structural data and quantum chemical 
calculations, a more recent model proposes that Q63 
tautomerizes after light absorption, resulting in the 
rearrangement in the hydrogen bonding network around the 
flavin chromophore.  

 
Figure 1. Changes in structure and H-bonding pattern 
associated with signaling state formation in AppA. 

In the series of experiments described below we probe in detail 
the mechanism of operation of the BLUF domain of AppA. The 
methods we use are ultrasensitive ultrafast transient infra-red 
spectroscopy, using the ULTRA facility at the Research 
Complex at Harwell, and ultrafast transient optical spectroscopy 
(at UEA). To better elucidate the mechanism we use 
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isotopically edited proteins and isotope labeled flavins, which 
allows us to distinguish modes of the protein perturbed by 
optical excitation from modes arising from the flavin 
chromophore itself. To permit better characterization of the 
transient flavin modes we study the spectroscopy and dynamics 
of FAD in its oxidized, radical and fully reduced states. This 
allows us to identify any intermediate reduced states formed in 
the photocycle. Finally we use point mutagenesis to modify 
specific amino acid residues which may be implicated in the 
light sensing mechanism. 

Experiments 
The ULTRA facility has been described in detail elsewhere, and 
it can be used for a wide variety of ultrafast laser experiments. 
The measurements described below exploit the high repetition 
rate and stability of the ultrafast IR source to measure linear IR 
transient absorption following excitation of the flavin by a sub 
100 fs 400 nm pulse (pump). The time resolved IR (TRIR) 
experiment measure intensity normalized transient IR difference 
spectra (pump pulse on minus pump pulse off). With this 
apparatus we are able to measure photoinduced changes in the 
IR transmission with accuracy of 1 μOD. Such high sensitivity 
is critical for experiments where the sample is photoactive, the 
concentration cannot be too high and the total amount of the 
sample is small; all of these restrictions apply to the BLUF 
domain proteins, their mutants and isotopologues. 

The complementary ultrafast optical transient absorption 
measurements use a 1 kHz source with 400 nm pump and white 
light continuum probe. High sensitivity is obtained with CCD 
detection. 

For all experiments on photoactive samples the IR sample cell 
is rastered in the beam and the sample is flowed using a low 
volume flow cell. The pump energy per pulse is kept below 200 
nJ to avoid multi-photon effects. 

Isotope studies of TRIR spectra 
Our preliminary studies of FAD in buffer and bound to AppA 
revealed important similarities, which permitted assignment of 
the main vibrational modes, but also some significant 
differences, which suggested the appearance of protein modes 
in the TRIR spectrum of AppA.5 This is an important result as it 
suggests coupling between the FAD excitation and the protein 
matrix on an ultrafast time scale. The result also presents the 
problem of how to resolve FAD modes from protein modes. To 
address this we initiated a series of TRIR studies of FAD 
isotopes, both in solution and bound to AppA; where FAD 
isotopes were not available riboflavin was bound to AppA. 
Initial experiments focused on [2-13C1]-FAD and [4,10a-
13C2]riboflavin.6 

The time-resolved IR data for FAD and riboflavin bound to 
AppA are similar in peak position, dynamics and intensity. This 
result confirms the assumptions made from steady-state 
experiments that riboflavin is a good model for FAD in the 
BLUF domain of AppA. On the basis of this information, we 
are confident that both riboflavin and FAD can be used 
interchangeably as models to study flavin excited state 
dynamics of AppA. Isotope labelling of FAD and riboflavin 
enabled the assignment of various ground and excited state 
modes observed in the TRIR spectra of AppA (Figure 2). 
Specifically, the high-frequency and low-frequency carbonyl 
modes are confidently assigned as mainly C4=O and C2=O 
localized modes, respectively. However, isotopic exchange and 
DFT calculations showed that these modes have significant 
mixed character notably N3H wag which is medium dependent. 
In addition, the 1660-1670 cm-1 transient absorption previously 
reported5 as a photoactive marker has been designated a 
protein-chromophore band based on the changes seen upon 
isotope labelling. Perhaps most significantly the pair of high 
frequency carbonyl modes were shown to have character 

intermediate between isolated C=O stretch/N3H wag and 
symmetric – antisymmetric oscillations of the O=C4-N3H-
C2=O group.  The character of this pair of modes was shown to 
be sensitive to the local H-bonding environment, and thus a 
sensitive probe of the interaction between FAD and the protein 
matrix.6 

 
Figure 2 TRIR and calculated spectra of unlabeled FAD and 
[2-13C1]FAD in H2O. FAD concentration was 6 mM in 
phosphate buffer, pH 8, and the TRIR spectra were recorded 
with a time delay of 3 ps 

We have now extended these measurements to a series of 13C, 
18O and 15N isotopes, to achieve a rather complete assignment 
of the AppA spectrum. For example 13C substitution on the 
xylene ring allows, when complemented by DFT calculations, 
assignment of the most intense bleaches seen in FAD TRIR. 
(Figure 3).7 

 

Figure 3 TRIR spectra of unlabeled FAD and [Xylene-13C8]-
FAD in D2O.TRIR spectra of 3 mM FAD (black) [Xylene-13C8]-
FAD (red) in pD 8 phosphate buffer recorded with a time delay 
of 3 ps  

Model studies of FAD oxidation states 
Many of the proposed models for the BLUF photocycle suggest 
a role for excited state electron transfer quenching of the excited 
flavin, by surrounding protein residues (especially tryptophan 
and tyrosine). However, the complex kinetics observed (see 
below) and the broad unstructured nature of the electronic 
spectra of the radical states proposed as intermediates mean that 
the conclusions reached concerning the mechanism are rather 
speculative. In principle TRIR spectra will be more 
characteristic of a given intermediate state and thus permit 
better characterization of the photocycle. Our original 
experiments did not clearly identify any new states formed after 
excitation.5 Consequently, we initiated a series of studies of 
FAD in different redox states (FAD•-, FADH•, FADH-, 
FADH2). 



The transient IR and electronic spectra of two fully reduced 
forms of FAD (FADH-, FADH2) were measured.8 Both have 
excited state decay times on the tens of picoseconds timescale. 
Measurements of the ground state recovery show that the 
mechanism of radiationless decay is internal conversion. There 
is a short lived bottleneck in the ground state recovery cycle, 
possibly a vibrationally hot form of the ground state. The 
protonated form FADH2 has a faster excited state decay than 
FADH-. The latter exhibits an unexpected inverse deuterium 
isotope effect (Figure 4). This is ascribed to the role of an H-
bonded mode in determining the radiationless relaxation rate. 
This also provides a route whereby the flavin environment may 
influence the excited state decay kinetics, for example through 
H-bonding with the protein matrix. Vibrational modes in the 
ground state associated with the two carbonyl groups were 
observed and assigned on the basis of DFT calculations. 
Experimental data also revealed the corresponding frequencies 
in the excited electronic state. Such data can be used to assign 
transient photo induced electron and proton transfer reactions in 
proteins involving fully reduced forms of the flavins.  

 
Figure 4 Deuterium isotope effect on the transient absorption of 
FADH/D2 (red) and FADH/D- (blue) at 500 nm (Open symbols 
H, Filled D) 

These experiments were extended to the radical states (FAD•-, 
FADH•), which are proposed intermediates in the BLUF 
photocycle.9 These present extra difficulties due to their 
instability in solution. We first synthesised a radical state 
known to be moderately stable, and characterised its spectra and 
dynamics. We then prepared metastable radical states in the 
flavoproteins glucose oxidase and flavodoxin, and characterized 
separately their TRIR spectra and ultrafast dynamics. 
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Figure 5 Comparison of TRIR spectra of N5-methyl FMNHo and 
FMNHo in flavodoxin. 

The photophysical properties of N5-methyl FADHo  and N5-
methyl FMNHo radicals were studied by the means of transient 

visible and TRIR spectroscopy. These are the first transient IR 
studies of flavin radical states (Figure 5). We found that the 
excited state lifetime of these methylated flavin radicals is ~13 
ps in aqueous solution. We also measured the transient infrared 
spectra of flavodoxin and glucose oxidase when their flavin 
cofactor was in the neutral radical state; we also measured the 
spectrum of glucose oxidase with its cofactor in the anionic 
radical state. These spectra will be critical for characterizing the 
BLUF photocycle. We found that the excited state decay of 
FMN was very much shorter in one protein (flavodoxin) than in 
solution, on the other hand the excited state of the neutral flavin 
radical in GOX decayed more slowly than in solution.9 

Protein chromophore coupling 
Equipped with these quite detailed TRIR assignments it is 
possible to attempt to discriminate between modes due solely to 
the excitation of FAD in AppA and modes which appear in the 
IR spectrum as a consequence of excitation induced changes in 
the protein. Clearly the latter are of primary interest in 
understanding the primary steps in the photocycle. A 
particularly interesting and clear cut example is to be found in 
the mutant Q63E. The Q63 residue is critical in the BLUF 
photocycle (Figure 1). The Q63E mutation places a symmetrical 
carboxylate (or carboxylic acid, depending on pKa)) near the 
flavins, so the isomerization cannot lead to photoactivity by the 
mechanism in Figure 1. In line with this the mutant is 
photoinactive. However, the TRIR spectrum in rather 
interesting in that a new mode appears as a bleach at an 
unusually high frequency (1724 cm-1).10 No such mode if found 
in either dark or light adapted AppA (Figure 6). The remaining 
TRIR modes for Q63E are intermediate between AppA in its 
light and dark adapted states, consistent with it being 
photoinactive. 

 
Figure 6 TRIR spectra of dAppABLUF (black), lAppABLUF (red) 
and Q63E AppABLUF (green) bound to FAD.  Protein 
concentration was 2 mM in pD 8 phosphate buffer and the TRIR 
spectra were recorded with a time delay of 3 ps.  The spectra 
have been normalized to the intense FAD ring bleach mode at 
1547 cm-1. 

It was further observed that this mode appears within the 100 fs 
time resolution of the experiment. Such a prompt appearance 
suggests is may be associated with an FAD ground state mode 
shifted up in frequency in Q63E. However, in model studies we 
found no such large up-shift in a carbonyl frequency under any 
conditions. Further using the C4=18O FAD isotope did not shift 
the frequency at all. This suggests that the 1724 cm-1 mode may 
be assigned to protein. To confirm this fully 13C labeled AppA 
was prepared [U13C Q63E AppA] was prepared. This lead to a 
downshift in frequency of the 1724 cm-1 mode, confirming it to 
be of protein origin (Figure 7). This result leads to two 
significant conclusions. First, the electronic spectrum of FAD is 
hardly perturbed by the Q63E mutation, in fact the Q63E 
spectrum is intermediate between lAppA and dAppA, as 
expected. However, excitation of FAD leads to a frequency 



shift of this mode within 100 fs. This is too fast for electron 
transfer, but suggests that the H-bond structure in the flavin 
binding pocket responds instantaneously to electronic 
excitation. Specifically we can conclude that excitation leads to 
a strengthening of the flavin E63 H-bond by ca 3 kcal/mol. 
Such changes in the H-bonding network may contribute to the 
initial stages of the photocycle, independent of any electron 
transfer steps. Second, the high frequency of the mode is 
consistent with an assignment to a carboxylic acid rather than a 
carboxylate. This is unexpected given that the pKa of the 
glutamate suggests protonation at pH 8. This suggests that the 
binding pocket strongly favours neutral residues. 

 
Figure 7. TRIR spectra of unlabeled and 13C labeled Q63E 
AppABLUF measured at 3 ps.TRIR spectra of unlabeled Q63E 
AppABLUF (red) and 13C labeled Q63E AppABLUF (blue) bound 
to FAD. The difference spectrum is shown on the bottom panel 
(black). Protein concentration was 2 mM in pD 8 phosphate 
buffer and the TRIR spectra were recorded with a time delay of 
3 ps. The spectra have been normalized to the intense FAD ring 
bleach mode at 1547 cm-1. 

Future Work 

The mechanism of BLUF photocycle will be pinned down using 
a range of mutants, which have already been generated. The key 
Trp (W104) and Tyr (Y21) residues implicated in the electron 
transfer reactions have been exchanged for residues which 
cannot undergo electron transfer. Equipped with the reference 
spectra for the proposed intermediates we will be able to 
definitively establish the role of electron transfer in the BLUF 
domain. In a novel development we have made mutants with 
non-natural amino acids (fluoro tyrosines) which modulate the 
pKa and redox potential of the Y21 residue. This will provide a 
fine test of the role of this residue in electron and proton 
transfer reactions. We have also found that mutants of the S41 
residue have a profound effect on the photocycle; these will be 
studies in detail. 

We will extend our TRIR and transient absorption experiments 
to BLUF domains other than AppA. Specifically we have 
prepared the well know PixD BLUF domain, and the recently 
discovered, spectroscopically uncharacterized, BLUF domain 
responsible for phototaxis in bacteria. 

An important objective is to extend the time over which the 
dynamics are observed from a few nanoseconds to several 
microseconds. In that way the structural changes of the protein 
following the initial photoinduced changes will be followed. 

Conclusions 
Important progress has been made towards understanding the 
mechanism of blue light sensing in BLUF domain 
flavoproteins. Careful assignments of the flavin modes have 
been made, allowing the discrimination of flavin from protein 
modes, and the identification of suggested reduced flavin 
intermediates. Similarly many of the possible intermediates in 
the proposed electron transfer reactions have been fully 
characterized. This has allowed the proper separation of protein 
modes from flavin modes. A particularly interesting result was 
obtained for the Q63E mutant, in which a protein made was 
bleached in <100 fs, indicating a coupling of the flavin 
excitation to protein structure which exists independent of any 
electron transfer reaction. Further mutants have been prepared 
to assess separately the roles of proton and electron transfer 
reactions in the BLUF photocycle.  
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Introduction 

Molecular imaging is a rapidly expanding field of global 
importance for both the diagnosis and personalised therapy of a 
range of disease states. The ability to detect and visualise 
abnormal or infected tissue in the body is critical for early and 
precise diagnosis of various forms of cancer, as well as 
neurological and cardiovascular diseases. A variety of 
technologies have been developed that allow a three-
dimensional image of parts of the body to be generated with the 
aid of probe molecules that are accumulated at the site of 
interest (e.g. PET, SPECT, MRI, optical imaging). To 
determine the exact localisation and size of target tissue and 
visualise any disease-associated pathological changes, multi-
modal techniques are frequently required, using the strengths of 
2 or more techniques together. For instance, fluorescence-based 
optical imaging agents can often provide a very high degree of 
spatial resolution (below 1 micron), while the sensitivity of PET 
for the chemical concentration is the major strength of this 
technique. PET radiotracers can be detected down to the 100 
picomolar level in target tissues., and at this low level the 
compounds often have little or no physiological effect on the 
patient (i.e. effectively non-invasive). In the context of cancer, 
there is an increasing demand for molecular probes that can be 
used for imaging and early detection of specific cancers which 
represent major life risks worldwide, such as breast, colon, and 

prostate cancer. The use of fluorescent probe molecules for the 
optical imaging of a range of cancer targets, such as prostate 
and breast cancers has been widely demonstrated, with selective 
imaging being achieved by tagging of a suitable probe with a 
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Figure 2 Colocalisation confocal images of a new Indium  thiosemicarbazide complex: (left to right) brightfield image of MCF-7 
cells (2) the Indium complex (3) ER tracker (4) overlay of complex and ER tracker.

Figure 3 Colocalisation confocal images of a ligand containing-Bodipy in HeLa cells: (left to right) (1) the ligand (3) ER 
tracker (4) overlay of compound and ER tracker. 

Figure 1 Structures of the small molecule compounds studied 
in this session (i) tridentate pyrimidyl/quinolyl 
thiosemicarbazones, (ii) Bodipy conjugates of 
bis(thiosemicarbazones) (iii) acenaphthene thiosemicarbazone 
derivatives [7] 
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targeting or address molecule. There is now intense interest in 
the application of similar targeted reagents for diagnosis, and 
monitoring treatment of cancer by PET, in particular the 
possibility of identifying and exploiting markers of cancer-
relevant processes such as tumour hypoxia and angiogenesis. 
Shortage of oxygen (hypoxia) is a common cause of cancer 
treatment failure, so reliable imaging tools for tumour hypoxia 
would be invaluable in planning treatment regimens and 
predicting clinical outcomes. Confocal fluorescence microscopy 
has been used extensively to track compounds and follow 
processes in cells and we have designed a series of fluorescent 
metal complexes, that can be used for whole body imaging 
using gamma or positron emission and may be monitored in 
cells by virtue of their 1 or 2-photon excited fluorescence. We, 
and others, are particularly interested in complexes of metallic 
radionuclides and a key step in their biological action can be 
dissociation of the complex within cells. [1-6] 

The emission lifetime and wavelength of a ligand changes when 
a metal is coordinated and this provides a potential method to 
determine when and where dissociation of a metal complex 
occurs within a cell. We have explored the use of this approach 
to determine if and when intracellular demetallation of 
biologically active metal complexes occurs.  

New bis(thiosemicarbazone) complexes 
The imaging materials explored here may be categorized into 
three distinct groups (i) tridentate pyrimidyl/quinolyl 
thiosemicarbazones, (ii) Bodipy conjugates of 
bis(thiosemicarbazones) (iii) acenaphthene thiosemicarbazone 
derivatives (Figure 1). 
 
 

 
Results and Discussions  
 
(i) Tridentate pyrimidyl/quinolyl thiosemicarbazones 
The tridentate systems have been investigated as they bear a 
close semblance to Triapine (in Phase 2 clinical trials for 
advanced head and neck cancers) and numerous reports of 
metal complexes displaying potent biological activity i.e. 
anticancer, antiviral and antifungal. Limited nuclear uptake and 
perinuclear (nominally the endoplasmic reticulum (ER) or golgi 
bodies (GB)) localisation of some tridentates This was 
supported by colocalisation studies with nuclear (Hoechst) and 
ER (ER tracker) stains and also with fluorescence lifetime 
imaging microscopy (FLIM, Figure 2). 
 
There was no evidence of uptake of the pyrimidine derivatives 
or their complexes due to negligible or  weak fluorescence. This 
is currently being remedied by the attachment of a Bodipy 
fluorophore which will allow visualisation of the compounds in 
vitro. 
The most crucial, result for this section of work was the 
intracellular speciation for the indium tridentate species i.e. bis- 
and mono- by FLIM, based upon the relative lifetimes of each 
of the species. This is a huge step forward and allows us to 
observe the decomposition pathway for the complexes and the 
intracellular site of this. 
 
(ii) Bodipy conjugates of bis(thiosemicarbazones) 
Following the report by Donnelly et al. [8] of the in vivo 
instability of GTS cf. ATS, a GTS analogue (an aldehyde 
derivative as opposed to a ketone derivative) with Bodipy 
fluorophores was prepared and investigated. Colocalisation 
confocal images indicated no nuclear, lysosomal or 

Figure 4:  a) 2-Photon Fluorescence emission map (λex 910 nm), b) 2-Photon Fluorescence lifetime imaging map (λex 910 nm) and c) 
corresponding lifetime distribution plots for the uptake of 4 at 50μM in HeLa cells after 1h incubation; d) 2-Photon Fluorescence 
emission map (λex 910 nm), e) 2-Photon Fluorescence lifetime imaging map (λex 910 nm) and f) corresponding lifetime distribution 
plots for the uptake of D at 50μM in HeLa cells after 1h incubation; g) 2-Photon Fluorescence emission map (λex 910 nm), h) 2-
Photon Fluorescence lifetime imaging map (λex 910 nm) and i) corresponding lifetime distribution plots for the uptake of 6 at 50μM 
in HeLa cells after 1h incubation; j) 2-Photon Fluorescence emission map (λex 910 nm), k) 2-Photon Fluorescence lifetime imaging 
map (λex 910 nm) and l) corresponding lifetime distribution plots for the uptake of 6 at 50μM in PC-3 cells after 1h incubation.[7] 
 



mitochondrial uptake, but instead indicated perinuclear 
localisation in the ER and GB. This was consistent with earlier 
findings of related derivatives prepared by Waghorn (DPhil 
Thesis, Oxford 2010).  
 
 
Images were obtained of several metal complexes of 
acenaphthene thiosemicarbazone derivatives (Figure 1, R = Me 
and allyl). In particular, it was noted that the cells’ morphology 
was affected by the time point of the measurement, and were 
subsequently  recorded at 20 min incubation (37oC) instead of 1 
h incubation time and using 0.5% DMSO. We argue that our 
compounds remain intact inside the cells within the 1 h 
observation time (Figure 4). 
 
 
Summary 
New confocal fluorescence imaging experiments were 
conducted on the test compounds outlined above. Our results 
show that it is possible to discriminate between free ligand and 
that of the complex in cells and, although the quantification of 
the degree of dissociation has not been demonstrated, these 
approach demonstrated that in vitro FLIM methods are crucial 
in understanding the behaviour of metal complexes in cells and 
may become a key technique in the development of new 
imaging metallodrugs.  

 

Conclusions 

Sub-nanosecondexcited state  lifetime resolved following 2-
photon microscopy has clear potential as a tool for investigating 
the speciation of metal complexes in cells and in viscera.  Much 
remains to be done, and we are currently focusing on probing 
the speciation of these complexes further, and on the 
development of new methods for image analysis and 
processing. 
Several key findings were made, including intracellular 
localisation, speciation based on FLIM and proof of principle 
for GTS derivatives. This work has aided the biological 
investigation of these compounds and is under preparation for a 
publication. 
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Introduction 

Carbon based materials are attractive for biological applications 
as they are chemically inert, can be easily functionalized and 
have an excellent biocompatibility profile. The chemical 
versatility of carbon has led to substantial research of carbon 
materials in the areas of biotechnology and biomedicine.1 At the 
nanoscale single-walled carbon nanotubes (SWNTs) have been 
found to cross the cell membrane and their optical properties 
have been exploited for intracellular sensing.2,3 These studies 
have recently been extended to carbon quantum dots.4 However, 
the exploitation of microscale carbon particles for cellular  
applications remains unexplored. Mesoporous materials hold 
great promise as delivery agents.5 Porous carbon microspheres 
are attractive for a number of reasons. They can be prepared via 
a routine synthesis. They are easy to handle and purify, and are 
readily functionalized. Porous carbons with high specific 
surface area are particularly interesting because it is possible in 
principle to leverage their properties to deliver high drug 
payloads. We are interested in these materials for the purposes 
of cell imaging and delivery. In this report we present findings 
of our study of the fundamental solution properties of porous 
carbon microspheres (pCµS) in solution using Raman optical 
tweezers. We further report the use of fluorescence confocal 
microscopy imaging to show the uptake of fluorescently 
labelled microspheres by cells and our ability to leverage their 
optical absorptivity in order to cause carbon graphitization and 
cell death. 
 

Experimental 

Combined Raman-optical tweezer studies were carried out 
using a previously described setup.6,7 For trapping and 
acquisition of Raman spectra the laser was attenuated to a 
power of 16 mW, measured at the entrance aperture of the 
objective lens, yielding approximately 5 mW at the objective 
output. Raman spectra and trapping of carbon microspheres 
were recorded using capillary tubes to minimize thermal effects. 
Raman spectra of carbon particles were baseline subtracted 
using a spectrum of the background medium collected during 
the same measurement run. Spectra thus obtained were fitted to 
a Breit-Wigner-Fano line for the G peak, a Gaussian curve for 
the D peak8 and a polynomial to remove any residual 
background using data analysis software (Igor Pro). High-
resolution confocal images were obtained using a Nikon 
confocal laser scanning microscope, EC1-Si (CLSM) attached 
to an inverted Nikon TE2000-U microscope and a 60x 
water immersion objective (NA 1.2). For imaging carbon 
microspheres in cells particles functionalised with 6-
aminofluorescein (FL-LiDCA) were used in combination with 
DiI as a cellular membrane probe. An argon ion and a helium-
neon laser operating at 488 and 543 nm, respectively, were used 
alternately with line switching using the multi-track facility of 
the CLSM. Images were collected using a 488/543 dichroic 
beam splitter and a 512-530 band pass filter (channel 1) to 
detect fluorescence from FL-LiDCA particles, using a 560-615 
band pass filter to detect fluorescence from the DiI membrane 

probe (channel 2) and using optical white light transmission 
(channel 3). 

 

Results and Discussion 

Raman optical tweezer study of carbon microspheres 
Spherical pCµS were synthesized via ultraspray pyrolysis 
from aqueous precursor solutions of dichloroacetates at 
700 °C, following methods developed by Skrabalak et al.9 
Use of a lithium precursor salt yielded particles with a 
surface area of ~ 1000 m2/g (LiDCA). While use of a sodium 
precursor yielded particles area of 500 m2/g (NaDCA), see 
Figure 1. 

 
Figure 1. Scanning Electron Microscopy (SEM) images of (a; scalebar 
= 200 nm) LiDCA and (b; scalebar = 800 nm) NaDCA carbon 
microspheres synthesized via ultraspray pyrolysis using aqueous 
solutions of Lithium and Sodium dichloroacetate as organic precursors.  
 
 Individual particles could be either trapped in solution or 
pinned against the glass walls of the sample holder. Once in 
the optical trap, particles could be observed over prolonged 
times while simultaneously collecting Raman spectra, thus 
allowing the investigation of the behaviour of isolated 
particles. The Raman spectrum displays two peaks with 
maxima at 1597 rel. cm-1 and 1341 rel. cm-1 that are 
assigned to the G and D peaks respectively of amorphous 
carbon.10, 11 The I(D)/I(G) ratios found for our particles 
suggest an sp2 content >90% with a high degree of disorder. 
Raman-trapping experiments (λexc=532 nm) of single particles 
were conducted in a wide range of solvents and we observed 
significantly different behaviour. Single carbon particles 
suspended in water and ethylene glycol could be trapped and 
held for several minutes without observing any changes in their 
spectral signature; however, when particles were suspended in 
octanol and N,N-dimethylformamide (DMF) we observed 
intense and broad visible emission almost immediately after 
trapping. No significant difference was observed in this 
behaviour between LiDCA and NaDCA spheres. An example of 
a single particle emission event is shown in Figure 2a.  

Figure 2b shows the difference Raman spectrum obtained 
by subtracting the octanol scattering contribution from spetra 
recorded over 16 s. The difference spectra show that, while the 
particle resides in the optical trap, its Raman spectrum evolves 
significantly. Th I(D)/I(G) ratio increases visibly from 0.56 to 
2.2  and both the G and D peak maxima shift to lower values by 
up to ~20 cm-1 before returning close to their original positions. 
This behaviour is in contrast to results obtained in water, where 
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the carbon Raman spectrum remains unchanged over long times 
under the same conditions. These observations are consistent 
with graphitization and increase ordering arising due to thermal 
annealing. No emission was observed in water and ethylene 
glycol whereas immediate intense emission was seen in DMF 
and octanol. The solvent dependence of this phenomenon can 
be explained by considering the thermal conductivities of water, 
ethylene glycol, DMF and octanol which are 0.6071, 0.256, 
0.184 and 0.161 W K-1 m-1 (at 298 K) respectively.12 At 
constant incident laser irradiance it is easier to observe emission 
for suspensions prepared with solvents that display poor heat 
conduction, indicating that emissive behaviour, under our 
experimental conditions, is dominated by the heat conductivity 
properties of the surrounding medium. 

 
Figure 2. (a) Image of a single LiDCA particle before and after being 
optically trapped in octanol (scalebar = 3 µm). (b) Raman spectral 
changes displayed by a single carbon sphere in octanol monitored over 
16 s; the octanol background has been and spectra have been smoothed 
and offset for the sake of clarity. 

This hypothesis was investigated by changing the heat 
conductivity properties of the particle surroundings. Aqueous 
solutions of carbon microspheres in the presence of (a) the 
anionic surfactant sodium dodecyl sulfate (SDS) at 1% and (b) 
the cationic lipid, N-[1-(2,3-Dioleoyloxy)propyl]-N,N,N-
trimethylammonium methylsulfate (DOTAP) at 0.04%, and 
Raman-tweezer studies performed. While it was possible to trap 
carbon spheres in both surfactant solutions, single particle 
emission was only found for the DOTAP system. Similarly, 
particle annealing was observed only in DOTAP aqueous 
solutions. The adsorption of ionic surfactants on solid surfaces 
is a complex process that results from a balance of electrostatic 
and hydrophobic interactions. It is known that surfaces that 
possess both hydrophobic and anionic sites (e.g. cellulose, 
activated carbons), as in the case of our particles, display higher 
adsorption rates and sorption capacity for cationic surfactants 
than for anionic surfactants.13-16 DOTAP is therefore expected 
to adsorb more readily on carbon microspheres than SDS, 
creating an organic-like environment and thus reducing the heat 
conductivity in the immediate vicinity of the particles to a 
greater extent. 

 
Intracellular studies 

Human embryonic kidney (HEK293) and human epithelial 
carcinoma (HeLa) cells were incubated in the presence of 
fluorescently labelled LiDCA particles (FL-LiDCA) for 12 h at 
37 °C using the cationic transfection agent FuGENE®. 
Confocal microscopy recorded fluorescein emission from dye 
labelled microspheres (λexc=488 nm) in both HEK293 and HeLa 

cells stained with the membrane dye DiI (λexc=543 nm). A 
complete depth profile (2 µm) of the cell was acquired by 
recording 30 scans at 150 nm intervals. Figure 3(a) and (b) 
shows images recorded 900 nm apart where the presence of the 
particles in the highlighted area is seen to change significantly. 
The z-travel distance over which disappearance/appearance of 
the microspheres were observed correlated well with the ~700 
nm average size of the particles. The Z-scan in Figure 3c 
indicates that particles are distributed within the cytoplasm and 
are thus internalised by the cells. Figure 3d shows the 
transmission image overlayed with the fluorescence image for 
the fluorescein channel. Strong fluorescence was typically 
observed over the capture size of 78 µm2; this suggests that 
particles are preferentially clustered in specific subcellular 
structures. These results indicate that carbon particles are 
uptaken by both cell lines and that molecules covalently linked 
to the surface of the microspheres, in our case a fluorescent dye, 
can be successfully delivered to the cytoplasm. The most likely 
mechanism for particle uptake is endocytosis which has been 
observed for similarly sized particles.17 In our studies particle 
uptake was not seen to compromise cell viability and both cell 
lines remained viable for several days with normal cell division. 

Optical trapping experiments were repeated on cells 
incubated in the presence of NaDCA and LiDCA particles. It 
was possible to trap and manipulate particles located both at the 
cell surface and within the cytoplasm, while at the same time 
obtaining their carbon Raman spectra. Once in the optical trap 
particles were found to display incandescence in a similar 
fashion to that observed in the presence of DOTAP. 
Furthermore, in cases where the particle was located near to the 
cell membrane the induced incandescence resulted in blebbing 
and membrane rupture. In other cases the incandescence 
resulted in complete membrane rupture with loss of intracellular 
material and cell death. Membrane rupture was also 
accompanied by changes in the carbon Raman signature, similar 
to those observed in media of poor heat conductivity indicating 
that carbon annealing and graphitization takes place also within 
cells. Importantly, no cell damage was observed due to the 
incident laser alone under the same conditions. 

 

Figure 3. (a) Scheme showing addition of FL-LiDCA to cells. (b) 
Confocal image of HeLa cells after incubation with FL-LiDCA showing 
Z-scan rendering of carbon particle internalization in HeLa cells; the 
cell membrane is stained with DiI. and (c) Transmission image showing 
fluorescent nanoparticles. 

 

Conclusions 

In this work we have used Raman and optical trapping to 
demonstrate that absorption of 532 nm laser light by individual 
carbon mesoporous microspheres induces graphitization and 
incandescent emission. We have shown that this behaviour is 

a

b

a

b



related to the ability of the environment that surrounds the 
microparticle to dissipate heat. We have also demonstrated that 
particles are successfully uptaken by cells using a commercial 
transfection agent. Particles bearing small molecules covalently 
linked to their surface can be carried by the carbon scaffold into 
the cytoplasm, thus opening the possibility of using these 
particles for delivery applications. Furthermore we have shown 
that when introduced in the cellular environment light 
absorption by particles can trigger membrane disruption and 
cell death. In summary, these results demonstrate that it is 
possible to leverage two important characteristics of 
mesoporous carbon materials: their ability to deliver small 
molecules to the cytoplasm and their high optical absorptivity. 
The high specific surface area of these mesoporous carbon 
microspheres suggests that they are an excellent platform for 
the development of delivery agents. 
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Introduction 

Determining the distribution of proteins within a cell is critical 
to understanding their function. The development of fluorescent 
proteins (FPs) such as GFP and its derivatives has provided 
scientists with invaluable methods to study the temporal and 
spatial dynamics of proteins in plants [1]. Combining FPs with 
the remarkable advances in imaging techniques over the last 
few decades, it is now possible to visualise and study biological 
processes at the subcellular level, and even at the single 
molecule level in a living plant. 

Several fluorescence microscopy techniques are available for 
the study of proteins in living plant cells [2]. In a standard 
epifluorescence microscope, the sample is wide-field 
illuminated through the objective and the resultant fluorescence 
imaged onto a camera or viewed through the eyepiece. 
However, both in-focus and out-of-focus fluorescent objects 
contribute signal to the image. The unwanted out-of-focus 
fluorescence and scattered light contribute high levels of 
background which must be reduced or eliminated to achieve 
high levels of contrast and resolution. Various optical 
sectioning techniques have been developed to achieve this.  

One method is Laser Confocal Scanning microscopy (LCSM), 
which reduces significantly the background caused by out-of-
focus and scattered light by inserting a confocal pinhole in front 
of the detector to spatially filter the fluorescence. This gives a 
high signal to background ratio and improves the image 
resolution considerably compared with wide-field fluorescence 
microscopy, particularly in the axial direction [3]. (The signal to 
background ratio is a measure of contrast in an image, i.e. the 
ratio between the intensities of pixels in the focal and deeper 
planes.) LCSM uses point illumination, which is scanned across 
the sample to build up an image, which has the disadvantage of 
requiring long acquisition times and photobleaching of the 
sample. Image acquisition speeds can be increased using 
spinning-disk and line-scanning confocal techniques, but there 
will always be some loss of image resolution.  

Total Internal Reflection Fluorescence Microscopy (TIRFM) 
provides a different route to optical sectioning. When a laser 
beam strikes the interface between the lens/immersion 
oil/coverslip and the sample/water at an angle greater than the 
critical angle (given by Snell’s Law), the incident light will 
undergo total internal reflection because these two groups of 
materials have different refractive indices. Although the 
excitation beam does not pass through the sample, an 
‘evanescent’ electromagnetic field is produced whose intensity 
decays exponentially with distance from the interface into the 
sample. The field penetrates for a few hundred nanometres 
(<400nm) into the sample in the z-direction [4] and hence only 
those fluorophores nearest to the glass surface are excited (and 
their fluorescence collected) by the microscope optics. This 
limitation on the excitation depth, which could be considered as 
a disadvantage of this technique, is precisely its main 
advantage; TIRFM therefore generates images with the highest 
SBR, where background fluorescence is nearly absent and 

photobleaching is dramatically reduced. Total internal reflection 
illumination can be achieved using either a prism-based or, with 
a high numerical aperture objective lens (NA> 1.4), an 
objective-based configuration [4]. 

TIRFM has been widely used to image membrane proteins in 
animal systems e.g. epidermal growth factor [5], single-channel 
calcium microdomains [6] and the dynamics of the yeast 
cytoskeleton [7]. The thinness of the plasma membrane in 
animal cells makes them ideal for TIRFM. However, its 
application to plant research has been very limited. Plant cells 
have a rigid cell wall surrounding the plasma membrane, which 
varies in thickness depending upon the tissue, growth 
conditions and developmental stage, but can be greater than 
100nm. This thickness could, in principle, prevent the 
penetration of the evanescent field to the plasma membrane and 
beyond. The cell wall could also lead to scattering of the 
illumination resulting in excitation of fluorophores beyond the 
evanescent field. The consequent view that TIRFM is of limited 
use with intact plant cells for the visualization of biological 
processes in and beyond the plasma membrane [2] has caused 
plant scientists to show little interest in the technique. The few 
examples include the in vitro study of the actin cytoskeleton and 
microtubule dynamics and ER dynamics in protoplasts, which 
lack a cell wall [1, 8-10]. 

By performing a comparative study with other wide-field 
fluorescence microscopies, we have demonstrated for the first 
time that TIRFM is a valuable tool for in vivo analysis of 
fluorescent proteins in intact plant cells and can be used for 
single-molecule analysis in plants. We have shown that TIRF 
imaging of intact cells is possible, of, for example the plasma 
membrane and microtubules. We have also described how to 
distinguish between TIRFM and variable-angle epifluorescence 
microscopy (VAEM) [11], also known as highly-inclined 
laminated optical sheet microscopy (HILO [12]), which can be 
difficult, and demonstrate that the high SBR that we see is 
indeed due to genuine TIRF. We then demonstrate for the first 
time in plant cells that TIRFM can be used for single-molecule 
analysis in plant cells. These techniques, which are becoming 
routine in mammalian cells, are a major advance for Plant 
Biology. 

TIRF in intact plant cells 

We wished to address the use of TIRF in whole plant tissues 
and determine whether we could image fluorescently labelled 
proteins in intact cells and in organelles beyond the cell surface. 
As mentioned previously, there have been major concerns 
within the scientific community that the plant cell wall would 
disturb the evanescent field, or simply impede the observation 
of deeper structures because of its thickness. We therefore 
imaged intact Arabidopsis roots and were able to detect 
fluorescence in various subcellular organelles, including 
microtubules, plasma membrane, vacuolar membrane, 
endoplasmic reticulum and nuclei, located at the periphery of 
the intact plant cells due to the presence of the central vacuole. 
Sample mounting was critical for optimal imaging; ensuring 
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that the root was touching the bottom of the culture dish was 
imperative, not only to obtain focussed images, but also to 
guarantee that the sample to be analysed was within the reach of 
the evanescent field. In order to be able to compare 
epifluorescence and TIRF techniques, illumination intensity 
was kept constant for both illumination modes but the CCD 
gain was reduced when the epifluorescence images were 
saturated. 

 

 Epifluorescence TIRF 

a 

  
 MAP4-Microtubules 

 
b 

  
 LIT6b-Plasma membrane 

 

Figure 1: Epifluorescence (left) and total internal reflection 
fluorescence (right) microscopy images of plant proteins. The 
upper panel shows the microtubule marker MAP4-EGFP and 
the lower panel shows the plasma membrane marker LIT6b-
EGFP. Note that the signal to background ratio is much greater 
with TIRFM, ensuring excellent contrast. 

 

Figure 1a shows GFP labelled microtubules (MAP4) in the root 
epidermis. The TIRF image shows a clearer image of the 
microtubule arrangement, such that individual or small groups 
of microtubules can be distinguished, with a higher SBR 
compared with the same cells imaged with epifluorescence 
illumination.  

To visualise localisation within the plasma membrane, we used 
the marker LTI6b (Figure 1b). While the epi-images showed a 
blur of fluorescence, the TIRF images provided a more detailed 
and localised signal, with the detected fluorescence restricted to 
the plasma membrane of individual cells. It is also evident from 
these images that TIRF microscopy enhances the visualization 
of cell structures by removing most of the out-of-focus 
fluorescence signal. These images revealed a diffuse 
fluorescence distribution distinct to the LIT6b marker. We can 
use this specific pattern of expression to infer valuable 
information about the localization and dynamics of these 
labelled proteins.  

Practical implementation of TIRF in plant microscopy 

With variable-angle epifluorescence microscopy (VAEM), the 
setup is very similar to TIRF microscopy but an evanescent 
field is not produced because the incident angle is less than the 
critical angle. A narrow band of illumination passes through the 
sample almost parallel to the coverslip, yielding a high SBR for 
visualizing events at, or near the plasma membrane of intact 
cells. This may allow single molecule imaging in samples 
where the plane of interest is deeper than the penetration depth 
of the evanescent field, but at the expense of a higher 

background signal. In a simple sample, with materials of two 
refractive indices, it is easy to predict whether the angle at 
which the beam leaves the objective will result in TIRFM or 
VAEM. In a plant cell, there may be multiple unquantified 
refractive indices present, and the microscopy mode is 
uncertain. However it is only with TIRFM that the excitation 
beam returns through the objective as an intense reflection, 
providing an easy method of determining the microscopy mode 
(Figure 2). (This may not be possible in integrated commercial 
light-tight microscopes unless they are equipped with a 
Bertrand lens.) The low divergence and brightness of this 
returned beam also show that this is not due to scattering by the 
sample or backreflection from the cover slip.  

 

   

EPI VAEM TIRF 

Figure 2: Identifying whether a sample is being imaged in TIRF 
or VAEM mode. In TIRFM, the incident beam and reflected 
beam are both intense. In epifluorescence microscopy, there is 
no reflected beam apart from some weak reflections coincident 
beam. With VAEM, these reflections are not coincident but are 
very weak. 

 

Single molecule fluorescence microscopy in plant cells 

Because TIRFM has a higher signal to background ratio than 
other fluorescence microscopies, it is possible to perform single 
molecule fluorescence microscopy studies of plant proteins. 
Ensemble fluorescence images provide a single measurement 
from a protein population, hiding rare and asynchronous events. 
With single molecule detection, however, we can track 
individual protein molecules in space and time at the same time 
as determining the stoichiometry of protein clusters.  

Single molecule detection requires a very low density of 
fluorescing molecules, which can be achieved either through 
using an ultra low initial concentration, or by bleaching a higher 
concentration. Although the first method is more difficult 
biochemically with expressed proteins, it may be necessary 
when the diffusion rate is high enough to maintain a bulk level 
of fluorescing molecules in the evanescent field.  

We demonstrated that single molecule fluorescence microscopy 
can be carried out in intact plant cells by bleaching MAP4-
EGFP. After 75 minutes of epi-illumination, parts of the sample 
had bleached leaving a low density of individual EGFP 
molecules which displayed the characteristic blinking of a 
single molecule. 

By collecting a long series of images, it is possible to extract 
dynamic information on molecules in the sample. Figure 3 
shows a typical molecule of MAP4-EGFP through time and 
space. The intensity and co-ordinates of the molecule were 
determined for each image in the series, thereby revealing the 
trace followed by the molecule. This particular molecule 
displayed a linear back and forth motion, which from 
observations of the pre-bleached images may coincide with a 
microtubule.  



 

Figure 3: Single molecule fluorescence microscopy in plant 
cells. The fluorescence from a single molecule of MAP4-EGFP 
is shown within an image at a single time point in the upper 
panel (within the green square). The fluorescence intensity and 
x, y position of the molecule over time are shown in the lower 
panel. 

Conclusions 

We demonstrate for the first time that TIRF can be used to 
generate high contrast images, that are superior to other 
approaches, from fluorescently labelled proteins in intact plant 
cells. We also show that TIRF imaging is not only possible at 
the plasma membrane level, but also in subcellular organelles, 
for example the nucleus. These TIRF images show the highest 
signal-to-background ratio and we show that they can be used 
for single molecule microscopy. This demonstration of the 
application of TIRFM and single-molecule analysis to plant 
cells opens up a new range of possibilities for plant cell 
imaging. This work is currently in press [13]. 
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Introduction 

The mammalian Target of Rapamycin (mTOR) protein 

kinase is a fundamental regulator of cellular growth, 

metabolism and proliferation in all eukaryotes (1). mTOR 

acts as a checkpoint protein regulating functions essential for 

cell proliferation and survival by acting as a sensor of 

nutrients and energy availability as well as growth factor 

receptor activation (Figure 1) (2). mTOR (280 kDa) is a 

serine/threonine protein kinase belonging to the family of 

phosphatidylinositol kinase-related kinase (PIKK) as its C-

terminal region is homologous to the catalytic domain of 

phosphatidylinositol 3-kinase (PI3K) (3). The mTOR 

pathway is activated during various cellular processes (e.g. 

tumor formation and angiogenesis, insulin resistance, 

adipogenesis and T-lymphocyte activation) and is 

deregulated in many human diseases such as cancer and type 

2 diabetes. These observations have resulted in broad 

scientific and clinical interest in the mTOR pathway. The 

growing use of mTOR inhibitors in pathological conditions, 

including the treatment of solid tumors, organ 

transplantation, and rheumatoid arthritis highlighted the 

importance of mTOR (4). 

 

Figure 1. The mTOR signalling pathway in mammalian 

cells. (modified from (1)). 

mTOR was discovered following studies of the mechanism 

of action of rapamycin (also known as sirolimus), which is a 

bacterial macrolide that was originally found as an antifungal 

agent and afterwards recognised as a immunosuppressive and 

anticancer agent (5). A bacterial strain Streptomyces 

hygroscopicus produces a potent antifungal macrolide which 

was named rapamycin after Rapa Nui, the place of its 

discovery. Rapamycin targets a protein suitably named TOR, 

for target of rapamycin (1).  

mTOR forms two distinct functional protein complexes, 

mTOR complex 1 and mTOR complex 2 referred to as 

mTORC1 and mTORC2 respectively, on the basis of 

sensitivity to rapamycin treatment. Some of the functions of 

the mTORC1 are sensitive to rapamycin inhibition while 

mTORC2 is insensitive to rapamycin treatment (6, 7).  

 

Rapamycin, upon entering the cell, first complexes with 

FKBP12 and rapamycin-FKBP12 complex binds to the FRB 

domain of mTOR and blocks some of the physiological 

functions of mTORC1. A conserved serine residue, Ser 2035 

in FRB domain of mTOR and Ser 1972 in yeast Tor1 is 

critical for the binding of FKBP12-rapamycin. It interrupts 

the binding of FKBP12-rapamycin and confers dominant 

rapamycin resistance when it is mutated to a residue such as 

threonine (8). The mechanism by which rapamycin inhibits 

mTOR remains unclear. It is not clear whether rapamycin 

directly inhibits the intrinsic kinase activity of mTOR, while 

some reports suggest that FKBP12-rapamycin binding 

mainly prevents mTOR from interaction with raptor (9). 

Recent studies have shown that rapamycin inhibits mTOR 

autophosphorylation  (10) which is contrary to an earlier 

report (11). Cryo-EM studies have proposed that incubation 

with FKBP12-rapamycin compromises the mTORC1 

structural integrity in a stepwise manner (12).   

In contrast to mTORC1, the FKBP12-rapamycin complex 

cannot physically interact with and acutely inhibit mTORC2 

(6). However, this hypothesis may not be fully accurate, since 

chronic treatment of rapamycin, in some cell lines, inhibits 

mTORC2 activity by blocking its assembly (13). As yet how 

exactly rapamycin perturbs the function of mTOR is not 

completely understood.  Analogues of rapamycin (CCI-779, 

RAD001 and AP23573) are likely to be the first mTOR-

perturbing molecules to be approved for anticancer use in 

humans (14).  

In the present study we have investigated the localisation of 

mTOR and its molecular interaction with raptor using highly 

sensitive Fluorescence Resonance Energy Transfer (FRET) 

and Fluorescence Lifetime Imaging Microscopy (FLIM) 

technology in live cells. Effect of rapamycin on the 

localisation of mTOR and its interaction with raptor was 

investigated.    

Methods 

Mammalian Cell culture 

HeLa cells (an immortal cell line derived from cervical 

cancer cells) were cultured in EMEM medium supplemented 

with 10% FCS, 2 mM L-glutamine, 100 units/ml penicillin G 

sodium and 100 μg/ml streptomycin and incubated at 37oC 

with 5% CO2 in humidified air. 

Construction of EGFP-mTOR and mDsRed-Raptor 

Enhanced green fluorescent protein (EGFP) was tagged to the 

N-terminal of mTOR and mDsred tagged at the N-terminal of 

raptor (15). 

Transfection and co-transfection of mammalian cells  

For transfection and co-transfection, HeLa cells were plated 

at 2x105 cells/dish, in 35 mm glass bottom dishes (MatTech 

Corporation, USA). Cells were incubated overnight at 37°C 

and 5% CO2 in humidified air prior to the transfection. Cells 

Contact  rahul.yadav@stfc.ac.uk 



were transfected using Fugene HD transfection reagent 

(Roche Applied Science, UK). For each transfection, DNA 

and fugene transfection reagent complex was formed by 

diluting 0.5 μg of plasmid DNA with 100 μl of Opti-MEM I 

reduced serum medium in polypropylene tubes. Fugene HD 

transfection reagent (6 μl) was added to the diluted DNA 

followed by vortexing for 2 s and incubation for 20 min for 

optimal complex formation. The cell culture medium was 

replaced with 2 ml of fresh growth medium followed by 

addition of the  transfection complex in a drop-wise manner. 

Transfected cells were incubated at 37°C and 5% CO2 

humidified air for 24-48 h. 

Confocal microscopy and FLIM  

Cells expressing fluorescently tagged proteins were viewed 

using an inverted Nikon Eclipse microscope (TE2000-U) and 

C1 confocal microscope followed by fluorescence lifetime 

images acquisition using x60 water, numerical aperture 1.2, 

objective. An argon ion laser (488 nm) was used to excite the 

EGFP tagged proteins and green HeNe laser (543 nm) was 

used to excite mDsRed labelled proteins. 

Two-photon induced fluorescence lifetime images were 

obtained using multiphoton microscopy apparatus built 

around the above microscope. The multi-photon microscope 

used in this research was constructed using an external x, y 

galvanometer scanning system (GSI Lumonics) (16, 17). The 

set up consisting of a high-powered titanium sapphire (Ti:Sa) 

laser (MIRA 900, Coherent Lasers) tuneable between 680–

1100 nm. The Ti:Sa laser itself was pumped using a solid-

state Neodynium:Vanadate laser (Verdi V18, Coherent 

Lasers). Laser light at a wavelength of 910 ± 5 nm was 

obtained from Ti:Sa laser with 180 fs pulse width at 75 MHz. 

The nominal laser power at the microscope stage was 

adjusted to 0.60-0.130 mW using a neutral density filter for 

excited state lifetime measurement of the donor EGFP.  

TCSPC lifetime imaging micrographs were analysed using 

the SPCImage 2.92 analysis software (Becker and Hickl, 

Germany). Images (128×128 pixel or 256×256 pixel) were 

exported from Becker & Hickl software as bitmaps and 

converted into TIFF files. The optimal curve fitting for the 

decay graph was obtained by varying different parameters. 

An exponential decay fit was considered good when the χ2 

value was near 1. 

Results and discussion  

Rapamycin causes increased nuclear levels of highly 

expressed mTOR in HeLa cells 

It has been reported earlier that rapamycin treatment does not 

show any effect on the localisation of mTOR (18). In this 

study the effect of rapamycin on the localisation of mTOR 

and raptor was investigated in live cells. HeLa cells 

transfected with EGFP-mTOR vector were treated with 100 

nM rapamycin for 24 h and imaged using confocal 

microscopy and FLIM. Surprisingly, it was observed that 

EGFP-mTOR levels within the nucleus increased following 

incubation with rapamycin (Figure 2) when compared to non-

treated cells. Around 5-6 % of cells showed a change in 

localisation pattern following rapamycin treatment in HeLa 

cells expressing EGFP-mTOR. On the other hand, the 

localisation of mDsRed-raptor was not affected by rapamycin 

treatment (Figure 3).  

The change in the localisation of fluorescently tagged mTOR 

upon rapamycin treatment i.e. to a nuclear localisation, was 

in agreement with cell fractionation data performed using 

HeLa cells by Dr. Valentina Iadevaia (personal 

communication). This data is contrary to that described for 

the same cell line (18) and cell fractionation data for non-

transformed, non-immortalised, diploid human primary 

fibroblasts, IMR-90 cells (19). In the present study, 

fluorescently tagged mTOR was overexpressed in HeLa cells 

while in the previous study endogenous mTOR expression 

was studied using immunofluorescence assay (18). Although 

the frequency of cells observed with nuclear localisation is 

low (less than 10% of the field of view).   

It has been previously reported that a moderate increase in 

mTOR nuclear import enhances 5’-TOP dependent 

translation and a strong nuclear import signal causes decrease 

in translation (20). It was further suggested that nuclear 

shuttling of mTOR is essential for the regulation of 

rapamycin-sensitive translation initiation. Nuclear import and 

subsequent export of mTOR would be required for its 

function, optimal balance between the two events leading to 

maximal activation. A moderate increase in the nuclear 

import of mTOR may result in the perfect balance, whereas 

an increased nuclear localisation signal may disrupt that 

balance (20). Thus, in the present study rapamycin treatment 

may disturb the balance between nuclear import and export 

of mTOR, since greater mTOR levels in the nucleus may 

affect the translation as described by Kim et al (20). Long 

term treatment of rapamycin causes hyperphosphorylation of 

4E-BP1 (21), thus, another possibility could be that increased 

nuclear mTOR causes hyperphosphorylation of 4E-BP1. 

However, the microscopy image data show only a small 

fraction of cells expressing a nuclear localisation of mTOR. 

So this effect may depend on the state of the cell cycle or 

other factors and further work is needed to clarify this issue.  

No treatment

B EGFP-mTOR

+ rapamycin

EGFP-mTORA

 

Figure 2. Rapamycin treatment affects the localisation of 

EGFP-mTOR in HeLa cells. Confocal images of HeLa 

cells expressing EGFP-mTOR A) no treatment and B) 

rapamycin (100 nM) treatment for 24 h. Data were 

obtained from three independent experiments. Scale bar 

8 µm. 

B
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Figure 3. Rapamycin treatment does not affect the 

localisation of mDsRed-raptor in HeLa cells. Confocal 

images of HeLa cells expressing mDsRed-raptor A) no 

treatment and B) rapamycin (100 nM) treatment for 24 h. 

Data were obtained from three independent experiments. 

Scale bar 8 µm for B. 

Rapamycin does not affect the interaction between 

mTOR and raptor 

To investigate whether the change in localisation of EGFP-

mTOR following rapamycin treatment was associated with 

any effect on the interaction between mTOR and raptor, 

HeLa cells were co-transfected with EGFP-mTOR and 



mDsRed-raptor vectors. Cells were treated with rapamycin 

(100 nM) for 24 h and analysed using confocal microscopy 

and FLIM. The lifetime of the cells showing nuclear 

localisation of EGFP-mTOR observed to be ~2.2 ± 0.1 ns, 

showing a direct interaction (Figure 4). The quenched 

lifetime value is similar to the non-treated HeLa cells (~2.2 ± 

0.1 ns), co-expressing EGFP-mTOR and mDsRed-raptor 

(data not shown). There was no effect on the lifetime of 

EGFP attached to mTOR as a result of rapamycin treatment 

(Figure 4).  

The FLIM data indicate that mTOR pathway inhibitor 

rapamycin does not dissociate the interaction of co-expressed 

mTOR and raptor. There may be different mechanisms for 

the action of rapamycin, other than dissociation of mTOR-

raptor interaction. It was reported earlier that rapamycin 

dissociates the mTOR-raptor interaction (9) while Hara et al 

(22) did not observe dissociation after rapamycin treatment. 

In the present study, rapamycin treatment did not affect the 

interaction between fluorescently tagged mTOR and raptor in 

HeLa cells supporting the observations of Hara et al (22). It 

is clear from our studies that rapamycin treatment increases 

the nuclear localisation in HeLa cells.  

Rapamycin-FKBP12 binding to the FRB domain of mTOR 

induces an allosteric conformational change that reduces 

mTORC1’s intrinsic catalytic activity (10). The present 

interaction data after rapamycin treatment suggests that there 

could be conformational changes in mTORC1 after 

rapamycin treatment but that may not lead to changes in the 

direct interaction between mTOR and raptor but that 

nevertheless act to reduce intrinsic mTOR catalytic activity. 

Rapamycin inhibition of mTORC1 may indeed involve more 

than one mechanism. Any conformational changes in 

mTORC1 following rapamycin treatment may lead to 

changes in the interaction between mTOR and its substrates 

(11, 23) or could theoretically hinder reception of an 

upstream activating signal or impair access of docked 

substrates to the mTOR catalytic domain (11) or in addition 

to, inhibition of intrinsic mTOR kinase activity (6, 10). 

A

B

+ rapamycin

EGFP-mTOR

mDsred-raptor

2.26 ns

2.52 nsEGFP-mTOR

+ rapamycin

 

Figure 4 Rapamycin does not affect the direct interaction 

between EGFP-mTOR and mDsRed-raptor in HeLa cells. 

A) A Lifetime image (middle panel) of the HeLa cell 

expressing EGFP-mTOR treated with rapamycin (100 

nM) for 24 h, with confocal image (left panel) at 488 nm 

excitation for EGFP-mTOR donor and colour coding of 

the analysis area (right panel) gave an average lifetime of 

~2.4 ± 0.1 ns. B) A Lifetime image (middle panel) of HeLa 

cells co-expressing EGFP-mTOR and mDsRed-raptor 

treated with rapamycin 100 nM for 24 h, with confocal 

images (left panel) at 488 nm excitation for EGFP-mTOR 

donor and 543 nm excitation for mDsRed-raptor acceptor 

and colour coding of the analysis area (right panel) giving 

an average lifetime of ~2.2 ± 0.1 ns. Data were obtained 

from three independent experiments. Scale bar 8 µm. 

Conclusions 

A small fraction of HeLa cells showed an increased level of 

nuclear localisation of EGFP-mTOR following treatment by 

rapamycin. Using FLIM-FRET no change in the interaction 

between   mTOR and raptor was observed suggesting that 

rapamycin does not act by dissociating the mTORC1 

complex. 
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Introduction 
Intense femtosecond (fs) laser pulses provide unique tools for 
influencing and observing molecular dynamics on ultrashort 
timescales [1]. Whilst such pulses have been applied for time-
resolved studies in the most fundamental molecules (e.g. see [2] 
and references therein), there is increasing interest in using this 
technology for studying bond fragmentation in molecules of 
biological importance. For example, there is significant promise 
in sequencing of peptides [3] and of selective bond cleavage in 
prototypal amino acids [4]. We report here on recent 
experimental studies of fs laser interactions with molecules of 
biological interest, using the UFL2 laser from the CLF laser 
loan pool [5]. In a novel experimental approach, LIAD-fs, we 
used Laser Induced Acoustic Desorption [6] to produce a gas 
phase target of neutral molecules, which are then exposed to an 
fs laser pulse with ionisation/fragmentation products 
subsequently analysed. 
 
Experimental Technique 
In order to study fragmentation dynamics for a laser interaction 
with individual molecules, the ability to produce a gas phase 
target is paramount. For studies of biomolecules in the gas 
phase, the pioneering methods of electrospray ionisation (ESI) 
[5] and matrix assisted laser desorption/ionisation (MALDI) [6] 
are widely used. These soft ionisation techniques enable studies 
of thermally labile non-volatile molecules, where ionisation 
typically occurs via proton/ ion attachment/detachment. While 
these methods have provided significant progress in studies of 
biomolecular photoabsorption and fragmentation, there are 
inherent limitations in their scope. Both ESI and MALDI are 
restricted to polarised molecules that easily undergo ion/proton 
attachment/detachment and the created target is thus a modified 
form of the biomolecule of interest. Also, in MALDI the 
preparation conditions and the choice of matrix molecule can be 
very specific to the desired biomolecule target/analyte.  
 
Instead of the commonly adopted ESI or MALDI techniques we 
use an alternative method of preparing our gas-phase target, that 
of laser induced acoustic desorption (LIAD). This is a non-
destructive desorption method which produces intact, gas-phase 
molecules with relatively low internal temperatures [8]. 
Moreover, it allows us to interrogate a neutral target of 
biomolecules, and can be applied for a wide range of molecules. 
where target preparation conditions are not as sensitive as 
MALDI.  
 
As depicted in Figure 1, a biomolecular sample (a) is deposited 
on the surface of a thin Ta foil which is then back-irradiated, 
using a ns UV pulse (b). This interaction stimulates the 
propagation of an acoustic wave through the foil, resulting in 
sample desorption from the surface. After a chosen delay time a 
femtosecond pulse (c) is then interacted with the desorbed 
neutral target and ionisation/fragmentation products are 
extracted and mass analysed (d), via either a time-of-flight 
(ToF) arrangement or ion trap mass spectrometer [9].  
 

 

 
Figure 1: Schematic of LIAD-fs, where a sample is deposited 
on a Ta foil (a) which is then back-irradiated using a UV ns 
pulse (b). A femtosecond laser (c) is then interacted with the 

resulting biomolecular plume, with charged products extracted 
and analysed electrostatically (d).   

The Ta foil, of 10μm thickness and 8mm diameter 
(Goodfellow®), was secured to the stainless steel electrode in 
our ToF device using epoxy resin, vacuum compatible glue. 
Molecular samples were purchased from Sigma-Aldrich®, and 
typically prepared in 0.01 – 0.05 molar aqueous solution. This 
solution was deposited on the Ta foil surface in several 
successive applications, using a vacuum drying station at each 
stage, with typically 10 – 20 μl deposited in total. For each new 
sample, a new Ta foil was prepared. 
 
The UV laser pulses used to back-irradiate the foil were 
produced by an Opotek® Opolette laser, providing 355 nm 
pulses of ~ 4 ns duration and ~0.3 mJ per pulse which were 
focused down onto the foil to provide pulse intensities in the 
range 108-109 W cm-2. The ns UV laser was synchronised to the 
UFL2 fs system, a Coherent® Libra regenerative amplifier 
providing 1mJ pulses at λ = 800 nm and with pulse duration of 
~100 fs. Both systems were operated at 20 Hz, with the UV-fs 
delay (between the Opotek and Libra systems) typically set in 
the range 10-30 μs. Acquisition for the time-of-flight 
measurements was triggered using a photo-diode to detect the fs 
pulse. For the resultant spectra, we have investigated the 
influence of laser pulse parameters such as UV-fs delay, UV/fs 
pulse intensity and fs pulse duration on the fragmentation 
pattern. This has been carried out for a range of small 
biomolecules, with a few typical results given here.  
Results and Discussion 
Results from a LIAD-fs study of the amino acid histidine are 
shown in Figure 2, with the structure of histidine given in the 
inset (C6H9N3O2, mass = 155 amu). For the results displayed in 
Figure 2(a), the UV-fs delay was set at 20 μs and the fs pulse 
was focused onto the neutral plume with a peak intensity of 
~5x1014 W cm-2 ( most ions will originate from lower intensities 
in the focal volume of the laser). It is immediately apparent that 
the majority of ion signal is detected in the mass range 10 - 50 
amu, such that the neutral histidine molecule is being 
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Figure 2: LIAD-fs studies of histidine (structure inset).  

(a) fs peak intensity ~5x1014 W/cm2 (b) fs peak intensity ~ 
1x1013 W/cm2. 

substantially fragmented. By decreasing the laser intensity, 
using a cylindrical lens focussing arrangement, the 
fragmentation pattern can be significantly altered, with lower 
mass fragments suppressed and three main mass peaks observed 
in (b). To do this, a diverging cylindrical lens with focal length 
of 20cm was inserted, decreasing the peak intensity and 
providing a greater focal volume at low intensities. Under these 
conditions, the parent ion (M+) is observed at 155 amu, and the 
peak at 110 amu is due to the loss of the carboxyl group from 
the parent ion (breakage of bond 2). The most dominant peak 
however is that at 81 - 82 amu, which is the sidechain of the 
amino acid (breakage of bond 1). For mass spectrometry 
studies, it is clear that the fs interaction enables significant 
fragments to be observed that can be attributed to the histidine 
molecule. It has been demonstrated that the laser intensity 
enables control over the degree of fragmentation.  

Results from a LIAD-fs study of another amino acid, Lysine, 
are shown in Figure 3. Lysine is an essential amino acid for 
processes such as calcium absorption, building muscle protein 
and for the production of enzymes and antibodies in the body. It 
is an α-amino acid with a side chain of (CH2)4NH2 and the mass 
of the parent molecule is 146 amu. At a UV-fs delay of 20 μs 
and fs intensity of ~1013 W cm-2, data was acquired over 2000 
laser shots and a number of significant fragments observed.  

Similar to the histidine studies, the pulse intensity plays an 
important role in the degree of fragmentation of the molecule, 
with this ‘low’intensity interaction providing intact fragments 
from 30 amu upwards. The parent ion is clearly seen at 146, as 
is the sidechain (peak 5 at a mass of 72 amu). Indeed, moving 
from high mass to low mass in the Figure, there is evidence for 
breakage of each bond along the sidechain.  

 

 
Figure 3: LIAD-fs study of Lysine (mass 146 amu), with fs 

peak intensity at ~1x1013 W cm-2. The peaks are attributed to 
breakage of bonds 1 to 5, with the colour denoting the location 

of the charge upon fragmentation. 

 

For ease of reference, we have labeled each bond along the 
sidechain of the structure from 1 to 5, and annotated the mass 
peaks accordingly. For each peak, the colour of the number 
denotes the side of the molecule that is observed, i.e. where the 
charge resides after fragmentation. For example peak 5 at mass 
of 72 amu corresponds to a breakage of the bond between 
sidechain and amino-acid backbone, with the observed fragment 
being the sidechain (to the left of the bond in the picture). For 
this particular cleavage, the remainder of the molecule has a 
mass of 74 amu and there is a small peak observable here (green 
5) as a shoulder on the main peak at 72 amu.  

Using this notation, it is immediately clear that all bonds along 
the sidechain can be broken by the fs laser interaction, with the 
fragments clearly observed. It is worth noting that the Cα-C 
bond on the amino acid backbone can also be broken (as was 
seen in histidine), with fragments of 101 amu and 45 amu 
coinciding with the same mass as the breakage of bond 3. The 
data in Figure 3 provides a clear ‘fingerprint’ for the Lysine 
molecule, such that its fragmentation pattern is well 
characterized for these LIAD-fs conditions.  

In a separate experiment (not shown), a sample was prepared 
containing both lysine and histidine, and LIAD-fs experiments 
carried out. The resulting mass spectrum was consistent with a 
linear combination of the separate fingerprints from Figure 2(b) 
and Figure 3 here. This demonstrates a useful application of the 
technique for mass spectrometry, where comparison of an 
unknown sample with a library of known samples (or 
‘fingerprints’) can enable identification of constituent parts. 

 
Conclusions 
The results reported here demonstrate the capability of the 
novel LIAD-fs technique for creation and ionisation/ 
fragmentation of a neutral gas phase target of biomolecules. By 
controlling the fs pulse intensity, we have established that 
fragmentation can be significantly suppressed.  

These formative studies have been carried out using pulses of 
100 fs duration, and provide insight into how these small 
biomolecules behave in an intense laser field. This provides a 
valuable platform for future studies where ultrashort pulses  
(< 10 fs) promise to enable observation and control of 
biomolecular fragmentation on sub-vibrational timescales. In 
terms of ultrafast dynamics, we are now in a position to carry 
out pump-probe studies of biomolecules, looking at ultrafast 
dynamics such as vibrational wavepacket evolution and charge 
transport [10].  
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Introduction 

New Raman experiments are required for ultra-trace analysis of 
IR-inactive substances. Trace detection of H2 is particularly 
relevant in metallurgy [1]. Exposure of steel or metal alloys to 
trace amounts of H2 adversely affects its mechanical properties, 
since H2 diffuses easily into the metal, a process which is 
associated with crack growth and fracture processes. There is a 
concern that in sensitive environments (power plants, storage of 
nuclear materials, gas pipelines, etc.), safety could be 
compromised if steel enclosures are exposed to traces of H2. 
Cracking is also a concern for the oil industry since hydrogen as 
a by-product of corrosion processes can penetrate steel 
pipelines. With the possible switch from a fossil fuel based 
energy economy to a hydrogen based economy in the future, 
there is an increasing need to monitor H2 with great sensitivity 
and high selectivity [2]. Unfortunately, H2 has no permanent or 
transient electric dipole moment and can not be detected by 
microwave or IR spectroscopy. H2 is thus extremely difficult to 
detect by direct optical absorption techniques. Resonance lines 
of its electronic spectrum lie in the extreme UV, and rotation-
vibration bands and pure rotational lines are IR-inactive. These 
occur only by quadrupole radiation, where transitions are 
typically 4-5 orders of magnitude weaker than IR-active electric 
dipole transitions. The vibrational fundamental band can be 
more conveniently accessed by Raman spectroscopy. 
Applications of Raman spectroscopy for the trace gas analysis, 
however, require special experimental techniques due to the low 
inherent sensitivity of Raman transitions. New, advanced 
Raman spectroscopic techniques, however, have the potential to 
monitor and control IR-inactive substances with great 
sensitivity and selectivity.  

We have recently set up high-resolution stimulated Raman 
experiments with photoacoustic detection (PARS) which are 
suitable to detect Raman active molecules in the gas phase 
[3,4]. With the help of a laser loan from the EPSRC Laser Loan 
Pool (LP REF No: 92002), two different schemes of stimulated 
Raman photoacoustic detection of H2 have been set up and 
characterized [5], one with a Raman shifter and a second 
scheme with a tuneable dye laser to generate stimulating Raman 
excitation. In addition, green Nd:YAG light served as Raman 
pump radiation. Both beams were focused into a cell with a gas 
mixture to be analysed. H2 absorbed radiation due to the 
stimulated Raman effect, and photoacoustic signals were 
detected by a microphone.  

Stimulated Raman effect using a Raman shifter 

The stimulated Raman effect in H2 with 532 nm as Raman 
excitation requires radiation around 683 nm for stimulation. 
One convenient possibility to generate this stimulating radiation 
is to use a Raman shifter cell filled with H2. Green light from a 
Nd:YAG laser (second harmonic 532 nm, up to 350 mJ at 10 
Hz repetition rate) is focussed into a home-built Raman shifter, 
a 70 cm long stainless steel tube with glass windows. Different 
focusing conditions and H2 pressures were explored in order to 
get an approximate 50:50 ratio between unconverted 532 nm 
light and 683 nm 1st Stokes radiation; the best conditions were 

achieved with a 1 m focusing lens and 5 bar H2 filling pressure, 
giving 14 mJ/pulse green and 18 mJ/pulse red radiation.  

 
Fig. 1: 
Photograph 
showing the 
Raman shifter 
in use during 
experimental 
set up. 

 
The light was then focused with an 11 cm focal length lens into 
the centre of photoacoustic cell. Signals from 64 laser shots 
were averaged for one reading, and each measurement was 
repeated 9 times, resulting in an overall measurement time of 1 
min for an H2 determination. The photoacoustic cell was filled 
with a mixture of some mbar H2 in 1 atm air. Fig. 2 shows that 
excellent linearity is achieved in the detection of H2. To obtain a 
detection limit, a gas mixture without any H2 has also been 
measured. The standard deviation of this measurement was 
taken as a measure of the noise limit of this detection scheme. 
In addition, a constant background signal is observed in all 
samples which has to be subtracted from the measurements; it is 
most likely be due to non-resonant windows signals of the 
photoacoustic cell. This background has to be subtracted from 
all measurements. According to the calibration line of fig. 2, the 
noise equivalent H2 detection limit is 108 ppm in 1 atm air with 
this scheme [5]. 
 

 
 
Fig. 2: Double-
logarithmic plot of H2 
pressure in 1 atm air 
vs photoacoustic 
signal in the non-
dispersive scheme. The 
green line is the noise 
level.  
 

 
Note that photoacoustic signals are proportional to the Raman 
pump and Raman stimulating power. Better sensitivity can thus 
be achieved by using higher laser powers. Although this scheme 
is very simple, requiring only one laser of fixed wavelength, it 
is non-dispersive, however, and lacks the additional benefit of 
spectroscopic discrimination and selectivity. This also limits the 
sensitivity which can be achieved, since the noise affected non-
resonant background can not be distinguished for each 
measurement by a spectral baseline. 
In previously reported work, Oki et al. [6] have set up a similar 
detection method for H2 using PARS with 104 and 44 mJ/pulse 
for the fundamental (532 nm) and red shifted (683 nm) beams, 
respectively.  A detection limit of 3.4 ppm has been reported 
which is roughly comparable to the present results considering 
the much higher power available.  
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Stimulated Raman spectroscopy of H2 

To overcome the limitations of the non-dispersive scheme, a 
stimulated Raman photoacoustic experiment has been set up 
using a tuneable dye laser as Raman stimulating source. The 
scheme is summarized in fig. 3.  
 

 
 
Fig. 3: Schematic of stimulated Raman photoacoustic setup. 

In the experiment, ca. 30 mJ/pulse 532 nm laser light (second 
harmonic of a seeded Nd:YAG laser) is the Raman pump beam 
which is combined with ca. 35 mJ/pulse tuneable output around 
683 nm of a dye laser as the stimulating beam and focused with 
an 11 cm focal length lens into a photoacoustic cell. If the 
energy difference between the laser photons corresponds to an 
allowed Raman transition, molecules are promoted to a 
vibrationally excited state by the stimulated Raman process. By 
collisions, the vibrational excitation is converted into local 
heating which creates a pressure wave which is picked up by a 
microphone (photoacoustic Raman spectroscopy, PARS). Since 
the seeded Nd:YAG laser has a very narrow bandwidth, the 
resolution of stimulated Raman scattering is only limited by the 
bandwidth of the stimulating dye laser (ca. 0.05 cm-1). More 
details of this scheme can be found in previous reports [1,2]. 
Using the tuneable dye laser, Raman spectra of H2 can be 
obtained (see fig. 4). A wavelength range of 685 - 682 nm was 
scanned with the dye laser and four Q-branch lines of the 
fundamental vibration were observed, showing clearly the effect 
of nuclear spin statistics in H2 with 1:3 intensity alternations 
between even and odd J lines. The strongest line at room 
temperature is the Q(1) line at 4155 cm-1 Raman shift.  

 
 
Fig. 4: Q-
branch of H2 
(20 mJ green, 
20 mJ red per 
pulse; 86 mb 
H2). 
 
 
 
 

 
To characterize the performance, the photoacoustic cell was 
filled with some mbar of H2 in 1 atm air in a dilution series. 
Integrating the area of the photoacoustic signal of the Q(1) line, 
a signal reading corresponding to a H2 concentration is obtained 
in ca. 3 min. Each measurement was repeated 9 times, resulting 
in an overall measurement time of 30 min for a H2 
determination. Excellent linearity is obtained in this scheme for 
H2 detection (see fig. 5). In this scheme, non-resonant 
background is easily discriminated due to the spectral baseline, 
and is thus not limiting sensitivity as in the non-dispersive 
scheme introduced before. The spectroscopic detection has also 
the significant advantage of additional selectivity. Since the 
photoacoustic Raman signals depend linearly on the Raman 
pump and stimulating Raman power, better sensitivities can be 
achieved in principle with higher power lasers.  
 

 
 

 
Fig. 5: Double-
logarithmic plot of H2 
pressure in 1 atm air 
vs photoacoustic 
signal corresponding 
to the second 
spectroscopic scheme. 
The green line is the 
noise level. 
 

With a noise level determined as the standard deviation of the 
measurements of air without H2, the noise equivalent detection 
limit is determined as 3 ppm H2 in 1 atm air (see fig.  5). With 
this high sensitivity and the spectroscopic selectivity, the 
scheme presented is very suitable for reliable detection of 
hydrogen in ambient air and gas mixtures. More details on the 
detection of gas phase molecules by stimulated Raman 
photoacoustic spectroscopy will be reported in a subsequent full 
publication [5]. 

Conclusions 

Using a laser loan from the EPSRC Laser Loan Pool,  
stimulated Raman experiments with photoacoustic detection 
were set up to detect molecular hydrogen. Two different 
schemes were evaluated:  

In one scheme, a green Nd:YAG laser was focussed into a 
Raman shifter filled with several bar of H2. The outgoing 
radiation contained remaining green light as Raman pump, and 
red-shifted light as Raman stimulating light. This radiation was 
focussed into a second cell with a gas mixture to be analysed. 
H2 absorbed radiation due to the stimulated Raman effect, and 
photoacoustic signals were picked up by a microphone with a 
noise-equivalent detection limit of 108 ppm H2 in 1 atm air. The 
method is non-dispersive, however, and lacks spectroscopic 
discrimination.  

To overcome this, in a second experiment a Nd:YAG laser was 
used as Raman pump, and a tuneable dye laser as stimulating 
source. Both beams were focused into a photoacoustic cell to 
analyze gas mixtures. Excellent selectivity was found with a 
noise-equivalent detection limit of 3 ppm H2 in 1 atm air. This 
scheme is thus suitable for reliable detection of hydrogen with 
high sensitivity and selectivity in ambient air and gas mixtures. 
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Introduction 

The dynamics of chemical reactions in the gas phase have been 
widely studied through experimental measurements of 
quantum-state resolved reactive collisions and computation of 
potential energy surfaces and the associated reactive scattering.  
Under conditions of isolated collisions between gas-phase 
reactants, the distribution of the available energy for the 
reaction among translational, rotational and vibrational motions 
of the products can be determined, as can the directions of 
scatter. From these very detailed outcomes, profound 
deductions can be made concerning the fundamental 
mechanisms of chemical reactions.  Much of the chemistry of 
importance in research laboratories, industrial processes, the 
natural environment, or biological systems occurs, however, in 
liquid solutions. The presence of a solvent significantly 
constrains the information that can be extracted from 
experimental studies of reaction dynamics because the frequent 
collisions of solvent molecules and solvated reactants or 
products mask information about the specificity of flow of 
energy into rotational and vibrational quantum states and 
translational degrees of freedom.    

Although the free rotational and translational motions of a 
molecule in solution are hindered by the presence of a solvent 
shell, vibrational motions might only be weakly coupled to the 
solvent.   Ultrafast vibrational spectroscopy therefore offers an 
opportunity to study how the excess energy of a chemical 
reaction is channeled into specific vibrational quantum states of 
the reaction products.  The reaction of CN with cyclohexane 

 CN + c-C6H12 → HCN + c-C6H11 (1) 

serves as an illustration.  This reaction is exothermic by ~ 
10000 cm-1 and the HCN product possesses three vibrational 
modes well-described in a local mode picture as a C-N stretch 
(ν1 = 2128 cm-1), a bend (ν2 = 727 cm-1) and a C-H stretch (ν3 = 
3444 cm-1).  The values in parentheses are the harmonic 
vibrational frequencies of isolated HCN, and it is known from 
spectroscopic studies of this reaction in the gas phase that much 
of the excess energy is efficiently coupled into C-H stretching 
and bending excitation of the HCN, with sufficient energy 
available to excite several vibrational quanta.  To what extent 
such vibrational mode-specific dynamics can persist in solution 
is one of the main questions addressed by this project. 
Comparisons with the known dynamics of the gas-phase 
reaction then provide an unprecedented opportunity to examine 

the role of the solvent in the microscopic mechanism of a 
chemical reaction in solution.1,2                   

Experiment 

Experiments were carried out at the ULTRA laser system at the 
Rutherford Appleton Laboratory.  A ~50 fs ultra-violet (UV) 
laser pulse with wavelength of 266 nm was used to generate CN 
radicals from the photodissociation of ICN.  In the presence of 
cyclohexane, HCN was formed by reaction (1) and a ~ 1 ps 
duration infra-red (IR) pulse, time delayed from the UV laser 
pulse by 1–1000 ps, probed this reaction product.  Experiments 
were carried out in a solvent (one of CHCl3, CDCl3 or CH2Cl2) 
selected so that the IR transitions of the HCN were not masked 
by solvent absorption bands.  Samples were flowed through a 
cell consisting of two UV and IR-transparent windows (either 
CaF2 or BaF2) separated by 0.4 mm, and the two laser beams 
were overlapped in the centre of this cell.  Typical sample 
concentrations were 0.14 M ICN and 1.0 M cyclohexane in the 
chlorinated solvent.  A key feature that enabled the experiments 
is the broad (~500 cm-1) bandwidth of the IR laser pulses.  After 
passing through the sample, the probe IR pulses were dispersed 
onto two 128-pixel array detectors allowing IR absorption 
spectra to be captured for each laser pulse.  Extensive averaging 
and accumulation of spectra at numerous time delays between 
the UV and IR laser pulses allowed measurement of the time-
dependence of the HCN vibrational absorption spectrum.       

Results and Discussion 

Measurements were made of the transient IR absorption spectra 
of HCN products of reaction (1) and the DCN products of the 
equivalent reaction of CN with d12-cyclohexane, and illustrative 
examples are presented here.1  Time-dependent IR spectra were 
obtained in the C-H stretching region of HCN (~3250 cm-1 in 
the solvents used), the C-D stretching region of DCN (~2600 
cm-1) and the C-N stretching region (~2095 cm-1 in HCN and 
1925 cm-1 in DCN), and additional features assigned as INC and 
CN complexed to solvent molecules were also observed in the 
~2050 cm-1 region.  Figure 1 shows representative spectra of 
HCN formed by reaction (1) in CH2Cl2, in the 3200 cm-1 region 
at various time delays between the UV photolysis and IR probe 
lasers.  The combs above the spectra indicate the spectroscopic 
transitions and hence the vibrational levels from which the IR 
absorption features originate.  The assignments are based on 
careful wavenumber calibration of the pixel scale, and 
calculation of vibrational transition wavenumbers using 
harmonic frequencies and anharmonic corrections derived from 
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high-resolution spectroscopy in the gas phase, together with 
solvent shifts deduced from the positions of the fundamental 
transitions.  The assignments use the notation (n1,n2,n3), with n1, 
n2 and n3 denoting, respectively, the number of quanta of 
vibration of the C-N stretch, the bend and the C-H stretch. 

 
Figure 1: Time-dependent IR spectra in the 3200 cm-1 region of HCN formed 
from reaction (1) in CH2Cl2. The combs provide band assignments.  Time delays 
from the UV photolysis to the IR probe laser are shown in the inset.   

Several remarkable observations derive from spectra such as 
those shown in figure 1.  It is evident that, despite the presence 
of the solvent, the nascent HCN is formed with considerable 
vibrational excitation, up to n3 = 1 in the C-H stretching mode 
and n2 = 2 in the bending mode.  Furthermore, the spectra 
obtained at short time delays between the UV and IR lasers 
indicate that the majority of the HCN molecules possess one 
quantum of C-H stretching excitation, and that this relaxes to 
the vibrational ground state as the time delay increases.  The 
vibrational relaxation is likely to be via dissipation of energy to 
solvent molecules.  The above observations can be made more 
quantitative by integrating the IR bands to obtain time-
dependent intensities.  Figure 2 shows the outcomes of such an 
analysis applied to the spectra in figure 1.  

 
Figure 2:  Time-dependence of the intensities of absorption bands observed in the 
transient IR spectra of HCN formed by reaction (1).  

The time-dependent intensity data plotted in figure 2 show 
clearly the formation of vibrationally excited HCN at early 
times, and the relaxation to the ground vibrational level at 
longer time delays.  The rates of the vibrational relaxation are 
observed to depend on the solvent, and independent 
measurements of the first-order rate coefficients for the 
vibrational relaxation, using transient IR-pump and IR-probe 
spectroscopy methods for HCN solutions in the various solvents 
confirm this interpretation of the observed kinetics.1 

The data shown in figures 1 and 2 were obtained at IR 
wavelengths corresponding to the C-H stretching region of 
HCN, and bending vibrational excitation manifests itself as 
vibrational hot bands in combination with the C-H stretch.  
Measurements made in the C-N stretch absorption region are 
consistent with these C-H region data, and show no clear 
evidence for C-N stretch excitation.  Analysis in this region is 

complicated, however, by overlap of additional transient IR 
absorption bands that are assigned to INC (formed by 
recombination of I atoms and CN radicals following ICN 
photolysis) and CN weakly complexed to solvent molecules.  

The curves through the data points in figure 2 are the result of a 
fit to a kinetic model that considers reaction dynamics that form 
HCN (n1,n2,n3) with n1 = 0 (i.e. the C-N bond is a spectator to 
the reaction and is not vibrationally excited),  n2 = 1 and 0, and 
n3 = 1 and 0.  The model also incorporates vibrational energy 
transfer to the solvent, with the assumption of stepwise loss of 
single quanta of vibrational energy (i.e. ∆ni = −1, with i = 2, 3).  
The rate coefficients that are derived from fits such as those 
shown in figure 2 quantify the branching between dynamical 
pathways that form HCN in different vibrational quantum 
states, and the dependence of these dynamics on choice of 
solvent. 

Detailed interpretation of the experimental results quantified the 
effect of the solvent on the potential energy surface for reaction 
(1), and examined the associated chemical dynamics by 
propagation of classical trajectories in the presence of solvent 
molecules.3 Results from these calculations indicate that the 
transfer of the H atom from cyclohexane to the CN radical 
occurs at an H−CN distance greater than the equilibrium bond 
length in HCN and over a wide range of bending angles, which 
accounts for the efficient excitation of the C−H stretching and 
bending vibrational modes in reaction (1).  It is also clear that 
the dynamics of reaction (1) in the chosen solvents do not differ 
markedly from those in the gas phase:  the solvent quenching of 
vibrational excitation occurs on a timescale longer than the 
reactive collisions.  Furthermore, the combination of 
experimental and computational results demonstrates that the 
relaxation of the excited HCN to equilibrium departs from the 
expectations of linear response behaviour.4  Whether such 
conclusions persist for solvents that interact more strongly with 
the CN and HCN solutes remains to be established, and data 
have been acquired and analysed for reactions in 
tetrahydrofuran to address this question.             

Conclusions 

The transient IR absorption capabilities of the ULTRA laser 
system have been exploited to demonstrate, for the first time, 
vibrational mode specificity in the release of the excess energy 
of a bimolecular reaction in solution.  The observed formation 
of nascent HCN with excitation of its bending and C-H 
stretching vibrational modes and the subsequent relaxation of 
this vibrational excitation by coupling to the solvent are unique 
results that provide unprecedented opportunities to study 
chemical reaction dynamics in liquid solutions and to quantify 
the effects of the solvent on microscopic reaction mechanisms.      
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Introduction 

Nitrogen-rich molecules are important for chemical energy 
storage and have a major advantage over conventional solutions 
to the problem of chemical energy storage, since their 
decomposition releases almost exclusively the environmentally 
friendly dinitrogen.[1] In search for stable compounds with high 
nitrogen content, methods have to be found which allow the 
introduction of nitrogen in synthetic procedures. The most 
relevant of these have traditionally been the coordination of the 
azido anion (N3

−) to main group elements[2] or the derivatisation 
of tetrazoles[1, 3] (R-CN4-R’). Meanwhile, the scope of these 
methods has been largely realized and forms the basis of 
various successful applications. For a further increase of 
nitrogen content, however, new systems have to be identified. A 
promising avenue in this direction are all-nitrogen species larger 
than N3, which could act as ligands. There is a only a 
surprisingly small number of all nitrogen species known: N2, 
N3

−,[4] N3 radical ,[5] N5
+ [6] and the disputed cyclic pentazolate 

anion cyclo-N5
−.[7] A previously investigated route to cyclo-N5

− 
involved mass spectrometry of fragments produced by laser 
desorption ionization (λ = 337 nm)[8] or reduction of the aryl 
pentazole para-Me2N-C6H4-N5 using cerium ammonium nitrate 
(CAN).[9] It has been hypothesised that the cyclo-N5

− anion can 
act as a two-electron donor ligand (N3

− analog[10]) and as a six-
electron donor ligand (Cp− analog[11]); however, the anion is 
unavailable in sufficient quantity in order to test this hypothesis 
experimentally. The TRIR spectroscopy experiments with 
pentazoles described here were performed in order to 
photochemically characterise these unusual molecules in 
general, and explore possibilities for cleaving the aryl-N5 bond 
and photochemically generate N5

− in particular. 

Aryl pentazoles 

So far, all investigated aryl pentazoles (see Scheme 1)[12] are 
thermolabile and decompose rapidly at r.t. A σ electron 
withdrawing and π electron donating substituent in para 
position has been found to increases the stability such that for 
instance solutions of para-Me2N-C6H4-N5 are stable for many 
hours at a temperature of −30oC.   
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Scheme 1. Reactivity of para-Me2N-C6H4-N5 (top right).  

The thermally induced decomposition of the pentazole para-
Me2N-C6H4-N5 generates N2 and the azide para-Me2N-C6H4-
N3. The photochemistry of organic azides is generally well 
investigated and features the loss of N2 and the formation of a 
nitrene (see Scheme 1). [13] 

 

Set-up for low-temperature picosecond-TRIR 

In order to avoid thermal decomposition and allow TRIR 
measurements in cases of incomplete photoreversibility, both 
sufficiently low temperatures, typically between −40 and 
−30°C, and a continuous exchange of the irradiated solution 
must be ensured. For this purpose a new flow system was 
designed and built at the LSF (Scheme 2).  

 

Scheme 2. Design of the flow system for low temperature 
picosecond-TRIR as integrated in the ULTRA facility; V1-V4 
solenoid valves applying N2 pressure (0.3 bar) or releasing 
pressure from the reservoir bottles B1 and B2, H1 and H2 heat 
exchange coils, T1-T3 thermocouples, C commercial variable 
temperature spectroscopic cell. The arrows indicate the 
direction of flow when V1(in)&V4(out) are open and V2&V3 
closed.  

This system maintains a flow of cold solution through a variable 
temperature spectroscopic cell (CaF2 windows) in a forward / 
backward fashion via valve controlled alternating pressure in 
the bottles B1 and B2. The valves V1 to V4 are controlled by an 
extension to the data acquisition software for the ULTRA laser 
system[14] and regulate the nitrogen pressure in both bottles such 
that the flow of cold solution reverses before either bottle B1 or 
bottle B2 empties completely. The temperature of the irradiated 
solution is measured by a thermocouple in direct contact with 
the solution inside the spectroscopic cell and can be regulated 
between −50oC and ambient by adjusting cold bath temperature 
and heater current of the spectroscopic cell. The windows of the 
cell are kept ice-free by a dry nitrogen purge. With this setup 
solutions of pentazole can be kept undecomposed for many 
hours.  

Time-resolved infrared (TRIR) spectroscopy of para-(di-
methylamino)phenyl-pentazole, para-Me2N-C6H4-N5 

The molecule para-Me2N-C6H4-N5
[15] has no characteristic 

group vibrations and any investigation in the infrared must 
therefore rely entirely on the fingerprint region, in which strong 
solvent absorption bands are also present. However, using a set 
of solvents we were able to monitor picosecond transient IR 
spectra throughout the range 1250 to 1700 cm−1. The ground 
state IR spectrum was assigned tentatively with the help of 
frequency calculations within density functional theory (DFT) 
at the B3LYP/6-311G(d,p) level. In the TRIR spectra obtained 
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at −40oC in CH2Cl2 solution, five IR absorption bands arising 
from the para-Me2N-C6H4-N5 ground state can be discerned at 
1384, 1485, 1524, 1533 and 1608 cm−1, all of which are fully 
bleached at 4 ps, whilst a set of transient bands appears at 1304, 
1376, 1477 and 1598 cm−1(Fig. 1, Table 1).  
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Figure 1. Low-temperature picosecond-TRIR spectra of a 
solution of para-Me2N-C6H4-N5 in CH2Cl2 4, 33, 63 and 500 ps 
after excitation, λexc = 310 nm (top) obtained with ULTRA; IR 
difference spectrum  showing the ground state IR spectrum of 
para-Me2N-C6H4-N5 (bottom, red) and the IR spectrum of the 
solvent (bottom, grey).  

 

Figure 2. Normalised kinetic traces showing the complete 
decay of selected transient bands centred at 1598 cm−1 of the 
excited singlet state (top) and at 1530 cm−1 of the ground state 
of para-Me2N-C6H4-N5 (bottom), respectively, in CH2Cl2 
solution at low temperature.  

  

  

 

Table 1. Vibrational frequencies [cm−1].*  

 para-
Me2N-
C6H4-N5 

para-
Me2N-
C6H4-N5 

para-
Me2N-
C6H4-N3 

para-
[Me2N-
C6H4-
N5]* 

para-
[Me2N-
C6H4-
N5]*  

 TRIR/FTIR calcd.a FTIR TRIR calcd.a 

1 1608vs 1605vs 1611w 1598vvs 1574vvs 

2 1533m 1514vs 1514vs 1477w 1478w 

3 1524m - - - - 

4 1485vw 1487vw - - - 

5 1384m 1365m 1357vw 1376vw 1359vw 

6 - - - 1304w 1285w 

*) vs very strong, s strong, m medium, w weak, vw very weak; 
the calculated wavenumbers are scaled. 

The frequency calculations predict the positions of band 
maxima and absorption intensities with reasonable accuracy as 
can be gleaned from a comparison of predicted and observed 
parameters for the ground state (Table 1). Assuming conser-
vation of electron spin, a geometry optimization and frequency 
calculation of the lowest singlet excited state, para-[Me2N-
C6H4-N5]*, was carried out using DFT. Again, the predicted 
frequencies and intensities of the prominent transient bands and 
the observed spectral features can be matched approximately. 
Due to well-known limitations in DFT[16] the predicted vib-
rational frequencies and IR intensities are not precise; however, 
the trends are likely to be predicted accurately. For instance, an 
extremely strong band is predicted at 1574 cm−1, slightly lower 
in energy than the related ground state bleach at 1605 cm−1, 
which indeed is observed (1598 vs 1608 cm−1), whereas for the 
lowest triplet excited state the respective transient band is 
predicted at a higher energy (not observed). Thus, the TRIR 
experiment affords the evidence for the formation of the singlet 
excited state of para-[Me2N-C6H4-N5] pentazole under 310 nm 
excitation.  

 

TRIR dynamics 

para-[Me2N-C6H4-N5]* is formed with excess vibrational 
energy. As a result, a slight band narrowing and a fast decay 
component of 15(±4) ps can be observed on the low energy side 
of the main transient band centred at 1598 cm−1. Intriguingly, as 
much as 78% of the excited para-Me2N-C6H4-N5 recovers to 
the ground state within the first 300 ps (Fig. 2, Scheme 3), with 
the lifetimes of both the parent recovery at 1608 cm−1 and the 
excited state decay at 1598 cm−1 being identical and equal to  
78(±4) ps. Within the accuracy of the experimental data, the 
remaining transient bands and parent bleaches (Table 1) exhibit 
identical temporal behavior. In a control experiment, the related 
azide para-Me2N-C6H4-N3 was investigated by TRIR (λexc = 
310 nm). The parent bleaches of the latter were found to not 
recover at all on the picosecond time scale. These findings 
reveal a fundamental difference in the photochemistry of para-
Me2N-C6H4-N5 in comparison with the related para-Me2N-
C6H4-N3.  

Variable low temperature picosecond TRIR experiments with a 
solution of para-Me2N-C6H4-N5 using the same excitation 
wavelength show that the singlet excited state lifetime has only 
weak temperature dependence in the range −41 to 0°C.  
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Scheme 3.  

As can be deduced from the TRIR spectrum 500 ps after laser 
flash (Scheme 1, blue spectrum) and from the kinetic trace of 
the parent bleach at 1608 cm−1, a minor part of photoexcited 
para-Me2N-C6H4-N5 forms a long lived photoproduct. 
Correspondingly, weak residual transient bands and parent 
bleaches are persistent even at 1000 ps. The nature of this long 
lived photoproduct is currently unknown. It should be pointed 
out that this product cannot arise from a photoreaction 
involving the azide para-Me2N-C6H4-N3, which is potentially 
present as a result of thermal decomposition of the pentazole 
and which also absorbs at 310 nm, since a corresponding 
intense bleach at 1514 cm−1 (Table 1) is absent from the spectra. 
para-Me2N-C6H4-N3 itself, formed by a potential photoinduced 
cleavage of N2 from para-Me2N-C6H4-N5, can also be excluded 
from the list of candidate species due to the absence of a 
(positive) transient band centred at the same spectral position 
(1514 cm−1). However, the cleavage of the aryl-N5 bond cannot 
be ruled out. 

Conclusions 

The capabilities of ULTRA were extended to low temperatures 
and the first TRIR spectroscopy experiments involving 
pentazoles were carried out successfully. The nature of the 
excited state of para-Me2N-C6H4-N5 was determined in 
combination with theoretical methods. A long lived 
photoproduct of yet undetermined nature is formed with a yield 
of approximately 22%.  
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Introduction 
The factors which dictate the conformational preferences of 
cellobiose, Glcp-1,4-D-Glcp, the basic repeat structural unit of 
cellulose, remain something of an enigma. Ab initio and density 
functional theory (DFT) calculations of its intrinsic 
conformation, isolated in the gas phase, predict a cis 
configuration about the glycosidic linkage, i.e. one in which the 
two dihedral angles,  and ψ, defined in Figure 1, adopt anti- 
and syn-ψ orientations and the two neighbouring 
hydroxymethyl groups are linked through an inter-ring 
hydrogen bond. In aqueous solution however, NMR 
measurements together with molecular dynamics simulations, 
indicate an average trans (syn- syn-ψ) structure about the 
glycosidic linkage in cellobiose; the trans structure is supported 
by inter-ring hydrogen bonding between OH3 and O5’, see 
Figure 1. in the cellulose polymer the trans orientation of 
the1,4 linked cellobiose sub-units creates an alternating 
structure, supported by an extended chain of OH3-O5’ 
hydrogen bonds.   

 

Figure 1. Structural representations of phenyl  cellobioside, 1, 
and also benzyl  lactoside, 2, shown in its cis conformation; 
lactose is the C4’ epimer of cellobiose. The phenyl ‘tag’ 
provides the UV chromophore required for implementing the 
double resonance, IR-UV detection scheme. (Glycosidic 
dihedral angles are defined as : H1’-C1’-O-C4 and ψ: C1’-O-
C4-H4). 

Is the change from the intrinsic cis conformation of 
cellobiose at low temperatures in the gas phase, to the trans 
conformation in condensed phases, associated with an aqueous 
environment, explicit solvation, the raised temperature, or 
perhaps all three? Is the trans orientation of the cellobiose sub-

units in cellulose actively created during its biosynthesis when 
the glucose units are successively added to the growing 1,4 
linked chain, or is it accessed by relaxation of cis oriented 
cellobiose units at the growing terminus, perhaps through 
explicit hydration or other intermolecular interactions?  

Its explicit hydration has now been investigated in the 
gas phase through double resonance, IR-UV vibrational 
spectroscopy conducted under molecular beam conditions, 
substituting D2O for H2O to separate isotopically, the 
carbohydrate (OH) bands from the hydration (OD) bands. 
Structural assignments have been based on comparisons 
between the experimental OH vibrational spectrum and the 
results of DFT and ab initio calculations. Complementary Car-
Parrinello (CP2K) simulations, employing dispersion corrected 
DFT potentials and conducted ‘on-the–fly’ from ~20K to 
~300K, have also been used to explore the consequences of 
raising the temperature.[1] 

    
Vibrational spectroscopy at low temperature 
The vibrational spectra of phenyl cellobioside and its 
hydrated complexes, phenyl cellobioside•(D2O)1,2, recorded in 
a molecular beam environment, are shown in Figure 2 together 
with their calculated (DFT//MP2) minimum energy structures 
and the corresponding vibrational spectra: the experimental and 
calculated spectra are all in good accord.  

The cis (anti-, syn-ψ) conformation of the bare molecule 
is supported by two inter-ring hydrogen bonds, OH6’→O6 and 
OH2’→O3 and this bonding is retained in the mono-hydrate, 
phenyl cellobioside•D2O. The reversed orientation of the 
peripheral OH groups from counter clockwise to clockwise, 
provides a favoured ‘water binding pocket’ at the 4’,6’ site 
where the bound water molecule can insert to complete the 
cooperative hydrogen-bonded chain, OH2→ OH3→ OH2’→ 
OH3’→ OH4’→ W→ OH6’→ OH6 (recalling the behavior of 
the singly hydrated monosaccharide, phenyl D-
glucopyranoside•H2O). 
 It might be thought that the addition of a second water 
molecule would follow a similar rule. In doubly hydrated 
phenyl  D-glucopyranoside, the two water molecules add 
sequentially, with the first occupying the 4,6 site as before and 
the second located in the vacancy on the other side of the 
hydroxymethyl group, at the 6,5 site.[2] In phenyl 
cellobioside however, the corresponding 6’,5’ site would be 
blocked by the inter-ring hydrogen bond, OH6’→OH6, though 
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the 6,5 site on the neighbouring ring could provide an 
alternative. The DFT calculations do indeed predict two such 
structures, but at energies 4.3 and 4.9 kJ mol-1 above that of the 
global minimum. The vibrational spectrum associated with the 
latter structure, shown in Figure 2, is in very good accord with 
the experimental spectrum and instead of binding two separate 
water molecules, the cellobiose unit accommodates a dimer. It 
links O6’ (acting as the hydrogen bond acceptor) and OH3 
(acting as the donor) to provide a diagonal bridge across the two 
rings. The glycosidic conformation of the cellobiose unit 
remains cis however, and its framework structure is very similar 
to that of the bare molecule, again supported by two inter-ring 
hydrogen bonds, OH6’→O6 and OH2’→OH3. 

 
Figure 2. Experimental and (DFT) computed IR spectra and the 
corresponding hydrogen-bonded molecular structures of 
phenyl cellobioside (top), phenyl cellobioside•D2O (middle) 
and phenyl cellobioside•(D2O)2 (bottom). 

 
The advantage of using D2O rather than H2O, to separate 

the hydrate (OD) region of the IRID spectrum from the crowded 
OH region associated with the carbohydrate, is again well 
demonstrated by the IR spectrum of phenyl lactoside•D2O 
shown in Figure 3. The complexity of the congested spectrum 
associated with the corresponding H2O complex (reported 
earlier [3]) appeared to be incompatible with its assignment to a 
single structure. The new spectrum confirms the earlier 

tentative conclusion that it is generated by the two lowest 
energy structures, shown in Figure 3, which are both populated 
in the cold molecular beam. The two bands at ~2420 cm-1 and 
~2530 cm-1, are associated with the bound OD modes, labeled 
Wb in Figure 3. In the former case, the OD is bound to O6’ on 
the exocyclic hydroxymethyl group, which is then bound, via 
OH6 acting as a donor, to O6’ through an inter-ring hydrogen 
bond. In the latter case, the (lactose) OH groups adopt a 
reversed, clockwise orientation, and OH6 becomes a hydrogen 
bond donor to D2O and there is a (weaker) bond linking OD to 
O5. 

 
 
Figure 3. : Experimental and (DFT) computed IR spectra and 
corresponding hydrogen-bonded molecular structures of the two 
lowest energy structures of benzyl lactoside•D2O: the labels 
Wf andWb identify the vibrational bands associated with the 
‘free’ and hydrogen bonded OD groups.   The DFT calculations 
predict relative energies that differ by only 0.6 kJ mol-1.  
  
Vibrational spectra and structural dynamics at elevated 
temperatures. 
 The inter-ring hydrogen bonding, which supports the 
intrinsic cis conformation of cellobiose at low temperature in 
the gas phase, creates an inherently rigid structure. If hydrogen 
bonding were reduced or more labile at more elevated 
temperatures, however, this structure might relax into other 
forms. To explore this possibility, Car-Parinello molecular 
dynamics simulations were conducted for cellobiose and its 
singly and doubly (H2O) hydrated complexes, based in each 
case, upon the structures determined experimentally at low 
temperature, T~10K. In cellobiose, the rise in temperature did 
excite some additional OH (and to a lesser extent CH) motion, 
which led to brief loss and reconstitution of intramolecular OH-
O hydrogen bonds, but nonetheless, the sharp spectral features 
were retained. Cellobiose, in the gas phase, preserves its rigid 
cis conformational structure at temperatures ≤ 300K; this 
remained the case even when calculations were run at 600K, 
although there was some torsional motion of the glycosidic 
bond.  This indicates perhaps, that the cis to trans transition is 
governed by the barrier between the minima rather than their 
energy differences. 
 

The same was broadly true for the monohydrate, but 
the OH motions, particularly those involving intermolecular 
interactions with the water molecule, were much more strongly 
excited at 300K. At 40K little changed over a period ~5 ps. The 



water molecule remained in its minimum energy location, 
forming a stable bridge between OH4’ and O6’ and, with the 
exception of OH6’ and OH3 (involved in the inter-ring 
hydrogen-bonding), the other (‘spectator’) OH groups were also 
stable. The OH6’→O6 and OH3→O2’ hydrogen bonds 
occasionally cleaved and reformed during the observation 
period, reflected in the signatures of their associated vibrational 
modes, σ6' and σ3, which presented a band spectrum 
characterized by two or more peaks of comparable intensity. At 
300K, the sharp ‘spectator’ bands in the OH spectrum lying 
above 3600 cm-1 showed little change but the bands lying below 
3500 cm-1,  associated with the hydrogen bonded OH groups, 
merged into a complex broad feature peaking between 3400 cm-

1 and 3450 cm-1. The structural changes which these reflect are 
presented graphically in the series of snapshots taken along the 
MD trajectories, shown in Figure 4. They include changes in 
rotamer configuration and the loss/reconstitution of both 
internal hydrogen-bonds and those involving the water 
molecule – but throughout these events the global cis glycosidic 
conformation does not change.  

 

 
 
Figure 4. Snapshots of MD trajectories for cellobiose•H2O, 
calculated at T ~ 300K. Note the rapid fluctuations in both 
intermolecular and intramolecular hydrogen bonding. 
 

The Car-Parrinello simulations conducted for 
cellobiose•(H2O)2, at T~300K,  predicted very similar behavior, 
see figure 5. The structure remains very rigid at T~40K; at the 
elevated temperature, despite an increase in the complexity of 
the OH (and CH) vibrational spectra the structure of the 
dihydrate was still broadly retained. Various hydrogen bonds 
can be seen to cleave and reform in the series of snapshots 
shown in Figure 5, but although the water molecules begin to 
move and rotate, the (H2O)2 bridge is maintained throughout the 
entire trajectory and so too, as before, is the cis configuration 
about the glycosidic linkage. 
 

  
 
Figure 5. Snapshots of MD trajectories for cellobiose•(H2O)2, 
calculated at T~300K. 

Conclusions 
The isolated and hydrated cellobiose and lactose units both 

present remarkably rigid structures: their glycosidic linkages 
adopt a “cis” (anti- and syn-ψ) conformation bound by inter-
ring hydrogen bonds. This conformation is maintained when the 
temperature is increased to ~300K and it continues to be 
maintained when the cellobiose (or lactose) unit is hydrated by 

one or two explicitly bound water molecules. Despite individual 
fluctuations in the intra- and inter-molecular hydrogen bonding 
pattern and some local structural motions, the water molecules 
remain locally bound and the isolated carbohydrates remain 
trapped within the “cis” potential well. The Car-Parrinello 
dynamical simulations do not suggest any accessible pathway to 
the trans conformations which are formed in aqueous solution 
and are widespread in nature. Perhaps yet further hydration in 
the gas phase might move the system beyond the tipping point 
but for the moment, the issue remains an open one. The 
retention of the cis conformation in the isolated  cellobiose 
motif, even when it binds two water molecules, deepens the 
mystery of its assuming a trans conformation when 
incorporated as the basic building block in  cellulose, implying 
a need for the intervention, perhaps, of the biological catalyst 
promoting cellulose biosynthesis.      
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Introduction 

Laser tweezers have become increasingly popular1-3 in the study 
of atmospheric aerosol science because of the unique way that 
individual micron-scale aerosol droplets can be trapped and 
retained for periods of several hours. Recent work has 
highlighted that there is a correlation between the size of the 
trapped particle and the laser power required to trap the 
particle3. An important outcome of the study was the 
observation that conventional single-beam gradient optical 
trapping becomes unstable when the particle diameter is 
reduced to below 2 microns. This finding has a significant 
impact, for aerosol science, as sub-micron aerosol particulates 
are abundant in the atmosphere. We report our investigations 
into trapping aerosol droplets in this size range. Sub-micron 
particles are of interest as they play a key role in the light 
scattering behaviour of clouds. In addition, when following 
reaction kinetics on single droplets, there are size-dependent 
uptake parameters that can reveal whether the reaction occurs 
inside the droplet or at its surface. Studying a wider range of 
sizes will assist in the characterization of atmospheric reaction 
processes. 

Experimental 

An on-going study in the LSF laboratories has investigated the 
trapping sub-micron particles using an asymmetric counter-
propagating optical trap. The lasers beams are aligned vertically 
through two objective lenses. A 514.5 nm laser propagates 
upwards to form a conventional single beam gradient trap using 
a 63x NA1.2 lens. The lens is also used for imaging and 
collecting Raman scattered light from the trapped object for 
acquisition of Raman spectra. A 1064 nm laser is used in the  
counter-propagating beam (i.e. the downward direction) and is 
focused using a NA0.45 lens. The numerical aperture is 
insufficient to form a gradient trap thus the main function of the 
laser is to supplement the gravitational downward forces by 
adding a radiation pressure contribution controlled by laser 
power. The foci of the laser beams are superimposed in the x,y 
coordinates and separated by 0 to 40 microns in the z-axis using 
a differential micrometer to control separation. 

The aerosol chamber was a custom-made aluminium cell 
(volume ~8 cm3), with two borosilicate cover-slips to allow 
transmission of the counter-propagating beams and illumination 
light. Attached to this were two aluminium tubes; one for input 
of the aerosol and gases, and one for exhaust. The input 
contained a combination of two flows: a constant humidified 
nitrogen flow, created by bubbling pure nitrogen through water 
(~1 cm3 min-1), and a stream of aerosol particles produced using 
an ultrasonic nebuliser. An aqueous solution of 20 g l-1 sodium 
chloride was nebulised using an ultrasonic nebuliser. The 
droplet sizes produced were less than 7 micron. Sub-micron 
droplets were found to be resident in the cell for longer and 
optical trapping of small droplets occurred 2-5 minutes after the 
nebulizer was stopped. 

Droplets of varying sizes were trapped, as shown in Figure 1, 
and each was held for at least 20 minutes to allow equilibration 
with the relative humidity in the chamber. Careful balancing of 
the opposing laser powers enabled droplets to be captured and 
focused by slight alteration of the position in the z-axis. For 
each droplet ratio of laser powers from the upward pointing 
laser to the downward laser determined. The ratio of trapping 
beam power to counter-propagating beam power was varied 
between 0.01 and 2.0.  

 

 

 

 

 

 

 

 

 

Figure 1.  (Left) Examples of droplet images in optical focus 
when using the counter-propagating laser tweezers system. 
(Right) Linear dependence of estimated droplet size with the 
laser power ratio for droplets below 2 microns.  

 

 

 

 

 

 

 

 

 

 

Figure 2.  Dependence of estimated droplet size with the laser 
power ratio for droplets from 0.4 to 6 microns. The plot 
illustrates the critical point, below the 2 micron region, where 
significantly greater downward pressure is essential for 
capturing aerosol droplets.  

Sizing of aerosol droplets 

There are significant sources of error that arise in determining 
the droplet size of objects that approach the resolution limit of 
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the optical microscope. In this study the combined resolution 
limit of the CCD and microscope is 0.4 µm.  Droplets smaller 
than those shown in Figure 1 are trapped but appear blurred and 
these are not reported in the sizing data. 

 

 

 

 

 

 

 

 

 

Figure 3.  Images of a polystyrene bead under darkfield (top 
left) and brightfield (top right) illumination. The plot below 
shows the pixel intensity distribution in relation to the true 
particle size. 

The problem of obtaining accurate sizes from optical images is 
common and to illustrate the problem images of a 1 µm 
diameter polystyrene bead are displayed in darkfield and 
brightfield illumination (Figure 3). A cross-section of the pixel 
intensity distribution shows the intensity gradients responsible 
for the visible edges. The actual particle size from the 
manufacture specification is shown as the dashed line. The 
darkfield threshold boundary (dark-to-light edge moving 
outwards from the centre of the particle) overestimates particle 
diameter by approximately 10 %. The edge of the Airy disc 
pattern from brightfield imaging overestimates the size by 
nearly 50%. Polystyrene latex beads from 0.5 to 8.9 µm were 
characterized in this way and a correction applied to the images 
of the aerosol droplets. It is appreciated that whilst a linear 
correction can be determined for polystyrene beads of different 
sizes the imaging conditions for aerosol droplets is different. 
Factors such as the refractive index of object, refractive index 
of the surrounding medium and the exact position of the object 
in the optical focus are sufficiently different that this correction 
can, at best, only provide an estimate of droplet size. 

Quantitative Raman spectroscopy for size determination 

A novel method for the precise measurement of particle 
diameter (±2 nm) has been developed using cavity resonance 
behavior inside the droplet4, however for particles of submicron 
diameter the signal-to-noise is reduced and the resonances are 
broad making sizing difficult. 

An alternative approach, that is available on the apparatus in the 
LSF, is to use the Raman spectra acquired from the droplet as a 
quantitative measurement for determining particle volume. The 
Raman spectra of the polystyrene beads, used above, were 
acquired at constant laser power and the intensity of the 1001 
rel. cm-1 peak was recorded after subtracting background. The 
dependence of intensity on particle size is shown in Figure 4. A 
similar dataset was obtained for aerosol salt water droplets 
using the 3200 rel. cm-1 water peak and where particle size was 
initially estimated from the optical image. The datasets were 
superimposed by re-scaling the Raman intensities with the aim 

of demonstrating that similar behavior was occurring in both 
samples. 

The Raman intensity data appears to indicate that for particles t 
larger than the focal spot size there is a linear dependence 
between particle diameter and intensity. Thus, it is not the 
volume of the particle that is important. It is speculated that the 
focal profile, which is elongated in the vertical plane, is 
intersecting an approximately cylindrical region of the particles. 
The dependence of intensity on radius may indicate that 
increasing particle size increases the length of the cylinder from 
which Raman scattering originates. At sizes below the focal 
spot size, there is a relative loss in Raman intensity as a fraction 
of the laser is no longer incident on the particle. In this region it 
is likely that there is volume dependence. From this data the 
focal spot size is 0.9 µm.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Dependence of the Raman spectral intensity for 
polystyrene beads (X) and salt water droplets ( ) with particle 
size. The line is a best fit of Raman intensity for sizes above 0.9 
microns. 

Conclusions 

Using the counter-propagating laser trapping configuration, 
particles can be captured with sizes from about 0.4 µm to more 
than 6 µm. Further studies are required to refine the quantitative 
Raman technique, however the initial studies show promise and 
indicate that sizing of sub-micron aerosol droplets is realistic. 
The extension in the trapping diameter range for aerosol 
particles will have application in determining hygroscopicity 
curves, described by Köhler theory, for proxies of atmospheric 
aerosol. The laser trapping set-up can be applied for studying 
cloud droplet diameters of approximately 1 µm. 
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Introduction 
A femtosecond Ti:Sapphire laser was used to investigate the 
transport of light in random nanomaterials and the manipulation 
of cold molecular beams. Both projects have yielded successes 
opening avenues into the ultrafast laser manipulation of matter. 

Transport of light in random nanomaterials 
The existence of a speckle pattern from light propagating 
through a random medium is due to the coherent interference of 
the many different propagation paths available. Recently there 
has been considerable interest in exploiting these coherent 
interference effects for applications such as focusing of light 
through opaque media1. Random media also present the 
opportunity to investigate fundamental mesoscopic transport 
properties of waves such as localisation. 

The first project aimed to achieve ultrafast control of the 
mesoscopic transmission modes through a random array of 
gallium phosphate nanowires. Mesoscopic transport arises when 
the probability of light paths crossing inside the medium 
becomes finite. For three dimensional materials these effects 
canonly become pronounced in very strongly scattering 
materials in which the mean free path is smaller than the optical 
wavelength. The strong scattering properties2 of the nanowires, 
coupled with negligible absorption of light at wavelengths 
above the band gap, makes them a promising subject for the 
investigation of mesoscopic transport effects.  

We have recently demonstrated a new phenomenon in which 
the coherent light paths in random scattering can be sufficiently 
modulated by an ultrafast light pulse to achieve a dephasing of 
the transmission speckle3. Following on from this, we have 
studied the effects of ultrafast dephasing in the mesoscopic 
transport regime. 

Experimental Method 
A schematic of the experimental setup is presented in Fig 1. A 
transmission microscope consisting to two high numerical-
aperture microscope objectives was used. 800 nm light was 
focused on to a sub-micrometre spot on the sample by a 0.9 NA 
objective, and the transmitted light was collected by a 1.3 NA 
oil-immersion objective and imaged onto a CMOS camera. The 
sample was mounted on a translation stage to probe many 
different positions on the sample in order to build up a 
statistical picture of the mode intensity distribution. Part of the 
laser output was frequency doubled and used as a pump for 
excitation of the nanowires following the method of Ref. [3]. 

 

 

 

 

 
 
 
 
Fig 1: Schematic of experimental setup 
 

 
 
Results 
A plot of the total transmitted intensity normalised to the 
ensemble average, sa, for different positions on the sample is 
shown in figure 2. After all sources of random fluctuations in 
our setup were corrected for, significant intensity fluctuations 
can still be seen, characteristic of mesoscopic transport. 

 
Fig 2: (left) Total transmitted intensity fluctuations with 
position, (right) typical speckle image. 

Figure 3 shows a histogram of the fluctuations in the angular 
intensity, sab, of each speckle, normalised to the average 
speckle. Without mesoscopic correlations, the distribution is 
expected to follow a negative exponential law known as 
Rayleigh statistics (blue line). Fluctuations in sab result in the 
tail seen in the distribution of the data points (circles). This is 
again characteristic of mesoscopic effects and can be fitted 
using an analytical formula obtained from random matrix 
theory4 (red line). Good agreement is found with a fit for 25 
independent transmission modes. 

 
Fig 3: Distribution of angular intensities normalised to 
ensemble average (Sab).  

As a next step, we performed pump-probe measurements in 
order to observe changes in the transmission statistics due to 
dephasing. Results will be presented in future work. 
Conclusion 
Our studies of light transport through random nanowire arrays 
have allowed direct assessment of mesoscopic fluctuations in 
the transmitted light intensity. This is an excellent starting point 
to investigate the effects of ultrafast dephasing on the 
mesoscopic transport of light in complex photonic media. 
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Manipulating the motion of large neutral molecules with the 
off resonant dipole force 
When manipulating the motion of particles there are typically 
two experimental regimes: resonant interactions for atomic 
systems5, and optical tweezing6 for large particles of several 
microns. The ability to manipulate molecules is still in its 
infancy; recently resonances in a molecule (SrF) have been 
exploited for the first time7. It is not however possible to scale 
this interaction for larger molecules as the resonance is inherent 
to the molecule. Instead alternatively techniques are required to 
control larger molecules. 
It was proposed by Seidman8 that an off-resonant laser could be 
used to induce a dipole in a molecule to alter the centre of mass 
motion and create a molecular lens. The presence of an off-
resonant field creates a potential , , , , where 

 is the static polarizability of the molecule and , , ,  is a 
time varying electric field. Using a Gaussian shaped laser, a 
dispersive gradient force, , is experienced by a free 
molecular beam allowing the creation of a molecular lens. This 
acts in the same way a conventional lens, but instead of using 
matter to focus light, light is used to focus matter. 
Molecular lensing of small molecules (CS2, Benzene) has 
previously been observed using pulsed nanosecond off-resonant 
lasers9,10. The aim of our experiment was to realise a molecular 
lens for larger molecules such as tetraphenylporphyrin (TPP), 
which has a mass of 615amu and polarizability of . The 
lens was used to increase the number of molecules in a free 
beam by improving the beam collimation. Simulations predicted 
that by using the large peak powers of a femto-second laser an 
increase of up to 20% in the number of TPP molecules in a 
molecular beam reaching a detector with diameter 1mm. This 
increases the luminosity of our molecular beam and is a general 
system that could be used to improve any molecular beam 
source as long as the interaction is off-resonant and below the 
ionization threshold of the molecule. Here we present our 
experimental setup and results in the optical manipulation of a 
thermal beam of TPP. 
Experimental Method 
The experiment consisted of two interconnected vacuum 
chambers with typical pressures 10-6 and 10-7 mbar for the 
source and detection chambers respectively. In the source 
chamber an oven sublimates molecules at typical temperatures 
of 800K, creating a vertical beam source. The molecules then 
pass through a helical velocity selector and a 1mm collimation 
hole to give a typical beam collimation of 1mrad. In the 
detection chamber the molecule beam passes through the 
focussed laser, with the wavelength chosen so that it was off 
resonant for TPP (800nm). This creates the potential needed for 
lensing, and the molecular beam then travels 0.6m to a 
quadrupole mass spectrometer (QMS) where the number of 
molecules detected was measured when the laser was on or off. 
A neutral density filter was used so that the power of the laser 
could be varied. Due to the high number of dark counts 
(triangles in Fig.4) associated with the detection of large 
molecules measured were averaged over 50 seconds. A 
schematic of the experiment is given in Fig 3. 
Results 
Fig 4 shows the results from an experimental run where an 
increase of 10.0±1.0% in average molecule counts was 
observed for a thermal beam of TPP. With the used laser 
parameters we do not expect ionization or absorption of photons 
to have had a significant effect on the results, as ionisation of 
the molecules at the position of the lensing laser would have 
created a decrease in detected molecules. In addition the 
estimated number of absorbed photons per molecule and laser 
pulse is much smaller than 1.  
 
 

 
 
 
 
 
 
 
 
 
 
 

Fig3: Experimental setup of molecular lensing experiment, a) is 
a QMS molecule detector, b) is a helical velocity selector 

4.4% and c) is the sublimation oven, T=800K. The arrow 
shows the direction of the molecule beam. 

 

 
Fig 4: Average molecule counts for a free molecular beam of 
TPP interacting with the focussed femtosecond laser. The dark 
counts from the detector are indicate by the triangles, the 
circles demonstrate the number of molecules detected when the 
laser has an average power of 570mW and the squares indicate 
a measurement of count with no laser present.  

Conclusion 
We have demonstrated that by using the off-resonant dipole 
interaction a molecular lens can be created that collimated a free 
molecular beam leading to a 10% increase in molecular flux. 
We think that our scheme represents an important step in the 
development and realisation of generic schemes to optically 
manipulate and cool large molecules.  
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Introduction 

Imaging techniques now dominate the study of excited state 
molecular dynamics and strong field physics. The ability to 
angle and energy resolve fragments produced via laser induced 
processes can provide a new viewpoint for the study of 
molecular fragmentation, strong field ionization and 
dissociation and Coulomb explosion processes, among others. 
To this end a new velocity map imaging (VMI) spectrometer 
specifically designed for the study of highly energetic fragments 
has been designed and built at the Artemis facility. The 
chamber contains a molecular beam source and VMI 
spectrometer that can be configured to collect both ions and 
electrons with kinetic energies up to 200 eV.  

General Description 

The atomic and molecular (AMO) physics endstation has been 
designed to be a versatile chamber for the study of a variety of 
gas phase targets. The chamber is separated into two sections, a 
lower chamber which contains a molecular beam source and an 
upper chamber which contains the VMI spectrometer.  

 

 
Figure 1: The AMO endstation at the Artemis facility 
 

The source chamber is pumped by two 3200 l/s turbo molecular 
pumps and contains a continuous molecular beam source. The 
molecular beam is created by expanding a high pressure gas 
sample through a 100 µm diameter nozzle. The beam is 
skimmed at the interface between the source and spectrometer 
chambers with the skimmer acting to separate the two 
chambers. The cooling from the supersonic expansion and 
skimming the beam is sufficient to produce rotationally cold 
molecular sample. Cooling has been experimentally 
demonstrated by the impulsive alignment of N2 molecules 
produced by the source. The level of alignment achieved was 

measured via laser Coulomb exploding the molecule and 
measuring the angular distribution of the resulting fragments.  

 

 

Figure 2: Laser Coulomb explosion a) ion images and b) 
photoelectron images from impulsively aligned N2 molecules. The 
arrows indicate the laser polarization direction 
 

The upper chamber is pumped by a 600 l/s turbomolecular 
pump maintaining a base pressure of approximately 10-9 mbar. 
The VMI spectrometer follows the three electrode design of 
Eppink and Parker [1] with the molecular beam entering the 
spectrometer through a small hole in the repeller plate. Voltages 
of up to 15 kV can be applied to the VMI optics which allows 
us to image high energy fragments of up to 200 eV. The 
spectrometer can be configured to detect electrons or ions. The 
detector itself consists of a two stage 70 mm imaging quality 
micro-channel plate, backed by a phosphor screen and CCD 
camera. The spectrometer is surrounded in a double layer of µ-
metal shielding to prevent penetrating magnetic field from 
altering the trajectories of photoelectrons produced. The 
imaging detector can be gated such that specific molecular 
fragments can be imaged exclusively or configured for time of 
flight detection of ions or electrons.   

The AMO chamber can be connected to any of the laser and 
XUV beam lines available at Artemis with the laser crossing the 
molecular beam at right angles between the repeller and 
extractor plates. The ions/electrons are then accelerated 
collinearly with the molecular beam toward the imaging 
detector. 

The endstation has so far been used to measure energy and time 
resolved photoelectron images, Coulomb exploding molecular 
fragments and ion imaging of molecular fragmentation.  

Conclusions 

The AMO endstation is designed to enable experiments such as 
studies of the dynamics of aligned molecules, control of 
electron recollisions, time-resolved photoelectron imaging of 
excited state molecular processes, and Coulomb explosion 
imaging of molecular wavepackets. The AMO endstation has 
been used with the TOPAS and the monochromated XUV 
beamline and is now available to users. Future development of 
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the molecular beam source will allow studies on clusters and 
molecules of biological interest. 
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Introduction 
In the Astra-Gemini target chamber solid targets are positioned 
relative to the tight focus of the laser for an F/2 off-axis 
parabolic mirror (OAP) using a retro-focusing system. This 
system uses the focusing OAP itself to collect back-scattered 
light from the target and sends it back along the beam path. A 
leak of this light is taken through a mirror and focused down 
onto a camera. The camera is positioned relative to the focusing 
lens such that the backscattered light is at tight focus on the 
camera at the point where the target is at the tight focus position 
of the OAP.  

In this report we present results from a test of the retro-focusing 
system. The test looked at the repeatability of bringing a target 
to focus with the system by a single user. We also compared 
repeatability across multiple users. This is important as 
positioning the target consistently in relation to the laser focus 
is essential for solid target experiments. 

Astra-Gemini Retro-focus system 
The retro focusing system for Astra-Gemini, see figure 1, uses a 
green (532 nm) laser injected through the back of a high 
reflectivity dielectric infra-red mirror which is matched to the 
main laser. The retro system images the green light back 
scattered from the target. The green laser is used to maximise 
light collected on camera (using infra-red would result in a 
much weaker signal through a high reflectivity dielectric infra-
red mirror) and the shorter wavelength means a tighter 
diffraction limited focal spot. This in turn means, if the system 
is fully optimised, that the green laser will focus and defocus 
faster than the infra-red laser light and so make it potentially 
easier for operators to bring targets to focus.  

 
Fig 1: Astra Gemini Beam path with Retro system layout. It 

also shows how the beam path is split between an upper and a 
lower level in the chamber. 

Retro-focus system test procedure 
A solid target with a flat surface, see figure 2, is used for the 
test, the target is the flat side of a 3 mm diameter Al stalk. The 

target is mounted on a three-dimensional motorised stage (dc 
motors) with magniscales that record the position of the target. 
The incident angle of the laser, focused with an F/2 OAP, onto 
target is 35 degrees.  

 
Fig 1: target stalk that was retro focused with. 

 

Five operators of various levels of experience in conducting 
experiments at the Central Laser Facility were asked to bring 
the target to the tight focus position of the laser five times in a 
row. Each operator looked at the retro focus system monitor and 
attempted to bring it to best focus (minimised spot size as they 
judged it) by moving the target along its z-axis, which is set by 
eye to be parallel to the focusing axis of the parabolic mirror. 
When the operator believed the target to be at tight focus the 
position value on the magniscale was recorded.   

Results 
The results of different operators’ multiple attempts to bring the 
target to tight focus are presented in table 1. The operators 
combined mean position was 1008.5 μm with a standard 
deviation of 15.5 µm. The full range of values within this is 57 
µm (27.5 µm below mean and 29.5 µm above mean). For the 
purpose of this report the mean position of all operators 
attempts at bringing the target to tight focus is assumed to be 
the tight focus position. 

The size of the focal spot of the laser in infra-red has previously 
been measured to be  ~2.5 µm diameter (d0, FWHM) [1]. The 
focal spot distribution is closer to a super Gaussian than a 
Gaussian, this means that the radius at 1/e2 (otherwise known as 
the beam waist, w0) has the following relation to the FWHM: 
w0 = 0.65d0. The beam waist is important as it enables us to 
calculate the Rayleigh range, zR, of the Astra-Gemini laser with 
an F/2 parabola: 

λ
π 2

0wzR =  

Where λ is the laser wavelength, this is 800 nm for the Astra-
Gemini laser. The Rayleigh range is 10.4 µm. Note that if the 
beam spot was a Gaussian distribution then zR = 17.7 µm. 

The standard deviation of the mean tight focus position for all 
operators (15.5 µm) is ~50% greater than the Rayleigh range for 
a super Gaussian spot (10.4 µm). Only one operator had their 
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standard deviation just within the Rayleigh range but even then 
the difference between their lowest and maximum value 
positions was double the Rayleigh range. 

 

operator 
position 
z (mm) 

Mean 
(mm) 

standard 
deviation 

Min 
(mm) 

Max 
(mm) 

Max-
Min 

(mm) 

1 1.003 

1.022 

1.006 

0.981 

5 years 
experience 

1.002 

1.0028 0.014618 0.981 1.022 0.041 

2 1.025 

1.004 

1.038 

1.001 

less than 1 
year 

experience 
1.022 

1.018 0.015411 1.001 1.038 0.037 

3 1.007 

0.99 

1.019 

1.018 

less than 1 
year 

experience 
1.006 

1.00800 0.011726 0.99 1.019 0.029 

4 1.007 

0.986 

0.996 

1 

5 years 
experience 

0.991 

0.996 0.008093 0.986 1.007 0.021 

5 0.988 

1.013 

1.029 

1.025 

1 year 
experience 

1.034 

1.0178 0.018377 0.988 1.034 0.046 

       

Combined values 1.00852 0.015541 0.981 1.038 0.057 
Tab. 1: The motor positions for five attempts at getting the 

target at tight focus for five different operators are listed. The 
average value for each operator and the overall average are 
listed along with the standard deviation, the minimum and 

maximum position values and the difference between these. 
 
When looking at individual operators multiple attempts at 
focusing there was no trend (limited over 5 attempts) of later 
attempts getting closer together. If operators got use to retro 
focusing and became more consistent we would expect later 
attempts to be closer together. 

operator 
Mean 
(mm) 

difference between operator mean and overall 
mean (µm) 

1 1.0028 -5.72 

2 1.018 9.48 

3 1.00800 -0.52 

4 0.996 -12.52 

5 1.0178 9.28 

overall  1.00852  
Tab. 2: The average positions for the five operators and the 
differences between these values and the overall average. 

 

If we look at individual operators average positions compared 
to the overall average position for all operators, we find that 
only one operator (admittedly the most self consistent) was just 
outside the Rayleigh range when comparing the differences 
between the individual averages to the overall group average, 

see table 2. This is considerably more consistent compared to 
the standard deviation of the individual attempts. 

Conclusions 
The retro-focusing system in the Astra-Gemini target area was 
tested for reproducibility for operators and across multiple 
operators. 

We recommend that with the current retro-focusing system, 
when bringing the target to best focus an average of multiple 
positions should be taken. It was found that all operators were 
either within or very close to the Rayleigh range when 
comparing individual averages to the overall average position. 

 This is especially important as the current trend for 
experiments on Astra-Gemini is the use of multiple shifts to 
maximise the utilisation of laser time. This means that there is a 
greater reliance on consistency of target alignment across 
multiple operators. 

Relying on getting close to best focus with a single attempt, 
even after multiple attempts, is not recommended as only one 
operator was consistent enough to have a standard deviation 
within the Rayleigh range and one other operator with a 
standard deviation close to the Rayleigh range. Even for these 
operators the differences between minimum and maximum 
positions was much greater than the Rayleigh range.  

There are several ongoing projects to improve the positioning of 
the target relative to focus currently being investigated for 
Gemini. These include adding a wavefront sensor to the current 
retro-focusing system which will enable the focusing parameter 
of the wavefront to be used to aid target positioning. Another 
project is the development of a modified interferometric target 
positioning system as an alternative to the retro-focusing 
system, this has the potential for sub-micron accuracy. 
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Introduction 

One of the issues of compressed pulse contrast in the chirped 

pulse amplification (CPA) technique is the picosecond pedestal 

around the main peak of the pulse. Despite the common 

understanding [1,2] that some noise in spectral amplitude or 

spectral phase is responsible for the pedestal, the source of this 

modulation is still not clear. Suspected sources of noise include 

scattered light from the surfaces of the optical elements and 

mainly on the diffraction gratings of stretchers and 

compressors. We have shown in our experimental studies [3] 

that the gratings in our pulse stretcher are the main source of the 

pedestal. The scattering on the surfaces of diffraction gratings 

has been studied in different spectral regions both theoretically 

and experimentally [3,4]. However, the effect of scattering on 

pulse compression quality must be tested from several points of 

view. In this article we analyse a scenario for scattered light to 

contribute to the pedestal of the compressed pulse by adding 

noise in the group delay dependence of the stretcher. We 

assume that light at a particular wavelength scattered at both the 

first and the second diffraction gratings could find shorter and 

longer paths through the pulse stretcher. The scenario is based 

on an assumption that light scattered in different directions can 

return to the starting point of the stretcher and scatter into the 

direction of the output pulse within the acceptance angle of the 

system. Estimates of possible delays for scattered beams inside 

the Astra stretcher have been obtained from a Zemax model of a 

grating pulse stretcher with parameters similar to the one used 

in Astra. 

 

Figure 1. Schematic of the Astra pulse stretcher, which consists of a 
small diffraction grating G1, large grating G2, back mirror (BM) and 

spherical mirror (SpM). 

Modelling scattered light in the Astra pulse stretcher 

As a working idea we assume that a scattered beam might be 

advanced or delayed if the scattered light travelled along 

different paths in the stretcher, in directions that are not 

governed by the laws of diffraction, and then returns to its 

starting point in the stretcher. If we first consider a path with 

two scattering events, on the first grating (G1) and the second 

grating (G2), then we can easily predict that a median route for 

the beam would be the one which had a reflection on the back 

mirror (BM) and a return point on G1 that coincided with the 

starting point. On the assumption that scattering is happening at 

every reflection from a diffraction grating, we need to estimate 

the delay for every path along the route G1-SpM-G2-BM-G2-

SpM-G1 that involves reflection at SpM and BM, but in which 

the rays can depart from each grating at a range of angles due to 

the scattering. 

 

To simulate the scattering process in Zemax, the model was set 

up so that at each point where the ray under investigation was 

incident upon a grating, the model could use either a diffraction 

grating at the correct orientation, or a mirror with variable 

rotation angle. Changing the angle of the mirror at the point of 

incidence gave the effect of a fan of rays spread out in the 

dispersion direction, simulating the propagation of scattered 

light. The distance the light travelled through the stretcher could 

be calculated for a range of angles. To discriminate between the 

beams returning to G1 we used the criterion that a returning 

scattered beam might contribute to the pedestal of the 

compressed pulse if it was incident on G1 within 1 mm of the 

centre of the input beam. 

 

The parameters of the Astra stretcher are such that an optical 

pulse with a spectrum of 30nm FWHM would be stretched to 

566 ps. The data presented below were obtained for this stretch 

factor, which corresponds to 1050 mm separation between G1 

and G2, SpM at 1400mm from G1 and BM 350mm from G2. 

The average stretch factor for the 36.3 degree grating angle is 

18.9 ps/nm. The angular spread of a spectrum with 30nm 

spectral width is 3.15 degrees. An average linear stretch factor 

in angles would be ~179.7 ps/degree. The data in Figure 2 are 

presented as the relative position (‘height’) of the returning 

beam scattered beam at G1 as a function of angle of rotation of 

the G1 mirror relative to a median direction of the input 

monochromatic beam (top plot in Fig.2). Corresponding delays 

at these angles are plotted in the lower part of Fig.2. Several 
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Figure 2. Dependences of the relative height of the returning beams 

at G1 on the relative angle of the input G1mirror (upper plot), and 
corresponding relative delays of the output beams as a function of 

scattering angle. 



parameters could be retrieved from this set of data as a function 

of varying stretcher settings. As can be seen from the upper plot 

in Figure 2, the returning rays fall within a height range of 

±1 mm at G1 only for angles in a range of ±0.31 mrad. The 

maximum delay for this angle range is estimated as 9.77 ps. It 

should be pointed out that the data in Fig.2 are very similar to 

each other even though they were obtained for different 

wavelengths. The similarity is caused by the stretcher geometry 

and angle of the diffraction gratings. The lines on the delay plot 

represent variation of the optical path L through the stretcher 

with input angle (dL/dθ)/c θ  for each chosen wavelength, 

where c - speed of light. The variation of the delay as a function 

of relative rotation of G1 mirror at 800nm was estimated 

as~15.7 ps /mrad. 

 

Similar measurements of optical path delay and relative height 

at G1 have been made as a function of the rotation of G2 treated 

as a mirror. After reflecting from the mirror the rays propagated 

to BM and back to G2 grating, and after a normal diffraction 

event at G2 the rays were returned to G1 by the spherical 

mirror. The ray heights and their delays at G1 varied linearly 

with the relative rotation angle of G2 mirror, with a slope of 

~7.54 ps/mrad at 800nm.  Although the slope of the G2 mirror 

delay dependence appeared to be smaller than that of G1 mirror 

the range of G2 mirror angles satisfying the condition of ±1 mm 

relative height at G1 was larger: ±0.72 mrad at 800 nm. 

Consequently the maximum delay between the rays appeared to 

be larger (~ 10.9 ps) than that coming from G1. The difference 

in angle range seems to be due to the greater distance of the G1 

mirror from the output spot. The dependences of total delays 

over the 2mm height change (±1 mm relative height) for G1 

mirror and G2 mirror scans are plotted in Figure 3. 

 
To measure a combined delay of rays experiencing double 

scattering events, the Zemax model used both simulated sources 

of scattered angles on G1 and on G2 gratings. The results of the 

delay measurements carried out at 800 nm wavelength are 

presented in Figure 4 as dependence on two rotation angles of 

G1 mirror and G2 mirror.  The two-parametric dependence in 

Figure 4 is a flat surface built from two linear dependencies 

with different slopes in two perpendicular directions. We are 

interested in estimating the maximum possible delay between 

two rays of the same colour that satisfy the criterion of ±1 mm 

relative height. The flat tilted plane of the delay dependence is 

colored according to the relative height of the rays at the output 

plane. The delays for the rays with ±1 mm height at the output 

plane lie within the range of G1/G2 angles which are indicated 

by a yellow – blue band on the delay dependence. The extreme 

delay conditions between the scattered rays are indicated by the 

arrow’s ends in Fig.4. The maximum delay for the rays at 

800nm and range angles of rotation is estimated at 26ps. The 

combinations of angles for G1/G2 mirror rotations that 

correspond to the maximum delays was estimated as 

~(±)0.58 mrad/(±)1 mrad (of the same sign). These angles are 

larger than those estimated for the single angle rotation, because 

of the fact that G1 and G2 mirror angles are in the same plane 

means they can partially compensate each other. The maximum 

delay between extreme rays which satisfied our chosen criterion 

of ±1 mm of the relative height at the output plane was close to 

the value of the pedestal width usually observed in pulse 

contrast measurements. The maximum delays for other 

wavelengths are expected to be similar to the delay of 800nm 

beam. 

 

The map of delays presented in Fig.4 could be helpful in 

estimating delays using the measured scattering function of a 

diffraction grating. The range of delays for a smaller relative 

height could also be estimated from the map, and this would be 

smaller as well. We should make it clear that the estimates of 

relative delay presented here do not confirm that the appearance 

of a coherent pedestal on the contrast traces is due to scatter, but 

are intended to model a plausible scenario incorporating noise 

from scattered light through group delay spectral dependence. 

The delay estimated here for scattered rays in the stretcher is 

mainly caused by the geometry of the diffraction grating tilt, so 

the delays are expected to be different for designs with different 

central wavelength or diffraction angle.  
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Figure 4. Dependence of relative delay of ray propagation through 

the stretcher on angle rotation of G1 and G2 mirrors. The colour 
map corresponds to the relative height of the rays at G1 position. 

 

Figure 3. Wavelength dependences of total delay across ±1 mm 

relative height at G1 position: red = angle source at G1; blue -angle 
source at G2 position. 



Introduction 

The wavefront quality of any ultra short laser system is of 

fundamental importance as it determines the on target intensity. 

The wavefront quality of the Gemini beams has been 

characterized and a static correction of the aberrations 

implemented. Measurements were made at the output of the 

Gemini amplifier and after the pulse compressor using a HASO 

32 Shack-Hartman wavefront sensor. Additional measurements 

were made using a SID 4 shearing interferometer wavefront 

sensor. 

 

CW beam measurements 

A CW alignment beam is used to align the Gemini amplifier 

and is locally generated in the Gemini laser area. This 

comprises an 810nm diode focused through a diffraction limited 

pinhole and collimated at 50mm diameter. This beam is injected 

immediately before the beamsplitter which separates the North 

and South beams. The Astra beam is injected perpendicular to 

the CW beam allowing both beams to present at the same time, 

a sliding beam block can be moved in to block the CW beam if 

required. Measurements made of this beam indicate that this is 

good quality and produces a close to diffraction limited 

performance. The CW beam has an overall Peak to Valley (PV) 

distortion of 0.3 waves. As this beam is used to optimize the 

final focusing optics in the Gemini Target Area it is of critical 

importance that it be as good a possible. The measured 

wavefront and first 30 Zernike coefficients are presented in 

figure 1 

 

 

 

 

 

Initial Characterization 

The Gemini amplifiers are of a 4 pass geometry and present a 

significant extension to the optical path of the Astra laser 

system. Measurements were made of the wavefront quality of 

the Astra 10 Hz beam at the output of the Gemini south 

amplifier. The overall PV distortion of the beam was found to 

be 0.9 waves with the most significant contribution coming 

from an astigmatism measuring 0.5 waves, this represented by 

the 4th Zernike coefficient and is presented in figure 2. This is 

produced by a combination of aberrations generated in the Astra 

laser and further contributions from the additional optics in the 

Gemini amplifier.  

 

 

 

 

 

Variation with Astra energy 

The amount of astigmatism, measured at the output of the 

Gemini amplifier, is seen to vary (see figure 3) depending on 

the output energy of the Astra laser. In turn, this variation of 

energy of the Astra laser is caused by a change in the pump 

energy loading on the Ti:Sapphire crystal and the amount of 

extracted energy which affects the thermal lens of the crystal. 
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Figure 1. CW Wavefront distortion and Zernike coefficients  

Figure 2. Astra 10 Hz Wavefront distortion and Zernike coefficients  

Figure 3. Astigmatism with Astra energy 



Implementation of a static corrector 

In order to correct the aberrations on the Gemini beam, 

generated from both the Astra 10 Hz beam and those static 

aberrations in the Gemini amplifier a Static Aberration 

Corrector (SAC) was deployed. The SAC generates astigmatism 

by physically bending a standard zero degree incidence infrared 

mirror using force applied by micrometers (see figure 4). The 

SAC comprises of a central ring into which the mirror sits, two 

rings, of smaller inner radius, then bolt onto the central ring, 

effectively clamping the mirror inside the central ring. The four 

micrometers are then driven through the outer two rings so as to 

make contact with the mirror, force is then applied to the 

mirror, as in figure 4, so as to produce an astigmatism. An equal 

and opposite amount of astigmatism, at the required orientation 

is generated to correct the astigmatism on the beam. The SAC 

was installed at the input to the Gemini amplifier as seen in 

figure 4.  

 

 

 

 

 

 

 

 

Careful optimization of the SAC in situ significantly reduced 

the astigmatism on the Gemini beam from 0.5 waves peak to 

valley to less than 0.1 waves PV. The overall PV wavefront 

distortion is now at 0.34 waves.  (See figure 5).This correction 

more closely matches the wavefront of the Gemini pulsed beam 

to that of the locally generated CW beam. Operating experience 

of the using the SAC with the Gemini beam indicates that 

occasional adjustment of the SAC is required. As mentioned 

earlier this is largely due to changes in the thermal lens of the 

third Astra amplifier. Adjustments are normally made at the 

start of an experiment to flatten the wavefront as best possible 

with fine adjustment occasionally made when required.  

 

 

 

 

 

 

Conclusions 

The wavefront quality of the Gemini CW and repetitively 

pulsed beams has been characterized using a HASO wavefront 

sensor. The wavefront has been corrected to 0.3 waves PV 

using a Static Astigmatism Corrector. Further improvement is 

still required for the more demanding Gemini experiments and 

this will require an adaptive optic, which is under development.  

 

 

 

 

Figure 4. SAC design and implementation  

Figure 5. Corrected Astra 10 Hz Wavefront distortion and 

Zernike coefficients  
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Introduction 

In ultra-intense laser systems used for plasma physics research, 

contrast is one of the most important properties of the laser 

pulse.  If the pulse has low contrast, a plasma can be formed on 

the target before the ultrashort compressed pulse arrives, which 

significantly changes the nature of the interaction [1].  In these 

circumstances certain types of target, such as ultrathin foils used 

for ion acceleration, can be completely destroyed prior to the 

arrival of the main pulse. As future lasers increase in power to 

tens of PW [2] or exawatts [3], corresponding improvements in 

pulse contrast will be essential. 

 

The majority of ultra-intense lasers are based on the technique 

of chirped-pulse amplification (CPA) [4].  In CPA lasers, poor 

contrast can take the form of amplified spontaneous emission 

extending over nanoseconds, and discrete prepulses that usually 

occur within a few hundred picoseconds of the main pulse.  A 

third contribution is uncompressible energy within the stretched 

pulse, which manifests itself as an exponentially-rising pedestal, 

typically within 20 picoseconds of the main pulse.  This latter 

feature is termed the “coherent” contrast pedestal, and is of 

concern because its effect is to extend the leading edge of the 

pulse by several picoseconds at an intensity which is likely to 

be well above the plasma generation threshold, leading to the 

damaging effects noted above.  Various pulse cleaning 

techniques such as double CPA [5], XPW [6] and the use of 

plasma mirrors [7] can significantly improve the contrast on 

timescales from nanoseconds down to picoseconds, but become 

ineffective closer to the main pulse.  For this reason it is 

important to understand the origins of the coherent pedestal 

(CP) and to find ways of reducing it.  

 

In this article we report a study of the cause of the CP that we 

carried out using Astra Gemini.  The design of the Astra pulse 

stretcher allowed us to separate the effects of different optical 

components, and show that the majority of the CP originates 

from the stretcher gratings.   

 

Contrast measurements 

For the majority of this work we used the 10 Hz beam from 

Astra, a sample of which is available in the short-pulse 

diagnostic beam emerging from the Gemini pulse compressors.  

This beam has about ten mJ of energy per pulse, and is used to 

measure properties of the compressed pulse, including contrast. 

The contrast diagnostic was a “Sequoia” a commercially-

available third-order scanning cross-correlator. The pulse to be 

measured is split into two parts, one of which is frequency 

doubled to give a relatively clean pulse thanks to the non-linear 

nature of the harmonic generation process.  The other part of the 

pulse, at the fundamental wavelength, is scanned through the 

harmonic pulse by means of a variable time delay, and the third 

harmonic signal from the mixing of the two pulses is measured 

for each delay step. The result is a record of the intensity of the 

main pulse as a function of delay, with a dynamic range that can 

be ten or eleven orders of magnitude, limited by the dark 

current of the photomultiplier in the instrument. Figure 1 shows 

a typical Sequoia scan from Astra, exhibiting the three contrast 

features referred to above: the ASE baseline at an intensity of 

around 10-9, various discrete pre- and post-pulses and a 

triangular feature occupying the 15 picoseconds either side of 

the main pulse.  The latter feature is the coherent pedestal which 

is the subject of this article.  Similar scans have been published 

for other CPA laser systems, and they show very similar 

features.   We have made significant progress in determining 

the origin of this feature and in reducing it. 

 

Figure 1. Example contrast scan of the Astra 10 Hz beam. 

Experimental study of the coherent pedestal 

Determining the origin of the coherent pedestal is difficult in a 

CPA laser because contrast measurements can be made only on 

a compressed pulse. Pulses in the rejected kHz train from the 

front end of Astra have been stretched to a few picoseconds by 

material dispersion, and can be recompressed using a prism 

compressor. A contrast scan of these pulses shows no evidence 

of the CP, so the source must lie further down the laser chain.  

This agrees with evidence from other systems where the pulse is 

not stretched [6].  Once the pulse has been stretched it must be 

recompressed before the contrast can be measured, and this 

requires a full-sized grating compressor, which in Astra restricts 

the locations where the measurement can be made to the Astra 

experimental area and the output of the Gemini compressor.  

Contrast measurements in either place show a fully-developed 

pedestal on the pulse [Figure 2], which appears almost identical  

 

 
 
Figure 2. Comparison between single stretched (red) and double 
stretched (blue) pulses: the coherent pedestals are almost identical. 

 

regardless of whether the pulse has been stretched to only 530 

ps by a single pass, or to 1.06 ns by a double pass through the 
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stretcher optics.  The traces shown were obtained several 

months apart and with two different pulse compressors.  It is 

highly unlikely that two different compressors having different 

geometries and compensating two different stretches would 

introduce pedestals that are so similar. This shows that the 

compressor gratings do not contribute significantly to the CP. 
 

Since the first observation of the CP in Astra in 2006, the laser 

has undergone many changes, including a complete change of 

oscillator and preamplifier, a redesign and rebuild of the first 

amplifier and the introduction of single- and double-pass 

operation of the pulse stretcher.  The CP has remained present 

throughout and has not been affected by any of these changes.  

This is a clue that the feature’s origin is one of the parts of the 

laser that has not been changed, which restricts it to the pulse 

stretcher, the second amplifier and some of the intervening 

optics.  Theoretical studies [8, 9, 10] have shown that noise in 

the spectrum caused by surface roughness of optical 

components where the beam is spatially dispersed can lead to 

the appearance of features with this form.  This led us to suspect 

that the CP originated in the stretcher. 

  

Pulse stretcher configuration and modifications 

A schematic layout of the pulse stretcher is shown in Figure 3: 

part (a) shows a plan view, and part (b) a side view.  The path 

followed by the beam is normally G1-SM-G2-BM-G2-SM-G1, 

which is indicated in Figure 3(a) & (b) by the red line.  This 

stretcher is not the usual Öffner design, but was developed 

independently at the CLF [11].  However, other laser systems 

that do use Öffner-type stretchers, including Vulcan, have 

similar contrast features in their compressed pulses, so it seems 

that the design of stretcher does not greatly affect the 

appearance of the CP. 

 
Figure 3. Schematics of the Astra pulse stretcher. Named components 

are G1: first grating; SM: spherical mirror; G2: second grating; BM: 

back mirror. 

 

We carried out an extensive set of tests in which components of 

the stretcher were changed or bypassed entirely, with the aim of 

determining which of them gave rise to the CP.  The first optic 

replaced was the plane back mirror, BM, which had acquired a 

significant amount of dust and other contamination.  Cleaning 

the surface using strippable polymer made a clear difference to 

the visual appearance but did not affect the CP in any way.  It 

was replaced by a new mirror with a broadband dielectric 

coating, but this also failed to make any difference to the CP.  

Replacement of the gold-coated input mirror with a new 

dielectric-coated optic also made no difference. 

 

The design of the Astra pulse stretcher allows some of the 

components to be bypassed with suitable realignment.  The 

point of incidence of the beam on the first grating is very close 

to the centre of curvature of the spherical mirror, so by tilting 

the mirror up as shown by the dashed outline in Figure 3(b) the 

dispersed light from the grating can be retro-reflected back to 

the same point on the grating.  The second reflection from G1 

reverses the dispersion and recombines the spectral components 

into a small beam without introducing any time delay between 

them, which allows the pulse to be compressed in a prism 

compressor.  With this arrangement the beam is not reflected 

from the second grating or the back mirror, so neither of them 

has any effect on the contrast. 

 

The result of this test is shown as the red trace in Figure 4.  The 

size of the CP was reduced significantly, so that the point where 

it intersected the rising edge of the main pulse was a factor of 

100 lower than on the reference scan.  This demonstrates that a 

significant part of the CP is due to the second grating, given that 

cleaning and then replacing the back mirror had no measurable 

effect.  The residual CP, shown by the red trace in Figure 4, 

 
Figure 4. Contrast traces recorded with different configurations of the 

stretcher optics: Light blue: original trace; red: trace with G2 and BM 

bypassed; Dark blue: trace with prism in place of G1. 

 

could be due to either the first grating or the spherical mirror.  

To investigate further, we set up a double-passed prism of SF-

10 glass and a plane mirror to replace the first grating, in the 

arrangement shown in Figure 3(c).  The aim was to eliminate 

the first grating while still dispersing the light on the surface of 

the spherical mirror.  

 

 A contrast scan with the prism arrangement is presented as the 

dark blue trace in Figure 4.  The main pulse is longer than 

before, because the dispersion from the approximately 4 cm of 

path in the SF-10 prism could not be fully compensated in the 

prism compressor.  As the signal is normalized to the height of 

the peak, the baseline of the trace is higher.  However, 

substituting the prism for the grating has reduced the CP by at 

least another order of magnitude, otherwise it would be visible 

at the leading edge of the main pulse between -4 and -2 

picoseconds.  This shows that the residual CP seen when the 

second grating was bypassed did indeed originate from the first 

grating, and not from the spherical mirror, which was still 

present. 

 

Discussion 

These results clearly demonstrate that the dominant contribution 

to the CP comes from the gratings in the pulse stretcher. 

Previous theoretical work [8, 9, 10] has shown that spectral 

phase noise in dispersed beams in stretchers can form 

exponential pedestals like these. Spectral phase noise can arise 

from surface roughness of components where the beam is 

spatially dispersed, and this could account for the observed 

effect of the second grating.  However, there is clearly a 

contribution to the CP from the first grating where the beam is 

not dispersed.  We also observed that cleaning the back mirror, 

where the beam is dispersed, reduced the scatter but did not 

affect the CP.  This leads to the conclusion that scattering from 

gratings, irrespective of the beam dispersion on them, is the 

primary cause of the CP. It may be that the processes involved 

in manufacturing diffraction gratings generate roughness on a 

range of spatial scales, whereas the optically polished and 

coated surfaces of mirrors and prisms are smoother. The origin 



of the CP is, however, closely linked with dispersion. When 

gratings disperse light, wavelength components scattered from 

the gratings could follow a slightly shorter path through the 

stretcher optics.  Such scattered light could leave either grating 

at a range of angles which would be different from the 

diffraction angle (for any given wavelength), and could, in 

principle, travel along a shorter path through the stretcher back 

to the first grating.  This possibility has been studied 

theoretically using the optical modelling code Zemax, and some 

results are presented elsewhere in this report. The acceptance 

angle into the subsequent optics would restrict the range of 

delays that could propagate further down the laser chain.  This 

could account for our observation that the size and shape of the 

CP remain unchanged regardless of whether the pulse is singly 

or doubly stretched.   We note that the CP has an exponential 

form, appearing linear in the logarithmic plots, and that typical 

scatter distribution functions also show an exponential variation 

with angle [12]. 

 

Scatter measurements on the gratings 

The results described above highlighted the need to replace the 

gratings in the stretcher. While doing this, we made some 

simple scatter measurements: on the new gratings before 

installation and on the old gratings after they were removed 

from the stretcher.  The grating was mounted with its dispersion 

direction horizontal, and a fibre-coupled 800 nm CW diode 

laser with a collimated 3 mm diameter beam was incident on it 

at the Littrow angle of approximately 36 degrees.  The beam 

was horizontally polarized to match the condition in the 

stretcher.  An infra-red sensitive CCD camera was used to 

image the laser spot on the grating in scattered light.  The angle 

of view of the camera relative to the beam was kept constant at 

1.9 degrees for each grating tested.  In the stretcher itself the 

relevant scattering angles would be of the order of milliradians, 

but scatter measurements at such a small angle are very difficult 

to perform.  In this case our aim was simply to compare the 

amount of scattering from new and old gratings under the same 

conditions, rather than measure their scatter distribution 

functions accurately. 

 

To measure the scatter, the peak brightness signal in the image 

of the spot was recorded for a range of different lens apertures 

and exposures.  The exposure time and lens aperture were 

adjusted while viewing a line-out through a live image of the 

scatter spot to ensure the image was not saturated.  By 

comparing the signals obtained at the same exposure and 

aperture from the new and old gratings, the relative scatter level 

could be determined.  The camera gain and other parameters 

were kept constant throughout.  The data for the old and new 

second gratings are shown in Table 1.  

 

  New 

Grating 2 

Old 

Grating 2 

 

Exposure/ms Aperture Peak 

brightness 

Peak 

brightness 

Brightness 

Ratio 

10 F/4 151 900 6.0 

10 F/5.6 75 520 6.9 

10 F/8 46 310 6.7 

5 F/2.8 150 930 6.2 

5 F/4 74 480 6.5 

5 F/5.6 38 260 6.8 

 
Table 1. Scatter brightness measurements on old & new gratings. 

 

There is clearly a significant difference between the two 

gratings, with the old grating scattering on average 6.5 times 

more strongly than the new.  A similar measurement on the two 

first gratings showed a smaller factor of 2.5, with the old 

grating again having the larger scatter.  

  

Replacement of stretcher gratings 

The original gratings are gold-coated holographic photoresist 

gratings with a sinusoidal groove shape.  The two new gratings 

were obtained from Plymouth Grating Laboratories, and are 

etched binary gratings, which have an approximately 

rectangular groove shape.  The grating structure is first formed 

in photoresist, then etched into the silica substrate before being 

gold coated.  This process improves the damage resistance, and 

the rectangular groove form also gives significantly higher 

diffraction efficiency in the 750-850nm spectral region: the 

average efficiency measured at 805 nm is 94% in first order for 

the new second grating, and 91.5% for the first.  The new 

second grating has an excellent figure, with a peak-to-valley 

error of 0.09 wave and an RMS error of 0.013 wave.  The old 

grating has a peak-to-valley error of 0.25 wave and an RMS 

error of 0.035, which is significantly worse, although the P-V 

error appears mainly as an overall smooth curvature of the 

surface. 

 
Figure 5. Contrast scans recorded before (blue) and after (red) the 

change to new gratings in the pulse stretcher. 

 

After installing the new gratings and optimizing the pulse 

duration, a contrast scan was made, which is shown in Figure 5.  

With the new gratings the level of the CP was reduced by more 

than an order of magnitude.  More accurately, taking the ratio of 

the signal levels at each delay and averaging them gives a factor 

of 21 for the reduction in amplitude of the CP. This factor is 

similar to the product of the relative scattering factors of the 

gratings measured above, which supports our conclusion that 

scattering from gratings is the principal cause of the CP.  

 

Conclusions 

We have investigated the origin of the coherent contrast 

pedestal of the Astra Gemini titanium-sapphire laser system.  

By making contrast measurements with several optical 

configurations of the pulse stretcher, in which different 

components were eliminated or replaced, we were able to 

distinguish the contribution to the CP from different optics.  

Our results show that scatter from the diffraction gratings in the 

pulse stretcher is the main source of the CP.  Scatter from 

mirrors, and dispersion by a prism with polished surfaces, did 

not make a measurable contribution to the CP.  The essential 

factor in generating a CP therefore appears to be scatter from 

the diffraction gratings. Installing new higher quality gratings in 

the Astra pulse stretcher has resulted in an order-of-magnitude 

reduction in the intensity of the CP, a significant improvement 

in the overall contrast of the compressed pulse from the laser.  

The etching process used for the new gratings may yield a 

smoother surface, giving lower scatter and leading to the 

observed improvement in contrast.  In the ten or more years 

since the original gratings were made, the technology of grating 

production has advanced in response to the requirements for 

high-energy CPA lasers, and gratings made today undoubtedly 

have better quality.  Our results suggest, however, that further 

improvements may be essential, as the coherent pedestal could 

be the ultimate limit on the contrast available from ultra-intense 

laser systems. 
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Introduction 
As a preliminary test for an upcoming experiment a 
measurement of the spatial overlap of two focal spots produced 
by F/2 parabolas was done. In order to do this the parabolas 
were set up as depicted in Figure 1. The two spots were then 
optimized, first with a green 532nm expanded retro beam and 
then an 800 nm CW beam. During the optimization process, the 
camera in Figure 1 was in line with each beam. 

 
Figure 1. Setup used for the spatial overlap measurement; 1 is 
a CCD camera with a 50x microscope objective, 2 is south 
retro, 3 is north retro, 4 is south pointing monitor, 5 is north 
pointing monitor. 
After both parabolas were optimized the camera was moved to 
the position depicted in Figure 1. The spots were moved to 
convenient locations on screen for ease of later analysis. A 
typical image acquired is shown in Figure 2. As the beams are 
being focused at an angle rather than normal incidence, 
calibration shots were taken to establish a scale in both 
horizontal and vertical direction. This was done separately for 
each beam. 

 
Figure 2. A typical captured image showing the north (upper) 
and south (lower) focal spots. 
The measurements were done using the 10 Hz low power Astra 
beam. All cameras were turned onto external triggering. A clear 
relation between images from different cameras is then 
established, as all the shots are triggered off the same laser 
pulse. This enabled us to check for correlation between 
movements in pointing monitor spots and  actual focal spots. In 
addition, CW retro beams for both north and south were 
optimized onto the CCD to analyze the origins of vibrations. 

Another set of measurements was taken with the CW beam to 
check for any particular frequency patterns in the vibrations. 
Three different frequencies were used, namely 30, 60 and 175 
Hz. All these measurements were done of the focal spots from 
the parabolas. The camera trigger setting used was internal, 
meaning images were captured at the closest possible to the 
specified frame rate. 

 
Figure 3. The separation between two focal spots: red line 
shows the cumulative probability to obtain a separation or less, 
black line is a histogram. 
Results 
To measure focal spot displacements, a set of around 500 
images was acquired, and the centroid location was calculated 
for each spot. This was done on images of both focal spots and 
pointing monitor spots for both beams. A mean position was 
then found as an arithmetic average of both x and y coordinates. 
The displacements from the mean location are depicted in 
Figure 4. Numerically, the average deviation from mean 
position was calculated as 0.59±0.01 µm and 0.43±0.01 µm for 
north and south beam, respectively. 

 Angle Displacement 

North 0.532 0.653 

South -0.320 0.568 

Table 1. Correlation coefficients of north and south angular 
and linear displacements. 
The displacements were then analyzed to determine the 
probability of achieving a certain focal spot overlap. This was 
done by calculating the separation between the centroids of 
focal spots for each image.  A histogram is plotted in Figure 3, 
showing the normalized frequency of obtaining a certain 
separation between focal spots. A normalized cumulative 
histogram was also calculated. Also depicted in Figure 3, this 
gives a probability of obtaining a maximum separation between 
the focal spots. 
In order to be able to predict the overlap of foci of a shot that 
had already taken place the pointing monitor spot locations 

were also analyzed. In this case, a drift vector dr  was 
calculated as  
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Figure 4. Displacement from mean position for both beams 
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where is is shot number. For each drift vector the length and 
angle are calculated as 
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The angle will then be placed into the correct quadrant by 
adding either π/2, π or 3π/2. To find correlations between 
displacement and angle changes, for each shot the value for 
focal spot is plotted against the value for pointing monitor. An 
example graph is shown in Figure 5. A linear fit line with a 
fixed intercept b=0 is also plotted. To get a more quantitative 
estimate of how the spots move, correlation coefficients were 
also calculated. These are listed in Table 1. 

 
Figure 5. The displacement of focal spot plotted against 
displacement of pointing monitor. 
The investigation into prominent frequencies occurring in 
vibrations was done by obtaining a typical set of about 2500 
images. Again, the centroid coordinates were calculated. A Fast 
Fourier Transform (FFT) was then applied to both the x and y 
coordinate. According to the Nyquist-Shannon sampling 
theorem the maximum resolvable frequency is half of the 
sampling frequency[1]. Hence the maximum detectable 
frequency was 87.5 Hz. 
In order to check the origins of any vibrations, a separate set of 
data was taken with any possible sources turned off. These 
included vacuum chamber roughing pumps, turbo pumps, air-

compressor and diggers working on site near R7. The effects 
the changes had on frequency spectrum is shown in Figure 6. 
Discussion 
As described previously, the mean deviation from average spot 
position is of the order of half a micron. If the target is assumed 
not to move at all, then this would mean at least 16.7 % energy 
falls within a constant radius of the focal spot. When aiming for 
overlap of two spots, the distance between spot centres is 
relevant. For two 2.5 µm FWHM spots to achieve at least 75 
energy overlap, the maximum separation between spot centroids 
can be no more than 0.53 µm. The probability of achieving this 
is about 20 %. 
The correlations between the focal spots and diagnostic 
monitors were quantified. The results show that the distance 
from the last shot location can be quite well evaluated with the 
pointing monitor. The angle, however, is much less correlated. 
Hence for each shot the distance between focal spots has to be 
assumed to be the worst, or that the beams moved at an angle π 
with respect to each other. This method sets the lowest value for 
energy overlap between spots. 

 
Figure 6. Frequency spectrum of vibrations of the focal spot 
with and without compressor, roughing pumps, turbos and 
diggers. 
The FFTs performed on the data revealed relatively few aspects 
to vibration frequencies. There are discrepancies between 
frequency patterns from different frame rates. This is due to 
transfer rate fluctuations between camera and PC, some images 
were not saved hence leaving gaps in the dataset. When 
performing FFTs it is impossible to find out which images are 
actually missing and so the transform is performed on data with 
an essentially non-constant sampling rate. 
In order to find certain sources of vibrations a set of 
measurements was taken with possible sources turned off. The 
likely things to cause vibrations were assumed to be the 
compressors, vacuum roughing pumps and turbo pumps. When 
all these were removed there was a slight improvement to 



frequency spectrum of vibrations, however, the difference was 
not very big. 
In order to eliminate the vibrations, or at least suppress them by 
a large amount, the implementation of a closed loop corrections 
system is being looked into. This system would use active 
feedback of both pointing and nearfield location of the beam 
and use actuated mirror mounts to correct for any sort of 
displacements. 
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Introduction & Background 

During the development and commissioning of Astra-Gemini 

laser facility, almost all the ultra-high power laser aspects, such 

as pulse energy, beam quality, control of spectrum and residual 

high order spectral phase etc., have been addressed in order to 

achieve the design specifications, namely ultra-high power at 

PW level and ultra-high intensity up to 1022W/cm2. However, 

the residual angular dispersion due to misalignment of the 

stretcher and compressor in the chirped pulse amplification 

(CPA) laser systems could result in pulse front tilt (PFT). This 

will severely affect the laser performance [1,2,3] in terms of the 

pulse length and focal spot size in the far field. In this article we 

describe the basics of pulse front tilt measuring techniques and 

present some results of measurements of the Astra-Gemini laser 

beam. Application of the technique with a field inverted 

interferometer allowed further improvement of laser 

performance by optimizing the alignment of the stretcher and 

compressor to minimize the pulse front tilt. 

Pulse front tilt description 

In a CPA laser system, the alignment of stretcher and 

compressor is absolutely crucial. Usually the stretcher and 

compressor are aligned in-situ using a He-Ne laser or some 

other conventional optical method such as the far field image. 

These alignment methods have limited accuracy, and minor 

misalignments of the optical elements could cause residual 

dispersion that would give rise to substantial pulse front delay 

across the beam. The residual dispersion in CPA system usually 

originates when the diffraction gratings pairs in stretcher or 

compressors are not perfectly parallel. Misalignment of the 

gratings results in residual net angular dispersion in the ultra-

short pulse laser beam, which causes the pulse front (maximum 

energy plane) to be tilted with respect to the wave front 

(constant phase plane) as illustrated below in Fig. 1.  

  

Figure 1 Pulse front tilt across a beam. 

 is the angle between the pulse front and wave front, which is 

determined by [2]:  

      
  

  
   (1) 

where  is the mean wavelength and d/d the angular 

dispersion [1,2]. As can be seen, the overall group delay over 

the beam is given by:  

T = D•tan /c     (2) 

where D is the beam size and c the speed of light. Larger beam 

sizes of high intensity CPA systems would be more susceptible 

to a small amount of uncompensated angular dispersion.  

The pulse front tilt will obviously lead to the temporal 

broadening of the pulse in the focal plane due to the different 

arrival time at the focal point from the different parts of beam 

along the pulse front tilt orientation, although the local pulse 

duration may not be affected by this pulse front tilt. At the focal 

point, the pulse intensity may be estimated by the electric field 

superposition of all parts of the beam along the pulse front tilt 

direction x as follows: 
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where p is the local pulse duration. Intensity I(t)  E(t)2. 

In addition, an angularly dispersed beam will also cause spatial 

spreading of the focal spot due to the spectral decomposition in 

the focal plane. For a top-hat beam, an enlargement of the focal 

spot in the angular dispersion direction may be approximated 

by: 

    
   

  

  

     
     (4) 

where  is the ratio of the enlarged focal spot to the diffraction 

limit, and  the spectral bandwidth (FWHM).  

The so-called “two-colour” method could be used to measure 

the angular dispersion in the ultra-short pulse laser beam. This 

is done by measuring the focal spot overlap of two isolated 

wavelength components located at both wings of the spectrum 

with a wavelength separation of Δ. This method is simple and 

straightforward, but limited by the measurement resolution. 

Assuming ½ focal spot size is the minimum distinguishable size 

on a CCD camera when two focal spots were overlapped, the 

minimum angular dispersion that could be detected by this 

method is given by: 

  

  
 

 

 
              (5) 

where  is defined as the quality of the diagnostic optics and 

diff the diffraction limit angle. For example, at the Astra-

Gemini diagnostic table, the full 150mm beam size is used to 

measure the far field of the compressed pulse with an aberration  

Figure 2. Temporal broadening at the focal point due to PFT 

of ~2 times of diffraction limit. For a typical wavelength 

separation of ~40nm used in the two-colour method, the 

dispersion is ~0.33µrad/nm according to (5). This minimum 

angular dispersion sounds rather small but it would produce a 

significant pulse front tilt angle of ~0.27mrad and overall group 

delay of ~135fs over the 150mm Gemini laser beam. With such 

a small angular dispersion the temporal broadening of a ~45fs 

laser pulse at the focal point might be approximated according 

to (3) and illustrated in Fig. 2. 
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This small residual angular dispersion also results in a one-

dimension spatial broadening in the far field with an estimated 

factor of ~2 based on (4), and hence reduces the intensity in the 

focal plane even further. More rigorous and detailed analysis of 

the effect of angularly chirped pulse on the temporal intensity in 

the focal plane can be found in [3]. 

Results and discussion 

In order to improve the angular dispersion measurement 

accuracy and overcome the limitations of other alignment 

techniques, a field-inverted interferometric autocorrelator 

(FIAC) was implemented to measure the pulse front tilt as 

shown in Fig. 3. It can be shown that the delay between the two 

pulses is given by: Δ = d2 /c, where c is the speed of light. 

Figure 3 Schematic of FIAC 

As one of the pulse replicas in the FIAC is spatially inverted, 

the delay between the two pulse replicas is position-dependent 

along the pulse front tilt direction across the beam if the pulse 

front is tilted. This position-dependent delay can be detected by 

the spatial interference pattern, as interference will only occur at 

positions in the beam where the two replicas overlap. Analysis 

of the visibility of interference fringes as a function of delay 

gives a quantitative measurement of the pulse front tilt.  

Experimentally the beam from Gemini was measured at 

different places using the FIAC. Firstly it was measured after 

the stretcher, with a 5x beam expanding telescope, and then 

before the 3x expander, where the beam diameter is 50mm, and 

finally after the compressor. Taking measurements at different 

places allows us to monitor and minimize the amount of 

residual dispersion along the amplification chain. Even though 

the beam size of 150mm after the compressor is larger than the 

4“ optics used in the FIAC, our analysing technique allowed us 

to retrieve the pulse front tilt quite accurately from images of 

interferograms of slightly truncated beams. It is worth noting 

that the pulse front tilt was measured both in vertical and 

horizontal directions, corresponding to the main dispersion and 

groove orientation directions of the compressor gratings, 

respectively. 

The change of visibility of interference fringes across the laser 

beam can be seen from the images and corresponding plots in 

Fig.4. The images in Fig. 4 are rotated by 90 degrees for 

presentation purposes. The right hand image corresponds to a 

relative delay which is close to zero. The visibility data taken 

from this image are quite similar to each other, as seen from the 

plots at the lower right in Fig.4. The left-hand image 

corresponds to a delay of tens of femtoseconds away from zero. 

The change of visibility is noticeable from lower left plots in 

Fig.4.  

To achieve a quantitative measurement of the pulse front tilt, 

the visibility dependences on time delay were retrieved from a 

series of images, and these are presented in Fig.5. The visibility 

data were sampled from the images along the lines with 

corresponding colours. The change of temporal position of the 

maximum of visibility is directly connected to the spatial pulse 

front tilt while the zero point of interference moves across the 

field.  

By finding the delay between different parts of the beam it was 

possible to evaluate the residual angular dispersion. The 

retrieved delay between two dependences presented in fig.5 was 

9 fs between the red and cyan lines in fig.4. This corresponded 

to a pulse front tilt of 37.8 fs for the whole 150 mm beam. The 

angular dispersion derived from this tilt was 9.45x10-8 rad/nm. 

This amount of angular dispersion would be responsible for 

8.5µm spatial spread of the focal spot of a beam with a 30nm 

wide spectrum focused by a 3000mm focal length lens.  It 

would be hardly visible from the shape of the focal spot given 

that the Airy radius of a diffraction limited spot is ~19.4 µm. 

The amount of the pulse front tilt presented in Fig.4 and 5 was 

easily detectable using the FIAC and was minimized by 

corresponding adjustments of the compressor gratings. 

Conclusions 

The pulse front tilt of both stretched and compressed pulse 

beams of the Gemini laser system was measured using a field 

inverted autocorrelator. A simple retrieval technique for data 

analysis of the interferograms substantially improved the 

accuracy of the pulse front tilt and residual dispersion 

measurements. Optimization of stretcher and compressor 

alignment by minimizing the pulse front tilt resulted in further 

enhancement of laser performance. 
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Introduction 

The Research Complex at Harwell (RCaH), opened in July 
2010, is a multidisciplinary laboratory that provides facilities to 
undertake new and cutting edge scientific research in both the 
life and physical sciences, and at the interface between them. 
RCaH operates as a partnership between STFC, MRC, BBSRC, 
EPSRC, NERC, and Diamond Light Source. STFC’s major 
contribution to RCaH was the move of the LSF to the complex, 
begun at the end of 2009. The LSF completed its move to 
RCaH at the beginning of 2011, and is now operating a full user 
programme, including a growing number of new 
multidisciplinary and cross-facility projects working in 
collaboration with other RCaH residents. 

Facilities 

The main LSF facilities in RCaH are the ULTRA spectroscopy 
cluster and the OCTOPUS imaging cluster. These are described 
in detail in other articles. Briefly, each facility has a central 
laser “hub” which supplies laser light to a range of stations 
designed for advanced imaging and spectroscopy experiments. 
Techniques available include linear and non-linear Raman and 
IR spectroscopy, time-resolved resonance Raman spectroscopy, 
and transient 2D-IR spectroscopy (ULTRA), and single 
molecule microscopy, multiphoton/single photon confocal 
imaging, and fluorescence lifetime imaging (OCTOPUS). The 
LSF’s facilities also include laser tweezers, a number of R & D 
labs, and support facilities for biology, chemistry, and 
spectroscopy. The EPSRC-funded laser loan pool, operated by 
the LSF, also operates out of RCaH. The layout of the LSF in 
RCaH is shown in Fig. 1 below. 

 

Fig. 1. The LSF within RCaH. 

In addition to the LSF facilities, RCaH also houses a number of 
shared facilities including biochemistry, cell culture, and 
chemistry laboratories. Shared equipment available for use 

includes a JEOL JEM-2100 transmission electron microscope 
with cryo specimen holder, JSM-6610LV scanning electron 
microscope, Bruker Avance III 400 400 MHz NMR 
spectrometer, and Agilent Supernova X-Ray diffractometer. A 
full list of shared equipment can be found on the RCaH website, 
http://www.rc-harwell.ac.uk/ . This equipment is available for 
use by LSF users with prior arrangement.  

RCaH is also home to the Oxford Protein Production Facility 
UK (http://www.oppf.ox.ac.uk/), which provides a protein 
production service for the research community, and CCP4 
(http://www.ccp4.ac.uk/), providing data analysis software for 
macromolecular crystallography and other biophysical 
techniques. The Complex is also home to a growing number of 
life and physical sciences research groups, supported by the 
sponsoring Research Councils. The LSF is engaged in 
collaborative programmes with a number of these groups, some 
of which are detailed below.  

Selected Multidisciplinary and Cross-Facility Programmes 

Supra-molecular rules in signalling networks: A single 
molecule comparative study in cells and tissues. BBSRC; 
LSF/King’s College London. This programme is jointly headed 
by Marisa Martin-Fernandez from the LSF and Prof. Peter 
Parker from KCL, and aims to develop new single molecule 
imaging techniques and apply them to the study of the networks 
that control cell survival and growth. The complexity of these 
networks means that it has been necessary to develop 
microscopes that are able to image and track a number of 
different molecular species simultaneously. A three colour 
microscope is now operational (Fig. 2), and a five colour 
microscope is being commissioned.  

 

Fig. 2. . Simultaneous 3-colour single molecule TIRF imaging 
of HeLa cells labelled with EGF-Atto 647N (top); EGF-Alexa 
546 (centre); and EGF-Atto 488 (bottom). 
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Data obtained from OCTOPUS microscopes are being analysed 
using new techniques being developed in collaboration with the 
astronomy community. These methods will allow us to identify 
and track single molecules in the noisy, high background 
environment of living cells. The combination of advanced laser 
microscopy, specialized analysis techniques, high-resolution 
structure from x-rays, and molecular dynamics simulation, 
allows us to build up a detailed picture of how proteins perform 
their functions in the cell. The effectiveness of this approach is 
shown in a recent publication in which the existence of a 
previously unknown conformation of the epidermal growth 
factor receptor was demonstrated1. Ultimately, the goal is to 
apply these methods to the analysis of biopsies from tumours, 
enabling the best therapies to be selected for individual patients. 

Dynamic structural science. EPSRC; consortium of 9 research 
organizations led by Bath University. This grant is one of four 
recently awarded by EPSRC for five-year multidisciplinary 
research projects in RCaH. It is led by Prof. Paul Raithby from 
Bath, with co-investigators from Nottingham, Leeds, 
Manchester, Durham, Southampton and Glasgow, as well as 
Mike Towrie from the LSF. The aim of the proposal is to 
develop ways to look at how molecules work in a range of 
materials where some structural change is vital in making the 
materials function. This can include protein molecules in the 
body, materials whose optical properties change in sensors and 
those whose ability to conduct electricity can change when used 
in computer chips. This is a hard task, as the processes where 
molecules change can be very fast, and we need to use 
advanced experimental methods to achieve this aim. In order to 
achieve this, the plan is to use a combination of techniques that 
are available on the campus, including ultrafast time-resolved 
spectroscopy on the LSF’s ULTRA facility, time-resolved x-ray 
diffraction and EXAFS on Diamond, and time-resolved neutron 
scattering on ISIS. The team will use their combined expertise 
to develop all these approaches to a new level of sophistication 
and apply them to key problems of chemical and biological 
importance, such as watching an optical sensor material 
function on a µs timescale or follow the functional 
conformational changes of macromolecules over the ps-µs time 
domains. 

Structural evolution across multiple time and length scales. 
EPSRC; led by Manchester with contributions from Imperial, 
STFC, and OU. A second EPSRC multidisciplinary research at 
RCaH grant, led by Prof. Philip Withers from Manchester, with 
a number of co-investigators including Dave Clarke from the 
LSF. The project aims to take advantage of the unprecedented 
opportunity to obtain information about material structure and 
behaviour using the suite of synchrotron and lab X‐ray, neutron, 
laser, electron, and NMR imaging available at Harwell. This 
infrastructure provides an opportunity to undertake science 
changing experiments. The goal is to bring together the insights 
from different instruments to follow structural evolution under 
realistic environments and timescales to go beyond static 
monochrome 3D images by radically increasing the 
dimensionality of information available. We will: 

Derive 4D imaging algorithms to access shorter timescales for 
time series (structure+time) 

Enable colour/chemical imaging (structure+time, chemistry) 

Establish correlative X‐ray imaging (structure+chemistry, 
functionality, etc) 

Establish In situ Environments and Tissue Regeneration Labs. 
in the Research Complex 

These will radically increase the level of information that can be 
obtained from a sample, or process, delivering both academic 
and industrial benefits over a very wide variety of fields. In 
particular we will focus our experiments relating to Energy and 
Biomaterials. Key challenges we aim to meet: 

• Following tissue regeneration in soft and hard biomaterials 
having fibrous and porous architectures using multiple imaging 
modalities. 

• Studying solid oxide fuel cells during operation at the 
sub‐micron scale for the first time. 

• Studying fluid flow, including supercritical CO2, through 
porous rocks for oil recovery and carbon capture. 

• Obtaining first insights into oxidation of turbine materials in 
3D under their extreme operating conditions. 

The LSF will participate in this programme through the use of 
multiple imaging modalities available in the OCTOPUS cluster.  

 

 

Fig. 3. Imaging facilities available on the campus that will be 
used in the Manchester programme. 

The EPSRC awarded two other RCaH multidisciplinary 
research grants. These also have significant requirements in the 
imaging and spectroscopy areas and collaborations are currently 
being formed with members of the LSF team.  

Other LSF programmes. The programmes described above are 
just a few examples from the current research portfolio of the 
LSF. Other research includes the development of new methods 
for studying ultrafast protein dynamics, looking at the dynamics 
of energy storage systems, investigating new methods for 
cancer therapy and diagnosis, and looking at the chemistry of 
clouds. An overview of the LSF’s activities can be obtained 
from the current user schedule.  

 

Fig. 4. Recent front covers from the LSF. 

Of particular note is the growing number of experiments 
requiring access to other facilities in addition to the LSF, with 

http://www.clf.rl.ac.uk/resources/PDF/LSFGlobalSchedule2011v1.pdf


17 ongoing and planned collaborative programmes at the time 
of writing involving Diamond, ISIS, and other campus partners. 
Some selected recent publications from the LSF can be found 
below2-7, the quality of the research being demonstrated by two 
front cover articles, one of them in Science. The EPSRC-funded 
laser loan pool also continues to go from strength to strength, 
lending 8 systems including two new ones, resulting in many 
publications including a recent one in Nature8. 

Conclusions 

The last few years have been busy ones for the LSF, with a 
move to RCaH, an increased focus on programmatic and 
multidisciplinary research, and the commissioning of two 
world-class facilities, ULTRA and OCTOPUS. The facility 
supports an active and growing science programme in many 
areas, (supported by 50 active grants from UK Research 
Councils with a total value of £42M) and is increasingly in 
demand from users of other campus facilities. We look forward 
to seeing more exciting science from the facility as the campus 
interactions strengthen and new groups take up residence in the 
Research Complex.  
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6 µm Thick Open Flow “Wire Guided” Liquid Jet 

Introduction 

In time resolved pump-probe spectroscopy the high flux and power of 
the lasers can lead to unwanted background signals from non-linear 
optical processes induced in the window and/or photo-degradation of 
sample at the window fluid interface. An open flowing jet of solution 

can get round 
these problems. 
However, it is 
challenging to 
create a stable 
thin jet using low 
viscosity volatile 
solvents. One 
method is to use a 
thin wire to guide 
the flow of the 
fluid and this 
approach has 
been applied in 
time resolved 
experiments [1]. 

Experimental 
setup  

Here we report 
the design and 

characterisation 
of a flow cell that 
has been used in 
experiments on 
the ULTRA laser 
system with 
acetonitrile and 

cyclohexane 
solutions and 
should be suitable 
for a wide range 
of low to medium 
viscosity solvents 

and solutions.   

Figure 1a shows the experimental configuration.  A nozzle based on a 
5 cm length of stainless steel pipe (2.2 mm I.D. and 0.5 mm wall 
thickness) is squeezed at one end over a 6-7 cm length loop of 0.125 
mm diameter tantalum wire, (see figure 1b). A metal insert and 
custom tool is used to prevent crushing of the pipe.  The insert is 
removed once the wire is in place.  The wire is fashioned into a U-
shape with straight parallel sides down which the solution runs.  The 
solution flows by gravity feed from a reservoir via a ~1 mm I.D. 
PTFE pipe (20-50 cm) down through the nozzle and along the wires 
(guided by surface tension).  The end of the wire loop is set to touch 
the edge of a glass pipe (see insert in figure 1b) that stops build up of 
fluid at the end of the loop and collects the solution into a lower 
reservoir.  A Masterflex all PTFE peristaltic pump then pumps the 

solution back to the upper reservoir to complete the cycle.  The rate 
of flow is controlled by 
adjusting the height of 
the upper reservoir 
relative to the nozzle.     

Jet thickness and stability 
were measured using a 
dye solution of known 
absorbance and a focused 
HeNe laser passing 
through the sample (see 
insert figure 1a).   Figure 
2 gives the measured 
thickness of the jet for 15 

and 30 cm upper reservoir heights.  At 1 mm below the nozzle output 
the thickness is 74 and 53 µm respectively falling to around 6 µms at 
16 mm below the nozzle output.   

Performance 

Measurements on the stability of the jet at 6 µm thickness were 
carried out by recording the intensity of the HeNe (at about 40% 
absorption in the dye solution).  Fluctuation at the +/- 15% level in 
the sub 100 Hz frequency range was measured; this dropped to less 
than +/-0.4% around 5 kHz the frequency at which ULTRA detects 
signals. At this level these fluctuations will not contribute 
significantly to noise in the time resolved spectroscopy 
measurements.  

As an example of the 
application of the jet figure 
3 shows the femtosecond 
stimulated Raman spectra 
of cyclohexane in the C-H 
stretching region of the 
spectrum taken at the top 
(~70 µm thick) and bottom 
(~6 µm thick) of the jet.  
Good spectra were taken 
with pump energies of 20 
µJ.  This pump energy 
could not have been used 
in a cell with windows as it 
is well above the threshold 
for non-linear plasma 
breakdown in window 
materials. 

Conclusion 

It has yet to be determined whether this jet can be used for time 
resolved IR spectroscopy as interference of Fresnel reflections of the 
surfaces may become more of a problem in the IR.  However, the jet 
is suitable for time resolved Raman spectroscopy, both fs-stimulated 
Raman and time resolved Resonance Raman (TR3), and for transient 
absorption measurements in the UV – visible.  
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Figure 1a 

Figure 1b 

Figure 2 

Figure 3 



Closed flow-cell system using low volume samples 

Introduction 

The use of a peristaltic pump is a common method of circulating 
samples through a flow cell. However, this imposes several 
limitations; namely restricting the minimum sample volume to that of 
the tubes, and the requirement to use a flexible tubing type, which 
may not be amenable to the sample solvent or temperature (e.g. for 
extremely low temperature measurements that can harden and 
damage the tubing used in the pump). 

A conference paper[2] proposes a method of overcoming these 
limitations by employing pressurized gas in place of the traditional 
pump and using a level monitoring system to cycle the sample 
through the flow cell.  

Experimental setup 

Figure 4 illustrates the experimental configuration. A variable 
pressure nitrogen source (0 - 5 bar) is split into two 3-way solenoid 
valves. The valves are arranged with one venting to room whilst the 
other pressurises the flow system, driving the sample through the 
flow cell. Switching between the two valves allows the direction of 
flow to be changed. 

The flow monitoring system comprises of a visible wavelength 
photodetector attached to the PTFE tube directly opposite the fill nut. 
Figure 5 shows an enclosed LED, emitting light onto the detector. 
The LED emits light at ~750nm which is at the peak efficiency of the 
detector, and also reduces backward scattering from the sample. The 
voltage output of the detector is fed into a National Instruments Data 
Acquisition (NI-DAQ) card which is in turn controlled by LabVIEW. 
The NI-DAQ card also controls the relays driving the valves, and 
provides power to the LED. 

 LabVIEW software continually monitors the detector output voltage. 
The change in refractive 
index caused by the 
rising sample causes the 
output voltage of the 
detector to rise. Once 
this voltage rises above a 
predetermined trigger 
threshold, LabVIEW 
software controls 
simultaneously 
switching of the valve 
relays. 

This event starts an 
adjustable timer, which 
measures the amount of 
time elapsed whilst the 
sample is being driven 
back towards the fill nut. Once the timer reaches its predetermined 
value, LabVIEW software controls switching of the relays back to 
their original position, restarting the cycle. 

The nitrogen pressure, voltage and time thresholds can be adjusted to 
meet the desired flow speed and to ensure the entire volume is cycled 
through the flow cell on each repetition. 

Effectiveness 

This system has so far proved effective with water and common 
solvents with minimum bubble formation, though hysteresis could be 
introduced to the feedback mechanism with more viscous samples. 
Background light does affect the threshold trigger voltage and so the 
system only works if this is held constant, preferably enclosed. The 
flow system has a finite switching time in the order of tens of 
milliseconds, which would need to be factored into designing flow-
cell experiments using this technique, with the potential to integrate 
the LabVIEW control software with acquisition software to avoid 
switching during acquisition periods. 

The flow system provides solutions to many of the issues faced when 
using a traditional peristaltic pump. The PTFE tubes and stainless 
steel connectors make the system more resistant to degradation, and 
the system works under nitrogen, preventing sample oxidation. The 
high pressure rated PTFE tubes allow extremely fast cycle times, with 
a potential to achieve >1 Hz.  

The whole length of sample tube can be submersed in a water/dry-ice 
bath, enabling temperature extremes to be sustained, for example 
temperatures of less than -50°C are possible. The tubes are also easy 
to clean and replace between experiments if necessary. 

Future improvements 

Once the capability of the flow system has been demonstrated, further 
improvements to the system can be made to increase the functionality 
and effectiveness. 

The nitrogen inlet could be put through a bubbler to ensure that it has 
saturated vapour of the solvent in order to minimise sample 
evaporation. 

A reservoir placed before each 3-way valve would prevent a vent 
overflow in the event of a feedback mechanism failure, which would 
avoid damaging the valves and having the sample leak inside the 
control box. 

A near Infra-red LED and sensor could also be used in order to 
further reduce scattering, and an extra photo-sensor could also be 
employed to negate the need for a timed return cycle. 
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Introduction 

Transmission Raman spectroscopy (TRS) is currently being 
established as a valuable tool for analysing volumetrically the 
chemical content of intact pharmaceutical formulations.1,2,3 Key 
advantages over conventional backscattering Raman 
spectroscopy include the effective suppression of the sub-
sampling effect.2 Additional benefits include the ability to 
suppress Raman and fluorescence signals originating from 
surface layer of the sample compared with conventional Raman 
spectroscopy.3,4 Here, we investigate the dependence of the 
transmission Raman signal on the depth of its origin. This issue 
is of particular relevance to the quantification of highly 
heterogeneous formulations or multi-layer or multi-core tablets. 
Ideally, the contribution of individual (hypothetical) layers 
within a pharmaceutical tablet to the overall detected Raman 
signal should be uniform, i.e. the signal is depth insensitive. 
However in reality, some dependence of TRS signals on depth 
is present although by many orders of magnitude lower level in 
comparison with that of conventional backscattering Raman 
spectroscopy.2  This remaining bias is often of little relevance 
unless highly heterogeneous formulations are present, such as 
with multi-core tablets or multi-layer tablets. The presence of 
this bias was also reported experimentally by Townshend et al5, 
Johansson et al6 and Everall et al7. The previous studies 
analysed basic situations involving bare, non-absorbing 
pharmaceutical tablets. Here we considerably broaden the scope 
of investigations including also the effect of a recently 
developed ‘photon diode’ signal enhancing element.  

The photon diode is an optical element capable of boosting 
overall transmission Raman signals from pharmaceutical tablets 
typically by up to an order of magnitude and improving the 
signal-to-noise ratio (s/n) of the generated TRS spectra.8 The 
optical element acts as a special ‘unidirectional mirror’ located 
in close proximity to the sample over the laser illumination 
zone. The role of the element is to prevent the loss of diffusely 
scattered photons from the sample over a typically extended 
laser illumination zone, whilst permitting the laser beam to be 
transmitted into the sample through the optical element 
unimpeded. The concept relies on the generic angular properties 
of dielectric filters for which the spectral transmission profile 
shifts to shorter wavelengths for photons impacting them at 
angles further away from normal incidence. The enhanced 
coupling of laser radiation into the sample leads to a substantial 
boost of the overall Raman signal generated within the sample.  

A full account of this work is given in Ref 9. 

Numerical Simulations 

Monte Carlo simulations were used to study the TRS signal 
dependence on depth within a pharmaceutical tablet under 
various conditions. The model used was described in detail 

earlier.8 It considers the sample to be a homogeneous turbid 
medium with one sample-to-air interface located at the top 
surface z=0, where z is a Cartesian coordinate normal to the 
interface plane. Other sample-to-air interfaces exist at the 
opposite side of the sample at the position z=d, where d is the 
sample thickness, and on its sides. The sample is chosen to have 
a round shape with a diameter of 12 mm mimicking a typical 
pharmaceutical tablet. A tablet thickness of 5 mm was used 
unless stated otherwise. 

The model assumes that all the laser photons are first placed at a 
depth below the surface equal to the transport length lt and 
symmetrically distributed around the origin of the coordinate 
system x,y. The beam diameter of the incident laser light was 
assumed to be 6 mm (unless stated otherwise) and the beam was 
of a uniform intensity across its cross section, i.e. it had a flat, 
‘top-hat’ intensity profile with all the photons having equal 
probability of being injected into the sample at any point within 
its cross-section. The Raman light was collected at the sample 
surface in the transmission geometry from the opposite side of 
the sample, symmetrically around the projection axis of the 
collection/laser illumination area of 6 mm in diameter.  

The sample was subdivided into 20 layers, each 250 µm thick, 
unless indicated otherwise. The origin of each generated Raman 
photon was recorded. Only the Raman photons emerging within 
the collection aperture were counted as detected and the 
analysis included the evaluation of the contribution of 
individual layers towards the overall Raman signal.  

The numerical code was written in Mathematica 5.0 (Wolfram 
Research). 100,000 photons were propagated simultaneously, 
each across an overall distance of 1000 mm after which the 
calculations were stopped. The optical density accounting for 
the conversion of laser photons into Raman photons was set to 1 
per 2 m. The step size used was t = 0.2 mm. The calculations 
were repeated 10 times summing all the detected Raman 
photons in the repeated runs.  

Experimental 

The experimental study was performed using a commercial 
transmission Raman instrument (TRS100, Cobalt Light Systems 
Ltd) operating at 830 nm with the power set to 800 mW at the 
sample. The acquisition time in all the measurements was 10 s 
(10 x 1s). The laser illumination spot diameter was 2 mm and 
the Raman signal was collected from a 6 mm diameter area on 
the surface of the sample in the transmission geometry.  

The sample comprised eight stacked 0.5 mm thick discs 
resulting in an overall tablet thickness of 4 mm. Each disc was 
fabricated by compressing Avicel microcrystalline cellulose 
(MCC). A poly(ethylene terephthalate) (PET) foil of thickness 
330 µm and diameter ~13 mm was inserted into different depths 
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within the segmented tablet. The foil contained ~ 18% of TiO2 
(anatase) filler, making it a highly turbid medium with a strong 
Raman signal that was easily monitored. An area under a TiO2 
band at ~140 cm-1 was used to evaluate the strength of the 
Raman signal from the foil. The Raman signal was then 
normalised by dividing it with the overall matrix (MCC) signal 
intensity derived from an area under the neighbouring MCC 
Raman bands at 310-390 cm-1.  

The photon diode enhancer was placed at the bottom of the 
stack centred over the laser illumination zone. As a precaution 
its active dielectric layer was oriented towards the laser (i.e. 
away from the tablets) to minimise a risk of its potential 
mechanical damage by the tablet. This orientation somewhat 
reduced its effectiveness, although it still permitted a 
considerable enhancement to be induced. The beam enhancer in 
this configuration and with this sample yielded an overall 
Raman signal enhancement factor of 6.3. 

Numerical Results – Bare Tablet 

Figure 1 shows the contribution of individual layers within a 
tablet towards the overall collected Raman signal (see Fig 1). 
The appearance of noise-like features on the top of the overall 
profile is an artefact stemming from the photon shot-noise 
nature of the simulations. In general terms, the profile has a 
maximum close to the centre of the tablet and gradually 
decreases towards each face of tablet. The decrease is initially 
shallow but steepens out towards the air-to-sample interfaces. 
The bias towards the centre of tablet was stronger than 
predicted in our original simulations, but agrees very well with 
other Monte Carlo17 and experimental5,16,17 results. The 
presence of this phenomenon is ascribed to the loss of photons 
to the air at the interfaces, reducing the overall photon density 
in the proximity of the interfaces. In this context, signals in NIR 
absorption spectroscopy would be subject to similar processes 
and as such exhibit an analogous dependency.  
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Figure 1: Numerical simulations of the dependence of Raman signal on 
the depth of its origin within a bare tablet. 

Numerical Results – Tablet with Photon Diode 

Figure 2 shows the depth dependence profiles with (R > 0) and 
without (R = 0) the photon diode. Several scenarios for different 
reflectivity levels of the optical element are analysed. Here, the 
enhancer reflectivity accounts for the combined effect of the 
reflectivity of the dielectric layer, as well as small loss of 
photons escaping from the sample through the filter within an 
angular cone at near normal incidence, direction resulting from 
the finite spectral bandwidth of the photon diode.8 It is evident 
that the increased reflectivity of the enhancer, apart from 
enhancing the overall Raman signal intensity, also lifts the 
depth profile up preferentially near the tablet surface where the 
enhancer is deployed (the depth is measured from the surface of 
the tablet illuminated by the laser).  

An interesting situation arises with a reflectivity R = ~0.8 when 
the signal exhibits a semi-plateau dependence becoming 

insensitive to the depth over the most of the tablet depth apart 
from a region near the Raman collection surface. Here, the 
signal depth profile is mostly unaffected by the presence of the 
enhancer.  Further increase of the reflectivity to R = 0.95 then 
leads to the over representation of the front face of the tablet 
(the side illuminated by the laser). From this analysis it is 
evident that by controlling the reflectivity of the photon diode, 
one can also control the flatness of the depth dependence curve; 
the most favourable situation arising with a reflectivity of ~0.8 
under the given conditions.  
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Figure 2: Numerical simulations of the dependence of Raman signal on 
the depth of its origin within a bare tablet and tablets with signal 
enhancing photon diode applied to the laser illumination side (a depth 
of 0 mm corresponds to the laser illumination side of tablet). The 
reflectivity (R) of the photon diode is indicated next to the curves. 

Experimental Results 

The dependence of the Raman signal on depth was also 
investigated experimentally for two key scenarios; with the 
signal enhancing photon diode and for a bare tablet. In these 
experiments a stack of eight 0.5 mm discs of microcrystalline 
cellulose (MCC) was used with a thin PET foil doped with TiO2 
inserted at different depths. For practical reasons the 
experimental demonstration was performed under somewhat 
different conditions from the previous simulations, with a 
thinner overall tablet thickness and using a different laser beam 
diameter from that of the Raman collection area. To permit the 
direct comparison between the experiment and theory the 
numerical simulations were repeated using the same parameters 
as those in the experiments. In these Monte Carlo simulations 
the laser beam illumination zone diameter was assumed to be 2 
mm and the Raman collection diameter was 6 mm. The overall 
tablet thickness was 4 mm subdivided into 8 layers (each 0.5 
mm thick) and tablet diameter 13 mm.  

The results of the simulation are shown alongside the 
experimental results in Figure 3 showing the dependence of the 
PET foil TRS signal on its depth within the stacked tablet. In 
regard to the bare tablet, it is evident that the main features of 
the simulated profile were qualitatively reproduced 
experimentally: the bias towards the centre of the tablet, the 
symmetry of the curve, the presence of a flatter region in the 
central part of sample, and a steeper drop near the air-to-sample 
interfaces. In terms of notable differences, the experimental 
curve exhibits a somewhat shallower response compared with 
the theoretical one. The depth dependence is contained with 
50% of the maximum for the experimental curve whereas the 
theoretical curve shows more prominent drop off towards the 
edges of tablet. The reason for this discrepancy is not fully clear 
but is likely to be due to a simplified nature of the model and 
assumptions made that do not faithfully reproduce all the 
features of experiment. In practical terms the shallower curve 
that is present in real situations is naturally beneficial to 
quantitative volumetric sampling, as it provides larger 
insensitivity to the depth and consequently facilitates more 
uniform averaging of signals across the tablet volume. 
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Figure 3: Comparison of (a) experimental and (b) numerical 
dependences of Raman signal on the depth of its origin within a bare 
tablet and a tablet with an enhancing element applied to the laser 
incident side. 

Figure 3 also illustrated the effect of the photon diode element 
on the depth dependence profile. The numerical simulations 
assumed a photon diode reflectivity of R=0.9. The results of 
both the experiment and numerical simulations indicate the 
presence of enhancement that is larger on the laser incident side 
of the sample where the optical element is present. Somewhat 
smaller overall enhancement was yielded by the model than that 
observed experimentally implying again an imperfect match 
between the model and the experiment. Both the numerical and 
experimental results also provide evidence of the formation of a 
flatter response between the middle point and the photon diode 
part of the sample. As in the case of a bare tablet above, a 
notably flatter response was present in the experimental results 
compared with the numerical simulations.  

Conclusions 

The numerical simulations confirm the presence of a moderate 
bias of the transmission Raman signal towards the centre of the 
tablet. The deployment of a signal enhancing photon diode is 
shown to have a dual benefit: it enhances the Raman signal and 
its signal to noise ratio overall as well as providing an ability to 
control the flatness of the depth dependence curve. With 
appropriately optimised reflectivity, one can produce a 
considerably flatter depth response curve than that present for a 
bare tablet. This property can be used to provide more uniform 
signal averaging across the tablet volume contributing to a 
higher accuracy of volumetric quantification. This is 
particularly beneficial when highly heterogeneous samples are 
used. These findings were also substantiated experimentally on 

a segmented tablet by inserting a PET film at different depths 
and monitoring its signal strength relative to the overall 
transmission Raman signal from the tablet matrix as a function 
of its depth.  

It should be noted that in most studies the observed signal 
dependence on depth, which is of a moderate magnitude, will 
not have a major practical bearing on the quantification of 
pharmaceutical formulations apart from special cases such as 
with two-layer tablets or extremely heterogeneous formulations 
(e.g. tablets with lumps of active ingredients or excipients). In 
such cases the deployment of a signal enhancing photon diode 
may be required to control the uniformity of the signal depth 
response curve. 
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Introduction 
Laser tweezers provide precise control of microscopic 

particles with applications in several scientific disciplines 
particularly in the life sciences where processes that occur at the 
cellular level in liquid environments can be investigated.  
Extremely small forces (< 10-12 N) can be detected by 
measuring the motion of the controlled particles, but this motion 
is disturbed by thermally-generated collisions with other 
particles (known as Brownian motion).   

We report a feedback control system that reduced these 
unwanted perturbations in 6 particles by tracking their positions 
to nanometre accuracy and by adjusting the laser tweezers 
position accordingly to restore the particles to their desired 
positions.  The system described here used high speed 
electronics (a field programmable gate array or FPGA) that was 
developed in collaboration with the STFC Technology 
department to perform tasks such as imaging, position 
measurement and laser control.  
 
Position measurement and laser control 

The laser tweezers apparatus (see Figure 1) included a 
microscope with an objective lens (x60 magnification, 
numerical aperture 1.2) that focused an infra-red, continuous-
wave laser beam to control the microscopic particles.  Up to six 
microscopic spheres were controlled by scanning the laser beam 
rapidly at > 10 kHz between positions using an acousto-optic 
deflector (AOD).   
 

 
Figure 1. Diagram of laser tweezer and imaging apparatus 

 
The positions of the microscopic spheres were measured 

using visible light (from the microscope lamp) and imaged on to 
an active pixel sensor [1], which generated images of the 
spheres at a rate of 14 k frames / second.  The FPGA controlled 
the active pixel sensor, processed the sensor images to find the 
position of the spheres and adjusted the position of the tweezing 
laser beam via the AOD. 
 
Control system 

The control system used a feedback loop that was 
performed by the FPGA (shown in Figure 2) where changes in 

sphere position (x
B
) caused by unwanted Brownian motion were 

compensated by repositioning the laser beam (x
T
) to exert a 

greater force to restore the spheres back to a set-point.  The 
magnitude of the trap repositioning was controlled by a gain 
value (k).  At each stage of the loop, the same operation was 
performed for all six spheres.  The total time delay from image 
acquisition to trap reposition was 140 µs, with the FPGA 
electronics providing the necessary speed and synchronisation 
of the loop.  This speed enabled subsequent experiments that 
measured forces at sub-millisecond timescales. 

 

 
Figure 2 Diagram of the feedback loop within the control 

system. 
 
Results 

The feedback control system was applied to reduce the 
unwanted position variation in an optically-controlled 
microsphere (with 5µm diameter) by 60 %, as shown in Figure 
3.  

 
Figure 3.  Scatter plots of microsphere position showing 

when feedback control system is off (left) and when 
feedback control system is on (right) which reduced 
the position variance of  the microsphere by 60 %  

 
Fourier analysis of the microsphere’s position showed that 

the feedback control system acted to reduce disturbances that 
occurred within a time scale of 10 ms.  This was limited by the 
hydro-dynamic response time of the microsphere to movement 
in the laser tweezers position, and could be improved by using 
smaller microspheres with a shorter response time. 
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Introduction 

The move of the Molecular Structure and Dynamics, MSD, 
Group to the Research Complex at Harwell was completed 
successfully in November 2010.  The ULTRA laser facilities 
are now housed in purpose designed laser and experimental 
stations with access to the shared facilities within the RCaH.   
This has increased facility capability in supporting high quality 
science, new facility developments, cross-campus research and 
collaborative experiments with resident RCaH research groups.    

MSD Facilities 

Figure 1 shows the new layout of the MSD facilities. A cluster 
of lasers lie at the heart. These are housed in two laser areas, 
G44 and G48.  Light from any of the lasers in the cluster can be 
directed into four experimental stations. These are in turn,  

IR Station (G53) - with time resolved infrared and ultrafast two 
dimensional IR spectroscopy facilities.  

Raman Station (G49) - with time resolved Resonance Raman 
and femtosecond stimulated Raman spectroscopy facilities. 

R&D station (G47) – with capacity to develop microscopy and 
spectroscopy facilities.  

Cross-Campus R&D Station (G45) - housing Optical 
Tweezers, Raman microscope and ultrafast capabilities for 
support of Cross-Campus Activities. 

RAMAN STATION

R&D STATION

CROSS-CAMPUS  R&D 
STATION

Time resolved IR  and 2DIR  
Spectroscopy

Kerr-Gated Raman and 
femtosecond Stimulated 
Raman

DIAMOND X-RAY FACILITY
SPACE SCIENCE

IR STATION

ULTRA  LASERS

G44

G48

G53
G49

G47

G45

The scientific operations are also supported by two 
workstations, G52 and G46 that interconnect to the 
experimental stations, biochemical and chemical preparation 
laboratories (G40 and G41) and the Diagnostic Laboratory with 
Fourier Transform Infrared (FTIR), UV to near infrared and 
fluorescence spectrometers.   

 

 

The lasers 

The cluster of lasers provides tremendous flexibility in 
approach allowing the spectroscopic techniques to be tailored to 
the experimental problems by using multiple beam 
configurations.  The 10 kHz ULTRA system in G44 is at the 
core.  This is a dual synchronized 10 kHz laser system1  with 4 
(or more) simultaneous picosecond and femtosecond optical 
parametric amplifier outputs tunable from the UV to mid IR.  
G44 also houses 10 kHz (& 10 Hz) nanosecond lasers that 
synchronise to the 10 kHz laser providing access to the 
nanosecond to microsecond time domain.  This capability 
allows us to track molecular reactions from femtosecond 
timescales right through to microsecond timescales using 
ULTRA’s very sensitive spectroscopic techniques and, 
importantly, under the same instrumental conditions2.  In G48, 
but sitting on the same optical bench as the 10 kHz lasers, is a1 
kHz high energy picosecond laser with 2 independent optical 
parametric amplifiers with UV to IR tunability.  This, in the 
coming months, will synchronise to the 10 kHz laser to provide 
a 1 kHz laser pump pulse to initiate a reaction and to then probe 
the progress of the reaction using the 10 kHz light in a pump-
probe-probe-probe…. configuration we call time resolved 
multiple probe spectroscopy (TRMPS).    In this way we can 
probe reactions using ultrafast non-linear spectroscopy 
techniques from picosecond to millisecond timescales.      

The Infrared Station  

The IR station provides the state of the art in time resolved 
infrared spectroscopy and 2 options for ultrafast two 
dimensional IR spectroscopy.  The spectrometer covers over 3 
times greater spectral width and has 10 times faster acquisition 
than previous instruments of this type.  Therefore, spectra that 
would have taken days to acquire now take minutes.  This has 
opened up the techniques for the study of samples that have 
very weak signals.  For example, as is typical for bio-molecular 
studies and on the studies of short lived intermediate states of 
molecular species that are present in low yield in the sample.  
Examples of the work carried out in this laboratory can be 
found in references and articles within this Annual Report. 

Time Resolved IR spectroscopy (TRIR) - The nuclei in 
molecules are linked by bonds and every molecule has 
characteristic vibrations that are related to the strength of these 
bonds and the masses of the nuclei involved.  The vibrations 
have energies that match the infrared region of the 
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electromagnetic spectrum and therefore IR light can probe them 
by measuring changes in the infrared light as it interacts with 
the molecules and from this one obtains information on the 
structure and dynamics of molecules as they react.  The basic 
principle of  TRIR (and 2DIR) is to measure changes in the 
intensity of a pulsed femtosecond IR beam as it passes through 
a sample after it has been excited (pumped) by one (or more) 
ultrashort light pulses timed with respect to the probe to 
accuracies of a few femtoseconds.   The excitation may be with 
high energy photons (UV to near IR) to send molecules into 
excited electronic states or with low energy photons (IR) to 
excite vibrational states.  The time evolution of the reaction is 
tracked by changing the relative timing between the pump beam 
(or beams) and the IR probe beam to generate a set of spectra at 
different time delays, this is called pump-probe spectroscopy.  
The IR spectra generated in this way contain a rich source of 
information on not only structure, but on the electronic state of 
a molecule and on how it is interacting with its environment, ie 
neighbouring molecules in condensed phase.  Currently the 
TRIR and 2DIR instruments are able to cover a spectral energy 
range from 1200 cm-1 to 4000 cm-1 wavenumbers (8333 nm to 
2500 nm) in spectral windows of 500 cm-1.  The range between 
1200 cm-1 to 1700 cm-1 wavenumbers is within the so called 
fingerprint region of the IR spectrum and for most organic 
molecular species carries the most spectral information.  As an 
example of the technique Fig. 3 shows the TRIR spectra of 
phenylbenzophenone dissolved in ethanol.  

Phenylbenzophenone molecules in the solution are excited by 
266 nm light into an excited state (singlet ππ∗) which then 
relaxes to a new state (triplet ππ∗) within 10 ps.  The spectra are 
displayed as difference spectra, ie the difference in transmission 
of the probe when the sample is not pumped and when it is 
pumped.  In addition to the positive signals created by the 
appearance of the triplet and singlet states there also appears 

Ground state

ππ* singlet

ππ* Triplet

<10 ps

negative signals due to the removal of molecules from the initial 
ground state.  Therefore, in this set of TRIR spectra we can 
track the population dynamics of 3 molecular states at once, the 
ground, singlet and triplet.  It can be seen that there are large 
changes in the positions of the vibrational modes on excitation. 
For example the ground state mode at 1650 cm-1 due to the 
carbon to oxygen (C=O) vibrational mode appears to have 
shifted down to 1520 cm-1 in the triplet state.  This has also 
been observed using time resolved Raman spectroscopy by 
other groups.   

In order to improve signal to noise we pump the sample at 5000 
kHz (on alternate probe laser pulses) and in this way we sample 
well above the frequency of unwanted noise signals from 

laboratory sources, such as 50 and 100 Hz electrical supply 
noise and optical table vibrations.     

Ultrafast 2DIR - As the name suggests ultrafast 2DIR 
spectroscopy adds another dimension to IR spectroscopy.  
Conventional TRIR and IR spectroscopy has its limitations.   
For example we observe static features and changes in the 
shapes of vibrational spectral lines that cannot be interpreted 
with conventional infrared spectroscopy.  These features may 
be due to processes such as inhomogeneous broadening that 
occurs when molecules find themselves in different local 
environments, molecular cooling processes or the influence that 
one vibrational mode within the molecule has on another, in 
other words vibrational mode coupling.  These processes are 
extremely important in defining the dynamic (reactive) 
properties of molecules.  For example vibrational mode 
coupling is the process that allows energy to flow within and 
between molecules.  Ultrafast 2DIR spectroscopy provides a 
means to probe mode coupling directly and to observe 
vibrational energy exchange within the molecule and from the 
molecule to neighbouring molecules.  Currently we use two (of 
many possible) 2DIR techniques.  The first uses a picosecond 
IR light tuned to excite specific vibrational resonances within 
the molecules under study.  Then with the broadband 
femtosecond probe pulse we probe many modes within the 
molecule to observe how the picosecond excitation of specific 
modes effect others as a function of time delay between the IR 
pump and probe.  Other modes that are coupled or receive 
energy from the excited mode will be observed through changes 
in the transmission of the probe beam at the positions of the 
vibrational modes frequencies, so called off-diagonal signals.  
The wavelength of the IR excitation beam is then scanned to 
generate a 2D picture of how all the modes interact with each 
other.  By collecting 2DIR spectra at a range of time delays a 
kinetic picture of the vibrational relaxations and couplings can 
be produced.  In this way we have been able to monitor the 
mode coupling and vibrational relaxation of transient molecular 
species created on the ULTRA system.3  The second technique 
currently being commissioned is IR photon echo that measures  
interferences between the probe and coherent signals induced in 
the sample by two interfering  pump beams.  This technique 
uses three IR pulses of <100 fs femtosecond pulse duration.  
This, while technically more challenging than the picosecond 
pump method has the advantage that it has faster time resolution 
and is therefore able to track faster energy exchange processes 
such as those known to occur in biomolecular systems.  A 
report on this work can be found in this annual report.           

The Raman Station.  

The time resolved Resonance Raman and femtosecond 
stimulated Raman spectroscopy facilities are currently being re-
commissioned within the RCaH and the first scheduled 
experiments using fs-stimulated Raman spectroscopy have 
begun. Time resolved Raman spectroscopy is the 
complementary technique to infrared spectroscopy.  Its main 
advantages over time resolved infrared spectroscopy is 1)that it 
can probe specific electronic states of molecules using 
enhancements in signals that occur when the Raman excitation 
laser wavelength is tuned on to (ie resonant) with an electronic 
state of the molecule.  This provides a means to choose which 
reactive molecular species to probe during a reaction by tuning 
the Raman excitation wavelength.  2) that it can cover a very 
broad vibrational energy range from  200 cm-1 (low frequency 
molecular vibrations such as bends and twists) to 3000 cm-1 the 
stretch vibrations of strong molecular bonds a range not 
possible with current IR technology. 3) that it does not suffer 
from absorption of the probe light by the solvent which is often 
a great obstacle to TRIR spectroscopy.  

However, a major obstacle to Raman spectroscopy is that the 
Raman signals are usually feeble (a few photons per second per 
vibrational mode).  This when combined with the fact that 



 

samples often fluoresce strongly (at the thousands of photons 
per second level) creates a serious limitation to the application 
of the technique.  We have two techniques to counteract this 
problem.  We developed the first which is the Kerr Gated 
Raman method.4  Here a 4 ps optical gate picks out the Raman 
signal and suppresses the fluorescence signal by up to 10,000 
times. The figure below shows with and without Kerr gated 
Raman of a petroleum fuel showing almost complete 
suppression of the fluorescence signal that swamps the Raman 
signal underneath.  
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The second method is the fs-stimulated Raman technique that 
uses a coherent interaction between two beams (a narrow band 
picosecond pulse (~2 ps, 12 cm-1 bandwidth) and a broadband 
femtosecond pulse (<100 fs, >6000 cm-1)) and the molecules 
under study.  The Raman signal appears as a small loss or gain 
signal that sit on top of the broadband pulse spectrum at 
positions of the Raman active modes of the sample.  In principle 
the signals are detected in the same way as those for TRIR but 
using UV to near IR sensitive detectors instead of IR detectors. 
By modulating the picosecond pulse (Raman pump pulse) at 5 
kHz we can see very small spectral changes in the 10 kHz 
femtosecond probe pulse at the 1 part in 105 level. Since the 
intensity of the femtosecond probe pulse is well above that of 
the ambient fluorescence signals it is possible to generate 
Raman spectra from even the most intensely fluorescent 
samples. The tunability of the picosecond system allows us to 
select which Raman pump wavelength to excite at to take 
advantage of resonance enhancement or to minimize 
background signals.   

R&D station  

The R&D station is available to support facility developments, 
new techniques, RCaH and cross-campus research and to test 
feasibility for future new scientific experiments. Any of the 
beams in G44 and G48 may be made available in this area, 
which also houses a microscope.   

Cross-Campus R&D Station  

There is an “optical bridge” between this laboratory and the 
G48 laser areas that will enable any one (or two) beams in G44 
and G48 to be delivered to this area.  It is envisaged that this 
will support cross-campus activities which would benefit from 
combined optical tweezers, microscope and ultrafast lasers.  For 
example in probing fast chemical processes in water droplets or 
as optical manipulation tools, or to trigger crystal formation. 
More details on the science and developments in this station can 
be found in this annual report. 

Time Resolved Multiple Probe Spectroscopy (TRMPS) 

The re-siting of the ultrafast laser facilities in the RCaH has 
enabled a new facility development TRMPS funded through an 
STFC Facility Development grant.  The aim of this project is to 
use the high energy 1 kHz laser in conjunction with the 10 kHz 
lasers to probe reactions from the earliest picosecond molecular 
dynamics and to track the progress of the reaction right out into 
the millisecond timescales.  In this way we will see the earliest 
fast intramolecular dynamics of the molecules as they begin to 
react as well as the later evolution of the reaction involving, for 
example, large scale molecular structural changes, such as 
protein folding, or the diffusion of reactant species within 

solution prior to undergoing further reactions.   The complex 
timing control methods are currently being developed for this in 
collaboration with the STFC Technology Department.  
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Conclusions 

The MSD has a cluster of lasers that create highly flexible light 
sources for the development and application of advanced 
vibrational spectroscopy techniques.  This supports a wide 
range of interdisciplinary science programs within the UK and 
Europe and within the Research Complex at Harwell, 
underpinning its remit to encourage research projects utilizing 
the large scale facilities available on the Oxford and Harwell 
Campus.   
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Introduction 
The relocation of the Lasers for Science Facility (LSF) to the 
Research Complex at Harwell (RC@H) has seen an increase in 
the number of collaborations and projects that are running 
across multiple STFC facilities and Diamond Light Source. The 
science is largely of a multi-disciplinary nature and typically 
focuses on cross-cutting themes rather than specific facility 
techniques. As such, the topics are aligned with the scientific 
challenges addressed by the STFC Futures programme. A 
review of the current cross-Facility projects are briefly 
discussed here with reference made to the principal contacts 
should more detail be required. 

The scope of activities falls into two general areas. The first 
consists of campus based scientists who have teamed up with 
the intention of extending the technical capability of their 
facilities and therefore allow new science to be performed. The 
second category involves academics who wish to utilize 
expertise and techniques of the LSF in combination with other 
facilities in a complementary approach to addressing their 
specific research needs. 

 
Diamond I24: Optical loading of micro-crystals for X-ray 
diffraction studies.  
Armin Wagner (DLS), Andy Ward (CLF), Bob Stevens (MNTC)  
The collaboration includes the LSF, Diamond Light Source and 
STFC Micro and Nano Technology Centre, together with Zeiss 
Microimaging. The team have been granted beam time at the 
laser tweezers facilities in the LSF, Diamond beamline I24 and 
been funded by an STFC Innovations Proof-of-Concept grant to 
enable custom manufacture of novel micromesh designs. 
The scientific challenge is to make X-ray diffraction studies on 
protein micro-crystals more accessible.  Proteins can be difficult 
to crystallize and occasionally only micro-crystals are produced 
i.e. crystals with a size range between 1 and 10 microns.  
Crystals at the larger end of this distribution are still useful for 
obtaining X-ray diffraction data but are scarce and difficult to 
handle. 

 
  
Figure 1. An optically 
loaded protein crystals (size 
approx. 10 microns) 
positioned onto fiber coated 
micromeshes of 50 micron 
aperture. 

 
The research team used an optical trapping process for selecting 
specific protein crystals; capturing and then manipulating the 
crystal on to a custom micromesh (see Figure 1). The optical 
trap uses a tightly focused laser beam to create a balance 
between the scattering and refractive forces acting on the 
crystal. The overall force was sufficient to move the crystal at 
velocities in excess of 200 microns per second. To simplify the 
mounting process an electro-spun fiber was coated on the 

micromesh which also enabled the crystals to remain in place 
during cryogenic freezing of the mesh in liquid nitrogen. 
The first results were obtained from polyhedra crystals where 
the laser tweezers enabled the selection of crystals with 
dimensions larger than 8 microns. Reflections could be 
observed up to 1.2 Å (see Figure 2) and a complete data set up 
to 1.5 Å was obtained in an afternoon from in total 6 crystals. 
Initial indications are that even prolonged laser trapping with a 
50 mW, 1064 nm beam has no discernable effect on the protein 
crystal. 
 

 
Figure 2. X-ray scattering data from an optically loaded crystal 
using the I24 beamline 
The benefit from a facility perspective is that a process is now 
in place for mounting small crystals and obtaining datasets on 
I24 in hours rather than over months. 
 
Diamond B23: Protein Folding 
Robert Freedman (University of Warwick), Dave Clarke (CLF) 
Producing a model for Protein disulphideisomerase (PDI) 
activity within cells requires a spectrum of advanced imaging 
techniques.  PDI is the key element of the machinery which 
ensures correct and efficient folding of proteins exported by 
cells. These exported proteins include hormones, antibodies, 
growth factors and blood-clotting proteins and many of them 
are now being developed as protein pharmaceuticals. 

The researchers are combining single molecule fluorescence 
resonance energy transfer (FRET) data from the LSF Octopus 
Cluster with the high sensitivity of synchrotron radiation 
circular dichroism on beamline B23. The collaboration has 
enabled measurement of intra-molecular distance distributions 
within the protein folding catalyst in comparison to the 
dynamics of conformational changes occurring during enzyme-
substrate interactions. The clear benefit from multi-facility 
access is that complementary structural and dynamic 

Contact  andy.ward@stfc.ac.uk 



information on the same system can be used to build a detailed 
picture of PDI activity. 

Diamond I22: A dual-beam laser trap for detailed X-ray 
studies in biology 

Nick Terrill (DLS), Jen Hiller (DLS), Andy Ward (CLF) 
An STFC Facility Development grant (ST/F001746/1) has 
funded the Central Laser Facility and Diamond Light Source to 
collaborate on the construction of a long working-distance dual-
beam counter-propagating optical trap for the I22 microfocus 
end station.  By extending the optical trapping field to several 
millimetres from the nearest lens the research team has opened 
the possibility for using optical manipulation as a complex 
sample handling and alignment tool for X-ray scattering studies. 

The concept is to use two aligned microscope objective lenses 
to focus counter-propagating laser beams and generate an 
optical trapping field, which operates through opposed 
scattering forces, at a working distance of 17 mm. The 
equipment has been integrated into the microfocus end station 
on beamline I22 at Diamond Light Source which uses a focused 
X-ray beam approximately 10 microns in size to generate small 
angle X-ray scattering (SAXS). The optical trap holds and 
aligns objects such as single cells and macromolecule, into the 
X-ray beam. Figure 3 illustrates the results from the first test 
run in where data was obtained from an optically trapped zeolite 
sample.  

 
 

Figure 3. (Left) Image of trapped 9 micron bead from the 
perspective of the in-line microscope on the I22 beam line. A 
filter has been removed to allow the object to scattering laser 
light into the camera. (Right). An X-ray scattering pattern from 
the zeolite particle. 
 
Diamond B16 and I15: Determination of the biological 
Bragg peak 

Fred Currell (Queens University Belfast), Stan Botchway 
(CLF),  
Advanced imaging techniques are central to this cross-Facility 
programme using a combination of confocal, multiphoton and 
FLIM microscopy, X-ray irradiation of samples on Diamond 
Beamlines B16 and I15, and cell culture work in the RC@H. 
The concept is based on the ability of high atomic number (Z) 
materials, such as gold, to preferentially absorb kilovoltage X-
rays compared to soft tissue.  By controlling uptake of gold 
nanoparticles in cells it may be possible to achieve local dose 
enhancement in tumours during treatment with ionizing 
radiation. There is a need for extensive characterization of the 
responses to gold nanoparticles when assessing dose enhancing 
potential in cancer therapy. These complementary studies are 
increasing the understanding of how to enhance radiation 
effectiveness for radiotherapy with nano-Gold and also giving 
the first measurements related to the biological Bragg peak in 
living matter, something of central importance to radiation 
physics and biology. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Confocal microscope image showing MDA-MB-231 
breast cancer cells irradiated at Diamond Beam line B16, after 
doping with gold nanoparticles. The green shows the gold, 
imaged using multiphoton FLIM. The blue shows the nuclei and 
the magenta shows DNA damage resulting from radiation, 
taking using immunofluorescence confocal microscopy. 

 
Diamond B24: Selective damage in protein crystals 
Frank von Delft (Oxford), Robin Owen (DLS), Danny Axford 
(DLS), Mike Towrie (CLF), Andy Ward (CLF) 
Damaging protein crystals, using an ultraviolet laser beam, may 
enable in-situ structural changes (phasing) in a crystal to be 
revealed through differences in X-ray diffraction. Phasing is 
significant because it can be used to complement diffraction 
intensities and build more complete structural datasets. 

A short study was performed using a 266 nm laser installed into 
the experimental hutch of beamline I24. The researchers were 
interested in selective damaging of C-S bonds in protein 
crystals using UV irradiation of crystals of 8 different proteins. 
In certain crystals sulphur atoms did indeed disappear 
observably fast, but equally significant, was the observation that 
UV light also induced general decay of diffraction very similar 
to that induced by X-rays, (Figure 5). 

Figure 5: Damage effects of 266 nm laser light on crystals and 
diffraction. (a) Difference electron density showing 
disappearance (red mesh) of sulphur (green sphere) and other 
atoms in a crystal of CECR2 after 33min of UV exposure. (b) 
Significant overall loss of diffraction in a crystal of LCN15 
induced by X-rays (red) and 266nm laser (blue). X-axis is dose 
in nominal units (10min UV). (c) Difference density of LCN15 
after 42min UV, showing no specific damage, due to noise of 
general damage.  

These initial studies provided interesting results and sufficient 
data to support an application for more beamtime at the LSF 
 
 
 



 
CLF High Power: LIBRA target levitation 

Dave Neely (CLF), Martin Tolley (CLF), Andy Ward (CLF) 

An EPSRC Basic Technology grant entitled Laser Induced 
Beams of Radiation and their Application (LIBRA) has enabled 
collaboration between High Power Lasers and the LSF in the 
area of target manipulation. The targetry work package of 
LIBRA aims to levitate micron-scale targets, under vacuum, 
using photonic forces from lasers. Targets can then be 
manipulated with micron accuracy into the beam path of a high 
power laser for ion-beam production. In practice, this requires 
the construction of an optical trap inside a vacuum chamber (see 
Figure 6) 

             

 
                                                    

 

Figure 6: The vacuum chamber and diagnostics. Monitors on 
the far left show a trapped droplet (top) and the laser focal 
profile (bottom)  

To date we have successfully delivered and held a microscopic 
liquid droplet in the centre of a vacuum interaction chamber at 5 
mbar using focused 1064 nm laser light to levitate the droplet. 
Droplets can be held to a precision of 1 micron making the laser 
levitation method suitable for co-alignment with a second 
“drive” laser. 
 
Conclusions 
There are a range of projects within the LSF that now have a 
common theme of using multiple facilities across the Harwell 
Campus. Further programmes, based on the award of NERC 
funded PhD studentships to use ISIS and Diamond, are being 
planned. In addition, the Research Complex at Harwell 
accommodates EPSRC funded residents who are keen to use 
STFC facilities. The LSF is active in encouraging the 
development of laser based techniques to enhance facilities and 
deliver new science and are receptive to any new lines of 
enquiry.   
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Introduction 
On the Vulcan facility, laser diagnostics are of paramount 
importance to ensure the correct performance of the laser and 
provide laser parameters to the user groups. Vulcan 10PW will 
require a more sophisticated version of the Vulcan diagnostics 
as the pulse length is much shorter, 30fs, with 300J of energy 
and a higher repetition rate, 10 minutes [1]. 

B-Integral 
The B-integral through the back of the sample mirror (figure 3) 
is 12.2, calculated using equation 1[2], where λ is the central 
wavelength of the pulse and n2 is the nonlinear refractive index 
of the propagation material. 

     1 

Full Size Diagnostics 
The full size diagnostics are mainly concerned with the spatial 
characteristics of the beam. After compression the beam is 
600mm square and 30fs pulse length. Although the B integral is 
not critical for the integrity of the beam on these diagnostics, 
self focusing can cause issues with near field (NF) and far field 
(FF) measurements. We require the image plane of the 2nd 
grating to be relayed on to the NF diagnostics. Figure 2 shows 
the full size diagnostic channel is taken from a leak from the 
back of a mirror after the last grating in the compressor. An F3 
parabola telescope will be used to collect the beam and reduce 
the beam size to 100mm square. As the leak from the sample 
mirror is expected to be about 1% and the beam is reduced by 
the 6:1 telescope the beam fluence will be about 0.04Jcm-2. A 
glass dumper will be used to reduce the fluence to 0.0004Jcm-2, 
shown in figure 3. The beam is then image relayed to the 
diagnostics table through a vacuum pipe. 

 
Figure 1: Sketch showing part of the compression chamber after 
the last grating, which houses the short pulse diagnostics channel. 

Short Pulse Diagnostics 
The B-integral through the back of the sample mirror will 
destroy any temporal information about the pulse. It is planned 
to take a sample of the beam through a hole drilled in the 
sample mirror. The energy in this line is expected to be 3-4J and 
the beam will be split into a high and low energy lines using a 
glass plate dumper, see figure 3. The high energy line will be 
for CW alignment and low energy operation. The low energy 
line will be for the on shot diagnostics. It is planned to deliver 
both high and low energy lines to the diagnostics table via the 
relay pipe under vacuum. The on shot energy line will have to 
be relayed using a parabolic mirror telescope, as the B-integral 
through lenses is greater than 1 which is still too high. 

The short pulse diagnostics table will include spectral phase 
diagnostics, in the form of a single shot SPIDER, this device 
has been tested at the CLF [3] and a single shot autocorrelator. 
The contrast will be measured using a fast diode protected by a 
water cell, for the ns contrast and a single shot 3rd order cross 
correlator for the close in ps contrast. Spectrum, NF and FF 
pointing references will also be measured. 

 
Figure 2: Sketch of the short pulse and full size diagnostics beam 
lines in the compressor chamber. 

Diagnostics development 
Devices such as the single shot spider and single shot 3rd order 
cross correlator are currently not used on the existing 
diagnostics on the Vulcan laser. It is planned to develop a single 
shot 3rd order device in the next year based upon other 
demonstrated devices [4]. 

Using the Vulcan laser as an example, it is planned to 
standardise the diagnostics, allowing for ease in component 
replacement, alignment and greater modularity. Standard beam 
heights, beam sizes and diagnostics components will be used as 
well as similar dumpers to deal with high energy operation. It is 
also planned to design devices that fit on 600mm x 300mm 
breadboards, allowing them to be slotted into bays. 

Conclusions 
In this article we present a possible layout for the short pulse 
diagnostics on the Vulcan 10PW laser. We also describe some 
of the issues that arise from trying to diagnose a high power, 
300J, short pulse, 30fs pulse. 
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Introduction 
Future ultra short high power laser systems, such as the 
proposed the Vulcan 10PW upgrade, will require optical 
systems designed to handle growing bandwidth requirements of 
short pulses. The Vulcan 10PW laser is specified to operate 
300J in 30fs and requires a bandwidth of 150nm centered at 
910nm. To reduce the fluence of the laser, the beam 
propagation requires large aperture optics. In order to achieve 
best compression of the beam, the wavefront quality must be 
better than λ/10 peak to valley (P-V), across the bandwidth. 

Layout and Description 
The proposed optical system must propagate the laser beam 
from an intermediate stage at 28mm square clear aperture (CA) 
through 2 OPCPA (Optical Parametric Chirped Pulse 
Amplification) amplification stages, 200mm square CA, and be 
delivered to the compressor chamber at 600mm square CA.. Fig 
1 shows the propagation through the OPCPA amplification 
stages, using lenses to expand and image relay the beam. There 
is an intermediate stage at 67mm square CA to reduce the 
power of the expanding vacuum spatial filters (VSF) and also 
include the addition of a deformable mirror for further 
wavefront correction. The VSFs are capped with fused silica 
lenses, unless specified. 

 
Fig 1: Simplified layout of the beam propagation system through 
the OPCPA amplification stages. Letters A to G denote lens 
positions. 
The modeling of the optical systems was done using Zemax 1. 
The wavefront quality was controlled by optimising the beam 
divergence at the input faces of the two DKDP crystals and at 
the output of the optical system. The beam was sampled at 
equally spaced points across the pupil and at 5 wave bands over 
170nm bandwidth centered at 910nm, this was to guarantee 
performance over 150nm bandwidth. It should be noted that the 
choice of glass types is fairly limited at large aperture 2. 
Ghosting 
Ghosting is caused by multiple reflections from surfaces 
propagating through the system causing unexpected foci that 
might damage optics. Although reflections can be minimised 
using thin film coatings, propagating ghost energy can be as 
high as 4J. A simple spreadsheet was created for each solution 
to calculate the positions of ghost foci from to 3 reflections. If 
the position of foci were in or near to any optic, Zemax was 
used to calculate the size of the focal spot to ascertain any 
possible impact. 
Doublet Solution 
Referring to fig. 1, there are identical fused silica CaF2 doublets 
at D, E and F, the VSF between the two DKDP crystals is 
symmetrical. There is a F2 fused silica doublet at position G. 
Fig. 2 shows the optical path difference (OPD) plot across the 

pupil. The maximum chromatic aberration between 825nm and 
995nm is λ/10, so over the 150nm bandwidth <λ/10. Higher 
order spherical is the predominant aberration due to the 
spherical nature of the lenses. The collimation at both crystal 
surfaces was 0.05mrad. It is important that the wavefront at the 
crystal is as flat as possible for the phase matching in the 
OPCPA amplification. 

 
Fig 2: Zemax OPD across the pupil at the output of the optical 
system for the doublet solution over 170nm. 

Mixed Lens and Parabola Solution 
Referring to fig. 1 there are aspheric fused silica lens and off 
axis parabolas (OAPs) at positions D and F to recollimate the 
beam. The VSF lenses at B and E are BK7. Fig. 3 shows the 
chromatic aberration to be better than <λ/50, which is 
diffraction limited and the beam divergence of 0.0004mrad on 
the crystal surfaces over 300nm. Higher order spherical 
aberration is visible, due to the spherical nature of the lenses. 

 
Fig 3: Zemax OPD across the pupil at the output of the optical 
system for the parabola solution over 300nm. 

Conclusions 
Here we have modeled two different approaches for an optical 
system to propagate a 150nm chirped pulse through large 
aperture OPCPA amplification stages. Both systems fulfill 
wavefront requirements for the propagation through the DKDP 
crystals and delivery to the compressor. The doublet system 
shows a good performance, <λ/10 over 150nm, with low beam 
divergence, 0.05mrad, at the crystal surfaces. The parabola 
solution is diffraction limited. Both exhibit higher order 
spherical aberration.  
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Introduction 
The 10PW project requires to be able to provide laser pulses 
shorter than 30fs[1]. To enable the design of the compressor and 
the amplification chain it is crucial to define the stability 
requirement for the optics and the alignment. It is also 
important to understand which parameters will have an impact 
on the pulse length and, more in general, on the final 
specification of the facility. 

Spectral shape 
It is important to ensure that the 30 fs specification can be met 
using the OPCPA amplification architecture chosen.  The 
broadband seed generated in the Front End will have a 150nm 
bandwidth, 1 J of energy. In the large OPCPA amplification 
stages the pulse needs to be amplified further to 500 J whilst 
preserving all the bandwidth, this is critical to achieve a short 
pulse. 

There are several important parameters that will dictate what 
the final pulse length will be. These key parameters are: pulse 
bandwidth and spectral shape, stretcher and compressor design, 
chromatic aberration, wavefront, grating surface quality, the B 
integral and alignment errors. 

The stretched pulse length has been set to 3 ns with a 150nm of 
bandwidth. The spectral shape of the pulse prior to compression 
is critical in the compression process.  Two different spectral 
shapes were considered as shown in fig. 1. The first one has a 
square temporal profile, labeled as  “full”, and uses  all the 
available bandwidth while the second one, labeled “optimal” 
(“opt”), has a smaller FWHM but  still using the same spectral 
region. 
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Figure 1: Spectral  pulse shapes 

The spectral shape of the second pulse was generated in order to 
minimize the second momentum in time σ, defined as: 

 
where I(t) is the intensity of the pulse at time t, forcing the 
spectrum of the pulse to remain in the available bandwidth. The 
pulselength obtained with this spectral shape is shown in fig. 2 
left and compared to the pulse obtained by using the ‘full 
bandwidth shape’. The optimum case represents the shortest 
available pulse characterised by a smaller bandwidth at FWHM 
compared to the full bandwidth at FWHM. It can be seen that 
the increase to the pulse length at FWHM is minimal. 

The spectral shape however has a big impact in the overall 
contrast, as shown in fig. 2 right.  
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Figure 2: Pulselength for full bandwidth and optimum bandwidth cases 
(left); Contrast for full bandwidth and optimum bandwidth cases (right). 

Compressor 
The planned compressor for the 10PW project is composed of 4 
gratings in an off plane geometry. The gratings are planned to 
work in Littrow with a off plane angle. For the simulation 
presented in this report the following parameters have been 
used: off plane angle of γ=17º, line density 900 mm-1, distance 
between the gratings of D=3360 mm, gratings size 80cm x 
115.5cm. 

Simple Compressor Simulation 
The impact on pulse length by the different key factors for the 
two cases has been modeled. The numerical code is based on a 
ray tracer able to simulate the compressor. Each of the 
parameters taken into account has been studied separately, 
extracting the dependency of the pulse length. The final pulse 
length has been obtained supposing total decoupling between 
the parameters and summing in quadrature each single 
contributions. The results are shown in table 1. 

Optimal Limit
Contr. 

[fs]
FWHM 

[fs]
Pulse 17.6

Gratings

Angular
Rot [µrad] 4 9.0
Tip [µrad] 8 8.6
Tilt [µrad] 4 9.3

Surface 1/λref 8 6.5
Distance [µm] 10 4.8

Sub Total 17.5

Beam

Pointing [µrad] 100 0.1
Front 1/λ0 10 0.8

Chromatic 1/λ0 10 5.6
Sub Total 5.6

Phase
Bint 0.5 5.7

Phase [rad] 0.1 2.5
Sub Total 6.3

Final 26.3  

Full Bandwidth Limit
Contr. 

[fs]
FWHM 

[fs]
FWHM 

via σ [fs]
Pulse 14.7 22.2

Gratings

Angular
Rot [µrad] 3 7.9
Tip [µrad] 7 9.1
Tilt [µrad] 3 9.8

Surface 1/λref 8 8.6
Distance [µm] 10 7.0

Sub Total 19.1

Beam

Pointing [µrad] 100 0.2
Front 1/λ0 10 2.4

Chromatic 1/λ0 10 6.9
Sub Total 7.3

Phase
Bint 0.5 8.6

Phase [rad] 0.1 3.7
Sub Total 9.4

Final 26.9 31.6  

Table 1: “Optimal” bandwidth pulse length case (left); “Full” bandwidth 
pulse length case (right). 

A contribution to the pulse length increase is due to the 
compressor gratings. Alignment errors in the compressor and 
misalignments between the stretcher and compressor will 
contribute to an increase in pulse length. The tolerances of 
grating parallelism and groove parallelism have been to 
minimise the contribution to the pulselength. The tolerances for 
the tilt, tip and rotation for each grating has been analysed. 
Looking at the compressor as a whole, the tolerances in the 
angular motions have been set to 4 micro-radians for tilt and 
rotation and 8 micro-radians for tip, for the “optimal” case, and 
to 3 micro-radians for tilt and rotation and 7 micro-radians for 
tip, for the “full” bandwidth case. While the tolerance grating 
distance is set to 10 microns. We also need to take into account 
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possible wavefront errors coming from the grating surface as 
this also contribute to the overall pulse length. Grating surface 
quality has been set to be λ /8. 

Other important aspects that will affect the pulse length are the 
pulse wavefront quality, chromatic aberration and input angle of 
the pulse entering the compressor. With large bandwidths 
chromatic aberration is of high importance, all optics expanding 
the beam up to the input of the compressor will be designed to 
minimize the chromatic errors. In addition the input beam 
wavefront may be affected by the quality of optical components 
such as crystals; all these static wavefront errors could be 
corrected if necessary by using adaptive optics. The overall 
wavefront quality entering the compressor has been set to be 
λ /10 or better.  If these requirements are met the pointing and 
wavefront errors will add to the pulse length as shown in table 
1. The contribution to the pulse length from B integral, expected 
to be 0.5 rad, has also been calculated to be respectively 5.7 fs 
and 8.6 fs. 

Finally, taking all these key factors in to consideration our 
model predicts a 26.3 fs pulse for the “optimal” case while for 
the “full” bandwidth case two values are predicted: 26.9 fs and 
31.6 fs. The difference is dependent on how each contribution 
are summed. For the “optimal” case, summing in quadrature the  
FWHM of the pulse and the σ within the different contributions 
provide the same value. However, for the “full” bandwidth case, 
FWHM and the σ are quite different, obtaining two final values. 

Corner Montecarlo Simulation 
While the model used is able to provide the required limits for 
the design of the compressor and the amplification chain, a 
more detail simulation is required to investigate in more detail 
the pulse length, in particular on the expected focal spot. 

On the other hand, because the case of “full” bandwidth will be 
able to provide higher energy but it appears to be more critical, 
better understanding of the contribution of the parameters is 
definitely useful. 

To that purpose, a corner Montecarlo simulation has been 
performed. For a set of parameters, the compression and 
focusing (as planned for TAP10) of a pulse has been simulated. 
The parameters have been selected randomly to be plus or 
minus the limit, i.e. only two values for each parameter were 
allowed. Only the “full” bandwidth case has been considered. 

The energy before compression has been fixed to 500J while the 
efficiency of the gratings has been fixed to 90% each. The 
results, are based on over near 13000 run, are shown in the fig. 
3. 
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Figure 3: Montecarlo results. 

The expected pulse length in the focal spot is between 17fs and 
26fs, within a spot size (w) between 2.9 µm and 4.4 µm. The 
peak intensity is expected to be between 5·1022 W·cm-2 and 
2.2·1023 W·cm-2, while the energy in the focal spot (2w) will be 
between 250J and 330J. The “corner” values, i.e. the best and 
the worst obtained in the runs, are summarized on tab. 2. 

FWHM [fs]
File pos min File pos max

Ris_1 984 16.9 Ris_5 1556 25.6
Peak Intensity [W cm-2]

File pos min File pos max
Ris_6 251 5.3 1022 Ris_2 192 2.2 1023

Spot [µm]
File pos min File pos max

Ris_3 1314 2.9 Ris_7 796 4.4
Energy 2w [J]

File pos min File pos max
Ris_6 1121 247 Ris_3 1208 332

 

Table 2: Corner result summary from the Montecarlo simulation. 

Analyzing in more detail the corner cases (fig. 4), the pulse 
shape is expected to change with case to case, showing in same 
case the presence of a shoulder, pre or post pulse (fig. 5 left). 
The focal spot shows wings in two cases, affecting the peak 
intensity. The results also show some pulse front tilt in the 
dispersion plane. 
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Figure 4: Expected pulses in the focal spot. 

Finally, the close contrast of the pulse will not be affected, as 
shown in fig. 5 right. To be notice that intensity below 1011 W 
cm-2 are affected to numerical errors. 
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Figure 5: Expected pulse shapes in the focal spot (left) and expected close 
contrast (right). 

Conclusions 
The compression of the expected 10PW pulse has been 
simulated taking into account different realistic parameters. 
From a simple model a set of parameter requirement for the 
optical mount and beam quality has been produced. 

A more realistic simulation confirms the requirement of the 
simple model. The final results show pulse length less than 
26fs, below the required 30fs, with a peak intensity greater than 
5·1022 W·cm-2. 
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Introduction 
To deliver the energy requirement for the Vulcan 10 PW 
facility, 300J in 30fs, the broadband seed laser pulse generated 
by the front end, 150nm bandwidth centered on 910nm, needs 
to be amplified before it is injected into the compressor [1]. The 
pulse energy needs to be increased from 1J, at the output of the 
front end, to the required 500J prior to the compressor. It is also 
important to preserve the bandwidth of the pulse during the 
amplification. The amplification scheme selected is based on 
the Optical Parametric Chirped Pulse Amplification (OPCPA) 
technique: a Optical Parametric Amplification (OPA)[2] scheme 
where the Signal beam is a chirped pulse. 

Suitable media for OPCPA are second order nonlinear crystals, 
like LBO, BBO, KDP, DKDP, etc. Because the energy required 
at the output is 500J, this limits the type of crystal. While the 
size of the beam is limited by the damage threshold of the 
optics, the size of the crystal must be of the order of 200mm 
square. The only commercially available crystals of this size are 
KDP and DKDP, where the difference between the two is the 
substitution of the hydrogen with deuterium. The amount of 
deuteration changes the optical properties on the crystals and it 
has impact also in the cost. It is important to study its impact on 
the performance of the planned amplification scheme. 

Optical Parametric Amplification  
The energy is provided by a laser pulse, called Pump, with a 
wavelength λP and intensity IP. This beam is injected into a 
specific nonlinear medium together with the laser pulse that is 
required to be amplified, called Signal and having a wavelength 
λS and intensity IS. If the intensity of the pump beam is higher 
than the signal beam and if λP<λS, it is possible to amplify the 
signal taking power from the pump. Meanwhile, in the process a 
third beam is created, called Idler, and with a wavelength λI 
equal to 

 Equation 1 

To have an appreciable transfer of power it is also required that 
the refractive indexes of the medium at the three different 
wavelengths must be close. More precisely, if ,  and  are 
the wave vectors for, respectively, the Pump, Signal and Idler 
beams, the equation  must be satisfied (see 
fig. 1) where  must be small compared to the length of the 
medium : . Ideally it should be . That 
condition is known as phase matching.  is the optical axis of 
the medium,  is called the phase matching angle and   is 
called the non-collinear angle.  

 

Figure 1: Vectorial equation for the phase matching. 

To achieve the phase matching condition, the birefringence of 
the crystals is used. Taking into account only uniaxial crystals, 

the Signal is sent inside as an ordinary wave while the Pump 
beam will be an extraordinary wave. In this way the phase 
matching could be tuned by changing the angle of the pump 
beam with respect to the optical axis. This scheme to obtain the 
phase matching is called Type I. 

Analyzing the refractive index for the two crystals KDP and 
DKDP, selecting a pump beam at λP=526.5 nm and scanning 
different non-collinear angle, it is possible to find a 
configuration for the DKDP where the phase matching 
condition is satisfied over a bandwidth more than 150nm 
around the central wavelength of 910 nm.  

Phase matching and deuteration level 
The DKDP crystal meets the requirements for the amplification 
bandwidth and available size, however the deuteration level is a 
key parameter that requires further investigation. DKDP is the 
deuterated version of the KDP. There are few differences 
between KDP and DKDP but they are quite important for our 
application: the absorption is different in the IR region and the 
phase matching curves are slightly different [3]. The difference 
in the phase matching means that the KDP does not show the 
same big bandwidth at 910nm. Meanwhile, the absorption in the 
IR could affect the Idler, which will be in the region between 
1140 nm and 1420 nm (fig. 2). 
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Figure 2: Internal transmittance of DKDP for different deuteration 
level 

The changes in the absorption and the refractive index between 
the two crystals are connected to the group OH. Replacing the 
hydrogen with deuterium affects both absorption and phase 
matching. The level of the substitution could change. There are 
commercially available DKDP crystals with different 
deuteration levels. Usual values are 70% and 95%. While 
higher deuteration level will be better for the absorption and the 
bandwidth, the difference in price between the two levels is 
quite significant. 

To study the effects of the deuteration level a numerical code 
has been used. The code is able to simulate the OPCPA 
amplification taking into account the different deuteration level, 
phase matching, saturation effects and absorption in the crystal. 

A single crystal 50mm long was considered, looking at the 
small signal gain in the spectral region between 810 nm and 
1050 nm. The intensity of the pump was fixed at 6.4 108 Wcm-2. 
For different deuteration levels the two angles  and  were 
selected to maximize the gain over a bandwidth of 150 nm 
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around 910 nm. The 
results are shown in fig. 
3. Around 68% of 
deuteration there is a 
clear change of behaviors, 
where the optimal  
starts to be different from 
0. 

Looking at the small 
signal gain for different 
wavelengths, as shown in 
fig. 4, the deuteration 
level affects the blue 
region of the spectrum, 

shifting the left edge to longer wavelength while the deuteration 
ratio decreases. For a value less than 68%, the shift will become 
more important. On the rest of the spectrum, the gain remains 
quite uniform over all the bandwidth. The right edge is shifting 
faster than the left one. This is primarily connected with the 
change of the phase matching. In order to obtain gain over all 
the required bandwidth for a lower deuteration level, it is 
required to move close to the degenerate case, where the signal 
and the idler have the same wavelength. Even if in this case the 
bandwidth could be quite wide, having the idler in the same 
spectral region as the signal could badly affect the contrast and 
stimulate parametric emission from the crystal. 
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Figure 4: Spectral small signal gain for different deuteration levels. 
Each curve has been shifted for clarity. The two green vertical lines 
indicate the spectral region of the signal, 150 nm around 910 nm. 

The simulation shows that any deuteration above 70% is 
appropriate and would satisfy the amplification requirements. 
However, taking into account the accuracy of the crystal 
deuteration level that can be achieved during the growing 
process, a value around or greater of 80% is more may be 
advisable to allow for errors in manufacturing. 

Global system simulation 
To investigate the thickness of the DKDP crystals required, the 
overall optical scheme has been simulated, with three stages and 
for 80% and 100% of deuteration level. The optical layout 
considered is shown in fig. 5. The signal laser pulse from the 
front end is defined to be 1J in a round beam about 40mm in. 
After that the beam will be apodized to a 28mm x 28mm square 
beam losing approximately 30% of energy, and then expanded 
up to 200mm x 200mm. The size of the beam has been fixed to 
keep the fluence of the pump beam around 1.5Jcm-2 to avoid 
damage in the optics and ensure an appropriate operational life. 

The pump beam pulse is 3ns long at 526.5nm while the signal 
pulse is a stretched pulse of 3ns and 150nm of bandwidth 
centered at 910nm. Both pulses are assumed to be rectangular in 
time. The signal chirp was supposed linear. The crystal lengths 
were found optimizing the energies after each stage. 

The losses of the different optical components were taken into 
account. In particular the crystals were supposed to be AR 
coated with a reflectivity of 0.25% for the signal and 1% for the 
pump. The green mirrors before and after the crystals are 

assumed to have a transmittivity of 97% while an efficiency of 
96% is assumed for the VSFs (Vacuum Spatial Filter). 

The results of the simulations are summarized in table 1. The 
energies shown are considered inside the crystals, except for the 
input and the output. The efficiency is the ratio between the 
energy transferred to the signal and the energy lost by the pump. 
The absorption is calculated by balancing the energies in the 
process.  

Front End Stage B Stage 1 Stage 2 Output Stage B Stage 1 Stage 2 Output

63.8 82.6 33.2 64.6 82.6 33.3

88.6 485 5.9 87.8 445 5.6

Energy [J] 0.59 5.9 271 0.59 6.4 299

λmin[nm] 835 842 846 835 837 839

λmax[nm] 985 985 983 985 984 982

∆λ[nm] 150 143 137 150 147 143

Pump Energy [J] 12 594 595 12 594 595

Energy [J] 1 6.59 302 576 530 7.12 333 629 579
λmin[nm] 835 842 846 845 845 837 839 839 839

λmax[nm] 985 985 983 983 983 984 982 983 983

∆λ[nm] 150 143 137 138 138 147 143 144 144

Pump Energy [J] 1.2 74 55.6 0.4 30 23.4

Energy [J] 3.34 164 177 3.81 190 196

λmin[nm] 1140 1140 1140 1140 1140 1140

λmax[nm] 1400 1390 1400 1420 1420 1420

51% 50% 51% 56% 55% 56%

10% 10% 7% 8% 8% 5%

O
U

T

Signal

Idler

Efficiency

Absorption

α P [˚] 0.52 0.90

Crystal Length [mm]

Small Signal Gain

IN

Signal

Deuteration 80% 100%
θ  [˚] 38.4 38.0

 

Table 1: Simulated energies and spectra for the three stages option at 
80% and 100% deuteration level. 

The lengths of the crystal are almost the same for the two 
deuteration levels modeled. As already discussed above, 
reducing the deuteration level shifts the lower wavelength of the 
signal to the red region. In this case the shift is 5nm, thus 
reducing the final bandwidth by 5nm.  

In term of energies, using 80% of deuteration implies losses 
approximately 2% of energy compared to the 100% case while 
moving from two to three stages improve the final energy of 
about 1-2%. The expected efficiency is always around or more 
than 50%. The total absorption in the crystals is expected to be 
between 5% and 10%. 

Conclusions 
The influence of the deuteration level of the DKDP in the 
planned amplification stages of the 10PW project has been 
modeled. While a deuteration level of 100% will provide better 
results in term of bandwidth and efficiency, a level bigger than 
80% could be used with degrading the specification of the 
project. 
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Figure 3: Optimum non collinear angle 
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Figure 5: Simulated optical layout. 
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Introduction 

Included in the 10PW upgrade project for the Vulcan Laser is 

the provision for joint PW and 10PW operations in Target Area 

Petawatt. This will enable pump-probe experiments. For these 

type of experiments to be successful the pulses for the two 

beams to be synchronised with a relative jitter better than 200fs 

(FWHM). One way of achieving this is to use a common seed 

for both beam lines. 

 

 
Fig 1: Schematic diagram of the upgraded Vulcan laser system. 

 

The Vulcan laser is seeded at 1053nm, and the 10PW laser will 

be seeded at 900nm. Synchronization can be achieved by using 

a 10PW laser to seed the Vulcan amplifiers as shown in Fig1. 

However the 10PW pulse needs to be shifted to 1053nm before 

it can be amplified in Vulcan. The proposed method of this shift 

is to use an optical fibre, in which non-linear effects will change 

the frequency of the input light. Photonic crystal fibres (PCF’s) 

are micro-structured fibres which can be engineered with highly 

non-linear properties [1]. Published experiments have used 

PCFs to produce many optical phenomena, such as 

supercontinua [2] and Raman shifted solitons [3,4]. 

This report outlines the effect of soliton self frequency shifting 

in fibres. A short length of fibre is then used experimentally 

with several different lasers in the 10PW front-end. By 

examining the output spectrums it is determined if the fibre is 

suitable for seeding the Vulcan laser.  

 

Photonic Crystal fibres 

 

Optical fibres consisting of a silica core surrounded by a 

periodic array of air holes are known as photonic crystal fibres. 

One example of an arrangement of holes can be seen in Fig 2. 

The microstructure of the fibre creates a photonic bandgap 

between the core and surrounding holes, which contains light in 

the core. Properties of the fibre, such as the zero dispersion 

wavelength and non-linearity, can be changed by varying the 

hole size and arrangement [5]. Custom made PCF’s are useful 

for many different purposes, and can be designed to produce 

interesting phenomena in fibres. 

 

 
Fig 2: cross section of photonic crystal fibre. [6] 

 

Nonlinear effects in fibres 

 

A pulse of light propagating through a dielectric can be altered 

in a number of ways, due to the medium having a different 

response to varying parameters of light.  

 For example, group velocity dispersion (GVD) is caused by the 

wavelength dependent refractive index.  

The medium is also behaves non-linearly at high intensities of 

light. The bound electrons in the medium have an anharmonic 

response to field strengths above a threshold power. This is the 

origin of the self phase modulation (SPM) effect in fibres, when 

using short powerful pulses. SPM also creates a chirp on the 

pulse. 

It is useful to define the fibre length in terms of the dispersive 

length LD and the non-linear length LNL. These are the 

minimum fibre lengths needed for dispersive or non-linear 

effects to be visible. 

 

 
 

 
 

 

Where T0 is the input pulse duration, β2 is the group velocity 

dispersion parameter, Po is the peak power, and γ is the 

nonlinear parameter. 

Under certain circumstances the chirp and spectral broadening 

created by SPM can be counteracted by the GVD, if the 

wavelength is in the anomalous dispersion regime of the fibre. 

A self-sustaining pulse called a soliton is formed, which 

maintains its shape along the fibre when this happens. The 

soliton parameter N is given as; 

 

 
 

If N=1 then a fundamental sech shaped soliton is formed, for 

N>1 the soliton’s shape will periodically vary with length, but 

the central wavelength will remain the same. 

The soliton can be perturbed during propagation, especially if 

the fibre is highly non-linear or the pulse length very short 

<1ps. One such perturbation is the soliton self frequency shift 

(SSFS). This is due to stimulated Raman scattering in the fibre, 

where the incident photon is inelastically scattered and transfers 

energy to vibrations of the SiO2 bond, producing a phonon.  

The overall effect of Intrapulse Raman Scattering (IRS) is to 

use the short wavelength parts of the pulse to pump the long 

wavelength parts, the overall effect is to red-shift the pulse 

during propagation. 

Through a short fibre length, the frequency shift is 

approximately linear, and highly dependent on input pulse 

length; 
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Over a longer distance a chirp develops due to group velocity 

dispersion, and the pulse length increases to compensate for 

changes in pulse energy. Eventually the Raman effect saturates, 

the pulse parameters reach an equilibrium, and the pulse is no 

longer red-shifted. The behaviour of the soliton over a length of 

fibre is governed by a set of coupled differential equations [7]. 

 

 

 

 

 

TR is the Raman response time of the fibre, α is the attenuation 

in the fibre (can be neglected if small). TP is the pulse length 

during propagation, which is dependent on Cp, the chirp. These 

equations can be solved numerically using the Runge-Kutta 

technique. 

A supercontinuum is formed via many processes, and so is 

difficult to model. The soliton self frequency shift is the main 

process which transfers energy to longer wavelengths, and will 

be focused on in this report. 

 

Experimental 

 

This experiment uses a variety of laser pulses to investigate the 

non-linear and dispersive properties of a selected PCF, to 

determine if it is suitable to provide a 1053nm seed pulse for 

Vulcan.   

 

Fibre Selection 

 

The fibre NL-PM-750 was selected due to its high non-linear 

coefficient of 95 (Wkm)-1  , and anomalous dispersion regime at 

over 750nm as shown in Fig 3.  This fibre has been used in 

previous experiments to successfully produce a SSFS peak at 

≈1050nm.  

A 12cm length of this fibre is packaged in aluminium with 

sealed cleanable ends in a device called a FemtoWHITE 800. 

This enables the PCF to be moved and adjusted without much 

risk of damage. 

The FemtoWHITE core has a core diameter of 1.8±0.3μm and a 

Numerical Aperture (NA) of 0.38. 

 

 
Fig 3.  Dispersion curve for the NL-PM-750 fibre. 

 

Equipment Set-up 

 

The laser was focused into the fibre using a microscope 

objective. The x20 objective offers the best comprise between 

spot size and NA, suitable for the FemtoWHITE. 

Firstly the fibre was aligned using a HeNe laser, to test the 

alignment, and check the fibre was not damaged. The focusing 

microscope objective was mounted on a XYZ stage to 

accurately couple into the fibre. At the output of the fibre a x40 

microscope objective was used to collimate the beam. The laser 

was aligned roughly using two irises first, and then aligned 

parallel to the axis of the FemtoWHITE. The output spectrum 

was maximised by adjusting various mirrors and the XYZ stage. 

The complete set up is shown in fig 4. 

 

 
Fig 4. Equipment setup for preliminary aligning with HeNe 

laser. 

 

 

Two different Laser pulses were used to understand the 

influence of laser pulse parameter on the fibre output. These 

were a tuneable Ti:S laser (MIRA, COHERENT) and a fixed 

wavelength ultrashort oscillator (Rainbow, Femtolasers). The 

set up and results for each were very different. 

 

Mira 

 

The Mira laser has a pulse length of approximately 100fs. The 

wavelength of the laser can be tuned from 830-900nm by 

adjusting the laser cavity. The average power of the input pulse 

generated by Mira decreases with longer wavelengths, as shown 

in Fig 5. At 850nm the average power is approximately 100mW 

more than at 900nm. This in turn means the peak power will be 

up to 30% less at 900nm than 850nm. The peak power at 

850nm is approximately 10kW. 

 

 
Fig 5. Mira maximum average power with wavelength. 

 

 

The intensity was adjusted using a rotatable half-wave plate, 

with faraday isolator to prevent back reflections from disrupting 

the mode-locking. Varying the angle of the half wave plate 

causes the power to vary sinusoidally, as in Fig 6, but never 

quite reaches zero.  



 
Fig 6.  Input power to fibre with waveplate angle. 

 

The laser was aligned and focused into the fibre using the above 

techniques.  

At high powers bright greenish-white light was observed from 

the output of the fibre. When disperesed a prism, the green part 

of the spectrum was strongest, with hardly any blue noticeable 

as in Fig 7 

. 

 
Fig 7. Visible light spectrum from the PCF when refracted with 

a prism. 

 

The spectra were recorded using a custom made Labview 

program which plots an intensity graph. The intensity plot is 

useful to demonstrate how certain peaks in the output form 

when input variables are changed. The output spectrum was 

recorded while varying the power or wavelength.  

 

Results 

 

By turning the half-wave plate to gradually increase the input 

power the PCF output spectrum broadens. Initial broadening 

stages look similar to SPM broadening, with splitting of the 

main peak into 2, then 4 peaks as in Fig 8. With further 

increasing power, visible wavelength light is produced, and also 

a peak around 1000nm. 

  

 
Fig 8. 830nm output spectrum with waveplate angle. 

Background removed, and intensity logarithmic scale for 

clarity. 

 
In the long wavelength part of the spectrum there seems to be a 

broad pulse which moves to longer wavelengths with increasing 

power. This may be a SFSS as the red-shift increases with 

power and the pulse spectrum is approximately sech shaped as 

shown in fig 9. 

 

 
Fig 9  Output spectra for 870nm, 350mW input power. 

 

At maximum power the various peaks start to combine and the 

beginnings of a supercontinuum form. With further 

propagation, dispersion and broadening effects blend out 

individual peaks to produce a smoother continuum.  

At maximum power the pulse wavelength was varied from 830-

900nm, the spectrums are shown in Fig 10. At 900nm the 

spectrum was seen to break down and become more chaotic, the 

soliton shift is less at longer wavelengths. This may be due to a 

slightly lower input power at long wavelengths.   

 

 
Fig 10. Spectra with changing input 830-900nm, background 

removed. 

 
At full input power the Mira laser can produce reasonable 

power up to 1000nm. 

 

Discussion 

 Using the Mira laser produced a spectrum of consisting of a 

broad 250nm bandwidth spectrum in the infra-red region, and 

also a separated peak in the visible. SPM is visible, and a 

possible SSFS has been produced. The fibre does not produce 

significant power at 1053nm, but by increasing power or fibre 

length it should be possible to produce a soliton peak at 

1053nm. 

 

Rainbow 

 

The wavelength of Rainbow could not be varied. Due to the 

broad bandwidth it would have been unsuitable to use the same 

faraday isolator and half-waveplate combination as the Mira. So 

to vary the intensity a variable natural density filter was used. 

This means the input power on the below spectrums varies 

linearly. The peak power of the Rainbow is 40KW. 

 

Results 

 

The output spectrum of the rainbow does not broaden with 

increasing power in the same way as the Mira. Parts of the 

output spectrum seem to slowly appear with increasing power, 

instead of expanding from a central point as shown in Fig 11. 

At maximum average power 143mW the spectrum contains 

SFSS 



many peaks, and has a bandwidth of ≈ 350nm, and is partly in 

the normal regime of the fibre. Individual features are difficult 

to identify in the final spectrum, although at the edges of the 

spectrum ripple like waves seemed to have formed. 

 

 
Fig 11. Output spectra with increasing power. 

 

Because of the complexity of the spectrum it is difficult to tell 

which parts may be SSFS. The input pulse seems to shift 

towards longer wavelengths with increasing power. This is 

indicative of a self frequency shifting soliton. At high pulse the 

soliton seems to become split, possible due to trapping and 

interaction with parts of the pulse delayed by other processes. 

 

 
Fig 12.  Pulse from the Rainbow laser. 

 

As seen in Fig 12 the input pulse from Rainbow is very 

irregular. These irregularities may become amplified and 

produce different effects in the fibre from a Gaussian or sech 

shaped pulse of the same bandwidth.  

 

 
Fig 13. Maximum output spectra from the PCF. 

 

The output spectrum only reaches 950nm at peak power, 

although it has broadened further into the low wavelength 

region than the Mira. The output spectrum at maximum power 

is shown in Fig 13. 

The pulse may have undergone some chromatic dispersion 

whilst being focused into the fibre, due to its large bandwidth. 

This will have lowered the peak power and reduced some 

broadening effects. 

 

 

 

Discussion 

  

The Rainbow laser produces a spectrum of 350nm, stretching 

from visible into infrared. Individual phenomena occurring in 

the fibre are difficult to identify in the output spectrum. There is 

a possible SSFS on the long wavelength side of the spectrum, 

but it seems to have been trapped and split by other spectral 

components.  

The output spectrum is less broad than one would expect for 

such a short pulse length. This may be due to chromatic 

dispersion in the coupling microscope objective, which would 

lead to temporal dispersion in the pulse.  

The average power for the Rainbow is less than for the Mira, 

but due to the short pulse length the peak power is higher. 

The pulse spectrum is also very irregular. These irregularities 

may be exaggerated and increased during propagation, and will 

produce a more unexpected spectrum. Using a smooth sech or 

Gaussian shaped pulse should minimise any unusual effects. 

The maximum wavelength produced is at 950nm, this is very 

far from the desired 1043nm. Using a longer fibre, or increasing 

the input power should produce longer wavelengths, although 

overall the Rainbow laser has proved to be less effective than 

the Mira. 

 

 

Conclusion 

 

Using a 100fs pulse with 350mW average power produced 

more energy in the 1000nm region than a 60fs pulse with 

143mW average power. The difference is likely to be due to 

lower power in the 60fs, and chromatic dispersion in the 

microscope objective. A self frequency shifted soliton was seen 

with the Mira laser at 1000nm. Using a longer fibre or 

providing more input power with either laser should shift the 

soliton to longer wavelengths, to produce enough energy at 

1053nm to seed Vulcan. 
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Introduction 
In our last contribution [1] we reported on the initial 
performance of a front-end for the Vulcan 10PW upgrade. In 
this contribution we report on the contrast studies conducted 
using this system. A schematic overview of the design of the 
front-end system is shown in figure 1. The initial task is to 
generate a pulse with sufficient bandwidth to support a 30fs 
pulse these pulses are then amplified to 100s of µJs on the 
picosecond timescale. This limits the temporal window of the 
parasitic fluorescence that seeds the rest of the system to the 
duration of the pump pulse ~ 10 ps. This clean pulse is then 
stretched to 1.87ns before further amplification to the joule 
level. In this paper we will discuss the different components in 
turn and their influence on the output of the system. 

 

 

Fig. 1. Schematic of the front-end. 

Seed generation and mJ OPA stages pumping 
The initial seed is generated using picosecond timescale 
OPCPA to limit the duration of the initial parametric 
fluorescence that seeds the rest of the system. To generate the 
broad bandwidth required the technique of chirp compensation 
is employed [2] this scheme is operated in a collinear non-
degenerate geometry which is instantaneously narrowband. 
However, for the same phase matching angle there are a number 
of combinations of signal, pump and idler wavelengths that 
satisfy the phase matching criteria. This process was described 
in detail in our recent publication [3] and forms the first stage of 
the system which combined with an additional 2 stages increase 
the seed energy to 500µJ.  The scheme requires the relative 
chirps between the signal and pump to be well controlled. In our 
case we have a phase matching angle of 310, a signal chirp of 
17.5 nm/ps and a pump chirp of 1 nm/ps. This enables us to 
generate pulses that have a bandwidth of 140 nm. 

A schematic of the three stage system is shown in figure 2, 
the seed and pump pulses are formed by spectrally dividing the 
output of a Ti:Sapphire laser using a spectral beam splitter. A 
portion of the spectrum with 150 nm bandwidth centered at 720 
nm is used as the seed whilst a 20 nm section of the spectrum at 
800 nm is used to form the pump beam. The pump beam is 
stretched in a grating stretcher to ~ 10 ps before being amplified 
to 1.8mJ in a multipass amplifier (Femtolasers Compact Pro). 
The amplified pump pulse is then frequency doubled to 400 nm 
in BBO1. The seed pulse is stretched in a prism stretcher to ~ 
10 ps. The pump and seed beams are then mixed in crystal 
LBO1 amplifying the seed and generating an idler signal 
centered at 910 nm and having ~ 140 nm FWHM spectrum as 
shown in Fig. 3. There is a small non collinear angle between 
the pump and signal beams to enable the separation of the 
signal and idler beams. The pump fluence for this stage is 
150mJcm-2 and the incident seed energy is 0.5nJ. The energy 
contained in the idler after this first stage is ~2 µJ this idler 
beam then forms the seed beam for the subsequent stages.  

 

 

Fig. 2. Broadband pulse generation and mJ level OPA stages 
layout. 

 

 

Fig. 3. Spectrum of the idler generated at the first stage of mJ 
level OPA. 

The undepleted pump from the first stage is relayed to 
LBO2 to act as the pump for the 2nd stage. The 910nm idler 
from the 1st stage is relayed to form the seed of the 2nd stage 
with the 720nm beam from the 1st stage blocked in the near 
field between the 2 stages. The pump fluence in the second 
stage is 170mJcm-2 and the output pulses have 25 µJ retaining 
the bandwidth. 
To further increase the energy a 3rd stage is used. The pump 
beam is formed by amplifying the unconverted 800nm from 
BBO1 in an additional Ti:Sapphire amplifier. This additional 
Ti:S amplifier  increases the pump pulse energy for stage 3 to ~ 
30 mJ at 800 nm . This compact additional Ti:Sa amplifier is a 
3-pass bow-tie geometry pumped from both ends. The 
amplified signal is then frequency doubled to the required 6.5 
mJ at 400 nm pulse for pumping the third OPA stage and 
delivering 500 µJ amplified output pulse retaining the 
bandwidth. 
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To demonstrate that the output of this system can be 
compressed a simple single pass compressor was established for 
the 910nm output. This comprised of a single block of 40.5mm 
SF10 and a grating compressor with 1200l/mm with a 
separation of 9.5mm and an incidence angle of 120. A single 
shot SPIDER was used to measure the pulse to be 25fs. The 
contrast of the seed was then measured using a SEQUOIA. The 
contrast trace is shown in figure 4. As can be seen the dynamic 
range achieved with this combination of energy and pulse 
duration was 5 orders of magnitude. The contrast of the pulse is 
105 at -1.2ps the shoulder that the pulse sits in that goes from -
1ps to 0.5ps is attributed to incomplete compression because the 
shape of this region could be influenced by the separation of the 
grating compressor.  
 

 
Figure 4 Contrast of the compressed output from the seed 

generation scheme. 

Seed pulse stretching 

To evaluate the performance of an all OPCPA front-end system 
amplifying a broad band seed pulse to the Joule level a test CPA 
scheme was designed to increase the pulse length to several 
nanoseconds. The pulse stretching is obtained by using a double 
pass stretcher [7] which has been modified to increase its 
bandwidth to 140nm and is limited by the size of the available 
gratings. A schematic of the stretcher and the seed pulse 
injection is presented in Fig. 5. 

 

Fig. 5. Schematic of the stretcher injection. 

The pulse is incident at an angle on grating 1 which has a 
grove density of 1480 lines per mm and is tilted to be at the 
Littrow angle for 900nm.  The pulse is then directed to a 
focusing mirror f = 500 mm where the beam is off axis. The 
centre of the radius of curvature of this mirror is such that it is 
vertically at the centre of the gratings but placed horizontally 
between them. After the mirror the pulse is incident on gating 2 
before being retro-reflected by the plane mirror which is placed 
close to the image plane of the mirror. To minimize the 
chromatic aberrations introduced by the stretcher it requires a 
beam waist between the first grating and the curved mirror. The 
control of the pulse injection to the stretcher and the output 
pulse rejection is achieved using a polarizing beamsplitter cube 
and the combination of a Faraday rotator and a a half wave 
plate. The stretcher demonstrates ~ 50 % transmission 
efficiency delivering ~ 1.87 ns output pulses. There is a spectral 
loss of the output pulse spectrum due to size of the second 

grating in the stretcher introducing a hard clips at 830 and 
970nm. 

Joule level OPA stages 

After stretching the pulse is imaged and expanded into the first 
crystal of the Joule level OPA amplification scheme. The 
amplification for this section is achieved in two stages as 
schematically presented in Fig. 6. 

 

Fig. 6. Joule level OPA stages layout. 

The setup involves usage of 19 mm and 20 mm long LBO 
crystals respectively for each stage. The crystals have been 
placed into electrically heated metal ovens mounted on 4-axis 
stages. The OPA process is a non-collinear type-1, where the 
seed and idler have the same polarization (set as P) and the 
pump is orthogonal to this (set as S). 

The seed beam line from the LBO1 to LBO2 has been 
established by magnifying the beam diameter from 2 to 10 mm 
and image relaying it using a vacuum telescope. An optical 
delay line is introduced in the seed path providing the timing 
adjustment between the interacting pulses on LBO2. 

The pump beam line has been built up with three vacuum 
telescopes to provide collimated and image relayed beams of 
about 4 mm in diameter on the LBO1 and 10 mm on LBO2. 
The pump laser delivers 4.5 J pulses at 532 nm at a 2 Hz 
repetition rate with a square temporal profile and spatial top hat 
profile (Continuum custom laser). A combination of 90/10 
beam splitter, half wave plates, polarisers and beam dumps has 
been arranged to provide pump energy control for both stages of 
amplification and deliver up to ~ 3 J/cm2 pump fluence on each 
crystal. The undepleted pump beams are blocked after each 
crystal. 

At 3J/cm2 the maximum small signal gain (SSG) on stage 1 of 
the Joule level OPA was detected at ~ 400 giving over 12 mJ 
output seed energy at this stage for 20µJ of input seed energy. 
This pulse was further amplified on stage 2 of the J level OPA 
meeting close to expected SSG value of ~ 40 and having over 
0.4 J of output energy at a pump fluence of 2.5J/cm2. Evolution 
of the amplified pulse spectrum on the Joule level OPA stages 
is shown in Fig. 7. As mentioned previously the initial seed 
spectrum (blue trace) is limited by the size of the gratings in the 
stretcher. Further loss in spectrum of the amplified pulse is 
caused by the bandwidth of the broadband mirrors, although 
providing ~ 100 nm bandwidth of the output pulse spectrum. 

 

 

Fig. 7. Joule level OPCPA output pulse spectra. 



Pulse compression 

To test how compressible the amplified pulse is, the output 
beam from the Joule level OPA stages was injected into a 4 
grating double pass compressor. A schematic of the compressor 
is demonstrated in Fig. 8 viewed from the top. This geometry 
was imposed on the compressor due to the size of the available 
gratings. 

 

Fig. 8. Schematic of the compressor, top view. 

The four gold gratings have a line density of 1480 l/mm and 
are used at Littrow in an out of plane design. It is double passed 
using a roof mirror to displace the beams on the return path. We 
were able to compress our pulse to 35 fs using a SPIDER to 
measure the pulse after compression as shown in Fig. 9.  

 

Fig. 9. Pulse duration of the final compressed pulse measured 
by Spider. 

The contrast of the compressed output has been measured 
using a combination of photo-diodes and a SEQUOUIA. The 
diode system had a dynamic range of 10 orders of magnitude 
and showed that there was no parametric fluorescence within 
this range on the nanosecond time scale. The contrast trace 
measured using the SEQUOIA is shown in figure 10. As can be 
seen there are a number of features, the pulse sits on a shoulder 
that starts at 30ps before the main pulse. This is due to 
fluorescence from the 3rd stage of the seed generation scheme; 
further work is required to determine why it starts at 30ps. This 
could be due to scattering in the stretcher reported elsewhere 
[5].  

 

 

Figure 10. Contrast measurement of the close in contrast. 

Conclusion 

In conclusion we have constructed and evaluated an all OPCPA 
front-end scheme for seeding large aperture high peak power 
OPCPA systems. We have demonstrated the generation of a 
seed source at 910nm with sufficient bandwidth to support 35fs 
pulses. These seed pulses have been amplified on the 
picosecond timescale to the sub millijoule level and compressed 
to 25fs, limited by the compressor. The measurement of this 
contrast shows that the pulses are clean enough to seed large 
aperture systems. 
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Introduction 

High average powered lasers are attractive owing to their 
potential for a diverse range of experiments. The power 
extractable from current laser systems is limited by the size of 
the amplifying medium, damage thresholds and other optical 
components. Other important additional factors limiting the 
scale of amplifiers for repetitive systems are ASE, laser material 
growth, heat effects and depolarization. Another way of 
achieving these high power requirements is to combine several 
beams into a monolithic beam, which immediately reduces the 
requirements for the amplifier to a more modest level. 

We have developed a system to investigate a method for spatial 
recombining; the wave front methodologies was previously 
reported in CLF annual report 20101. We have a Ti:Sapphire 
laser which can produce pulses of 100 fs , ~5 nJ of energy per 
pulse and has a wavelength tuning range of 950-1080 nm. In 
these experiments we are using the laser in a CW mode. As 
shown in Figure 1, the optical layout expands the beam up to 
120 mm beam diameter from the laser. It is currently 
subdivided into two beams by using two mirrors, each 50 mm 
square. Each mirror has independent control of the tip /tilt. 
Mirror 2 is on a translation stage for control of the piston. There 
is an actuator for each of the axis, with a resolution of 30.5 nm 
and a backlash of ~ 6 µm. Each actuator is connected to a 
computer via a control box. The beam from the two mirrors is 
imaged relayed to a Wave Front Sensor (WFS) for wavefront 
analysis. There is a beamsplitter in the path before the WFS so 
that the beam can go to an 8-bit CCD camera for an image of 
the far field. The far field image is useful for two reasons. The 
first being, it can act as a starting reference for the position for 
primary sub aperture. Secondly it is used to bring the two far 
field focuses closely together so that the WFS can then overlap 
them.  The WFS camera and the 8-bit CCD camera are attached 
to a computer for data retrieval. The WFS is a PHASICS SID 42 

camera which uses the quadriwave lateral shearing 
interferometer (QWLSI) method2. This creates an interference 
pattern between the two wavefronts from the sub apertures and 
the phase information and piston measurement can be extracted 
from this pattern, this can be seen in Figure 2. The individual tip 
and tilt of each mirror is calculated from two further sub 
aperture either side of the interference of the two beams.  These 
measurements are self referenced, simplifying implementation. 
It has been shown that the piston measurement accuracy with 
this system can be estimated to be 40 nm or less. 

 

Figure 1: Schematic diagram of the laboratory setup. 

 

 

Figure 2: Shows a camera image depicting the three sub 
apertures. Sub aperture A (primary) and B (secondary) 
coming from the individual mirrors, with the A-B sub 
aperture from the interference from the two mirrors. 

 

 

Figure 3: Shows the two spots on the far field camera (top 
image) when separated and then when bought together 
(bottom image) in a coherent manner. 
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The close loop program is written in LabView by the following 
methodology:- 

1. That the if the two far field foci (Figure 1c upper 
image shows the two far fields in this state) are not overlapped 
then the primary sub aperture beam has both the tip and tilt 
minimised to within +/- 0.15 µrads by the PHASICS camera.  
2. Then the 8-bit CCD camera is used to see how far 
away the two far field beams are. Tip and tilt of the second 
aperture is manipulated until the two beams are within 60 µm of 
each other in both the x and y planes. 
3.  PHASICS camera takes over to reduce the tip and tilt 
to within +/- 0.15 µrads of the secondary sub aperture beam.  
4. The next step is to check that the piston measurement 
is less than +/- 0.15 of a wavelength. This is achieved by the 
movement of the translation stage of the secondary sub 
aperture.  
5. Control software then checks that the far field images 
are overlapped (Figure 1c shows the two far field images 
overlapped).  
6. A loop is then instigated to go back to 1.  

 
 

 

Figure 4: Shows the software for monitoring the coherent 
overlap of the two pulses. 

 

Figure 4 shows the software as described in the steps 
above. This software displays the tip and tilt measurements 
of each sub aperture as well as the piston error. As each 
measurement is taken then they are displayed onto a graph 
so that the user can see when the parameters fall out of the 
set points. A graph of the Strehl ratio is also displayed. 
System is currently slow to operate as there is backlash in 
the actuators. In future this part can be increased in speed 
by including a spatial read back function in the actuator.   

We are able to measure the Strehl ratio with the use of 
the formulae shown in Equation 1. 

    

    (1) 

λ = Wavelength of wavefront being measured 
(nm).The wavelength is 1030 nm. 

σ = RMS value of wavefront aberrations. (A 
measured value typically is 0.06022 λ) 

Using Equation 1 and global RMS measurement of 
the wavefront we are able to predict a Strehl ratio of 0.82.  

Future developments 

This project is funded by the LASERLAB-EUROPE II fund. 
 

In the future temporal lock of the pulses will be explored.  
 
In is also envisaged that this system we be implemented on to 
the Astra-Gemini laser system4, which has two beams at 800 
nm with each pulse at 30 fs.  
 
We are also going to include four beams in the test bed setup 
with the same aperture size and then spatial phase these 
together. 
 

Conclusions 

 
We have achieved the spatial phasing of two CW beams with 
the use of a PHASICS camera and a normal CCD and written 
software so that the system can be used in closed loop.  
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Improvements in the Vulcan Picosecond OPCPA – 50% conversion of pump to 
signal and compression back to 100fs. The potential of using OPG’s (or continuum 
generation) for seeds of off harmonic probes

 

Waseem Shaikh, Ian Musgrave 
Central Laser Facility 

Introduction 

We have previously reported (1) on the generation of a broad 
bandwidth picosecond OPCPA system which is now routinely 
used as the seed for the nanosecond Vulcan OPCPA - by 
providing ~110µJ picosecond pulses as the seed for the second 
and third stages of the Vulcan OPCPA preamplifier, the 
nanosecond contrast in Target Area Petawatt has been improved 
by at least two orders of magnitude (2).  

Picosecond OPCPA – 50% pump to signal conversion. 

The picosecond OPCPA routinely delivers ~110µJ of energy 
using a compact CPA system pumped by 550µJ of pump light. 
The 100fs pulses from the Ti-sapphire laser are stretched to 3ps 
in a compact single grating stretcher before being amplified by 
the 10ps pump pulses provided by the picosecond regenerative 
amplifier. This reduced level of stretch is required to ensure 
efficient amplification across the full bandwidth of the seed (3). 
110µJ represents ~20% conversion efficiency from pump to 
signal. The signal pulse seeding the OPA is only 3pJ, equivalent 
to 107 photons.  

To further increase the energy extraction of the pump pulses, a 
second OPA was set up - pumped by the residual pump from 
the first stage. For the second stage OPA, another 15mm long 
BBO is used. The signal is expanded using telescopes by a 
factor of 3.3 and the pump by 1.5 so that both pump and seed 
beam sizes are matched.  This arrangement is shown in Figure 
1.  

 

10ps pump pulse
       527nm

   Stretcher
100fs to 3ps OPA 1

OPA 2

100 fs Ti-sapp

 seed and signal
optical delay lines

110 J high contrast 
 picosecond seed
   TAP beamline

µ

   Compressor
   3ps to 100fs 

 125 J 100fs 
  beamline

µ

BBO
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pump pulse
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Figure 1. Schematic of two stage OPCPA system. The ‘dashed’ 
lines represent removable mirrors. 

 

We have obtained a stable signal output energy in excess of 
270J, representing close to 50% of the 550µJ of pump energy 
available from the picosecond pump laser. This could be used to 
increase the picosecond input into the conventional TAP 
OPCPA pre-amplifier (or to potentially act as a seed for a TAW 
OPCPA arrangement, eliminating the need for the pre-amplifier 
9’s.). The spectral output of the seed (black trace) and fully 
amplified OPCPA (red trace) are shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Spectral Output of Dual Picosecond OPCPA 

 

Signal/idler compression 

The ability to compress this level of signal energy would 
represent a very useful addition to the front end capability. To 
compress the amplified OPCPA output, a second compressor, 
identical to that used to stretch the femtosecond seed pulse was 
constructed. Because the signal and idler pulses are oppositely 
chirped, a simple translation of the mirror and lens, located 

 

 

                      Figure 3. Stretcher and/or Compressor 

on a separate translation stage, allows both signal or idler pulses 
to be compressed. Figure 4 shows the compressed output from 
the picosecond OPCPA, taken using the seed source. 

 

Figure 4. Compressed ‘signal’  
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This energetic femtosecond seed source could be used for the 
development and testing of continuum sources. Measurements 
of contrast (using third order Sequoia techniques) could help 
determine the picosecond contrast in TAP. 

 

OPG seed generation at off resonance wavelengths. 

 

The intensity provided by this compressed picosecond system 
has enabled preliminary experiments to be conducted on 
potential sources of well synchronized off harmonic seeds. 
These could be used to seed other lasers which require different 
seed wavelengths. (These have been produced using Ti-sapphire 
femtosecond sources and photonic crystal fibers (4)). The 
spectral output shown in Figure 5 was obtained in an OPG 
arrangement (Figure 1) where the residual picosecond pump 
was weakly focused into a 10mm long BBO crystal. OPG 
sources tend to favour long wavelength generation whereas 
continuum sources shorter wavelengths. As in the picosecond 
OPA system, we only require ~107 photons to seed an OPA 
system pumped by a more energetic pump source to provide 
millijoule level probes.       

  

 

Figure 5. Broadband spectral output of an OPG pumped by the         
residual picosecond green. 

 

The ability to generate these broadband sources, and the use of 
Spatial Light Modulator (SLM) (5) to spectrally shape the 
spectral source at the spectral plane of a stretcher before 
amplification should allow the generation of arbitrary shaped 
transform limited pulses of arbitrary wavelength. This could be 
achieved using all reflective CPA system with a single grating, 
(as shown in Figure 6) incorporating the spatial light modulator 
at the mirror.  

 

 

Figure 6. Achromatic CPA system incorporating a potential 
SLM at the spectral plane. 
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Vulcan 10PW Project : Design of the Long Pulse Pump Laser 
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Introduction 

The Vulcan 10PW facility [1] requires a Long Pulse Pump 
Laser to transfer energy to the seed pulse within the large 
aperture Optical Parametric Chirped Pulse Amplification 
(OPCPA) [2] stages.  To pump the two stages of the OPCPA 
amplifier two similar beams are required. 

 

 

Figure 1: schematic of anticipated laser layout 

The systems being considered are outlined below. 

The specification of each of these two beams is for 600 J at 527 
nm in a temporally shaped flat topped 3 ns pulse.  The seed 
pulse is generated by the use of a shaped long pulse (SLP) 
oscillator.  The output of this SLP would then be amplified by 
well known methods based on existing technology used in the 
Vulcan laser, in the form of a rod amplifier chain and a disc 
amplifier chain.  The current anticipated design would use a 
combination of existing 108 and 208 amplifiers in a multi-pass 
disc amplifier architecture with new amplifiers using a 
rectangular slab technology.  These pulses will be frequency 
doubled to 527 nm before being used to pump the OPCPA 
crystals.   

Shaped Long Pulse(SLP) Oscillator 

To overcome the distortion of the pulse shape that inevitably 
occurs during saturated amplification to high energies in rod 
and disc amplifier chains, there is a requirement to provide a 
temporally shaped input pulse from a Shaped Long Pulse 
Oscillator (SLP) which can pre-compensate for these effects.  
The Vulcan Glass Laser System at the Central Laser Facility 
has developed a long pulse shaping system [3]. The 10 PW 
Facility will take advantage of this development and use a 
similar system as the seed for the pump pulse. The SLP 
oscillator will produce temporally shaped seed pulses from an 

intensity modulated fibre optic oscillator based on single mode 
fibre systems, driven by an Arbitrary Waveform Generator 
(AWG). This shaped pulse of ~100 pJ will then be amplified in 
a regenerative amplifier to the milliJoule level. 
A continuous wave laser is used to generate a shaped pulse 
within a fibre optic intensity modulator, which is driven by an 
Arbitrary Waveform Generator (AWG).  The output of these 
fibre modulator systems is limited to several nJ because of their 
power handling capabilities.  A key aspect of this system is the 
diode pumped regenerative amplifier (Figure 2) to amplify to 
the mJ level. 
A telescope is used to match the beam radius of the delivery 
fibre to the amplifier cavity.  They pass through a Faraday 
isolator that is used to switch the output of the amplifier by 
rejecting the returning pulses.  The cavity is formed by two 
concave mirrors separated by 1.5m enabling amplification of 
pulses up to 10ns in duration.  The cavity has been folded to 
reduce its footprint and enable end pumping with two mirrors 
next to the Nd:YLF rod, both highly reflecting at 1053nm and 
anti-reflecting at 805nm, the pump wavelength.  The pump 
power is provided by 2 fibre coupled 25W CW diodes operating 
at 805nm.  The pumping is achieved by imaging the output of 
the pump delivery fibres to the centre of the crystal using a 
telescope comprising 35mm, 100mm and 200mm focal length 
lenses.  This combination of focusing lenses has been selected 
to minimise the risk of thermal fracture of the Nd:YLF crystal.   
The regenerative amplifier is operated at 10Hz and the pulses 
are amplified to the ~0.5mJ level.  The output Pockels cell is 
used to remove unwanted prepulses produced within the 
regenerative amplifier.  Temporal stability and beam quality of 
any seed source are both important issues for injection into a 
low repetition rate large glass laser like Vulcan.  The shot to 
shot stability of the regenerative amplifier has been measured to 
be better than 5% over long periods of time – a key benefit of 
diode pumping.   
The existing SLP has proved that we can meet the pulse shape 
requirements, but further tests are required to ensure energy 
stability and robustness of the system.  

Contact  Trevor.Winstone@stfc.ac.uk 

 
 

Figure 2: Schematic of the regenerative amplifier 
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Rod Amplifier Chain 

A rod amplifier chain is required to amplify the beam from the 
mJ level at the output of the oscillator to the Joule level prior to 
injection into the final disc amplifier chain.  The 10PW Facility 
will use Quantel [4] rod amplifier heads and power supplies, 
similar to those used in the Vulcan Laser System.  This type of 
technology is well known and has proven to be reliable.  
Although the commercial amplifier heads that will be used are 
similar to those designed in-house there are some differences.  
In particular the doping level and length of the rods exposed to 
the flashlamp light differ.  It will therefore be necessary to 
undertake gain tests to adequately determine the detailed design 
of the system and achieve the required level of amplification.   
The amplifiers available to this project are Quantel 
manufactured heads and power supplies in the form of one 9 
mm, one 16 mm, one 25 mm and one 45 mm.  This is identical 
to the rod amplifier chains currently used in Vulcan.   
The design is based upon the current Vulcan rod amplifier 
chain.  This has operated successfully over the past 22 years and 
provides a good basis for the rod amplifier system of the 10PW 
Long Pulse Pump Laser. 
After the Shaped Long Pulse oscillator a double passed 9 mm 
amplifier will be used to boost the energy to the tens of mJ level 
before being injected into an air spatial filter.  The remaining 
amplifiers will be arranged in a single pass line from 16 mm 
amplifier through to the output 45 mm rod amplifier.  The 
focused intensity after the 16 mm rod amplifier is sufficiently 
high to break down air so vacuum spatial filtering (VSF) is 
applied.  These VSFs will clean the beam and also increase the 
beam size, hence lowering the beam fluence at the output 
relative to the input.  After each amplifier stage will be an 
isolation component, in the form of either a Faraday rotator or a 
Pockels cell, each coupled with crossed polarisers to ensure 
rejection in the event of the isolation component failing to 
operate.  A potential layout of the rod chain is shown in figure 
3. 

At the end of the rod chain a delay line will be required on one 

of the beam lines to control the timing of the pulse arriving at 
the final OPCPA stage. 
To ensure that the gain of the rod amplifier chain will meet the 
required level a series of tests will be conducted on each 
amplifier.  A modulated pulse will be amplified through each 
rod amplifier in turn and the ratio of the amplified pulse energy 
to the unamplified pulse energy measured to give a value of the 
gain for each size of amplifier. The small signal gain levels 
obtained from these tests will be fed back into the models for 
the 10PW Facility to ensure the model is a true representation 
of the facility. 

Disc Amplifier Chain 

Numerous amplifier combinations have been modelled for the 
disc amplifier chain.  This modelling based on the Frantz-
Nodvik method [5] considers gain components and passive 
components as well as active isolation components.  By taking 
the gains and losses and the beam size into account it is possible 
to model the energy at each stage within the system being 
considered.  To ensure that the model is accurate it has been 
tested by modelling the existing Vulcan beam line.  The model 
has been shown to be good to within a few percent under these 
tests.  With the characteristics already modelled it is possible to 
take a further step and calculate the breakdown integral, or B-
integral [6], for these systems.  Although it is possible to 
operate a long pulse laser system with a B-integral value of 7, 
when aiming to deliver in excess of 1 kilojoule it is advisable to 
keep it as low as possible.  It was decided to ensure the B-
integral of the Long Pulse Pump Laser was at most 3, with a 
target value of 2.  The key characteristics of the most likely 
designs being considered are shown in Table 2. 
From the modelling conducted and reported in table 2 above 
two designs came to the fore, options A and B, as both designs 
reduced the number of capacitor bank circuits required and kept 
the maximum fluence levels lower.  As an added advantage 
option B allows for reuse of some equipment already made 
available to the project.  Therefore option B was selected for 
further consideration. 

Laser Architecture 

Following the rod amplifier chain the energy will be increased 
in a series of disc amplifiers, as seen in figure 5, with increases 
in aperture and divisions in the wavefront to keep it from 
exceeding the laser damage threshold for the components.  
After leaving the end of the rod chain a variable split will be 
introduced to enable control of the amount of energy being sent 
to each of the two amplifier chains.  The beam will then 
increase in size from 45 mm diameter to 96 mm diameter 
leading to a reduction in energy density from 0.89 J/cm2 to 0.14 

Amplifier Energy at 
output 

Fluence at 
output 

Double passed 
9 

15 mJ 0.15 J/cm2 

16 203 mJ 0.22 J/cm2 
25 1.26 J 0.49 J/cm2 
45 5.5 J 0.55 J/cm2 

Table 1: Energy and fluences at different stages of the rod amplifier 
chain 

Figure 3 : Potential layout of rod amplifier chain for the Vulcan 10PW Upgrade 
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J/cm2.   
At this point the beam will enter a double passed 108 amplifier 
arrangement of a plate polariser, Faraday rotator, disc amplifier 
and retro reflector which will be used to boost the energy of the 
beam by a factor of ~50.  The beam will pass through the 
polariser before arriving at the Faraday which will rotate the 
polarisation by 45 degrees when activated.  The amplifier will 
be orientated at 45 degrees to match the polarisation change.  
After being amplified in the first pass the beam will be reflected 
back along a similar path and amplified further in the second 
pass.  The polarisation will be rotated a further 45 degrees 
through the Faraday such that at the polariser the beam is 
rejected from the surface.   
During the transit from the double passed 108 amplifier system 
to the ‘3 way VSF’ the polarisation of the beam will be rotated 
back to horizontal.  The beam will be apodised to a square prior 
to entering the ‘3 way VSF’.  The energy at this point will be 
about 76 J post apodisation.   
A design incorporating four double passed amplifiers has been 
considered, but rejected as it would require 24 rectangular discs.  
The first two 208 amplifiers will use the existing 12 elliptical 
discs in double pass mode, but as the beam needs to be square 
through the final amplifier this beam will be 127x127 mm.  This 
will then be followed by the final output 200 slab amplifiers 
which will be full aperture 180x180 mm beams.  
To enable this architecture a three way VSF would be required 
where the two beams would be angularly multiplexed through 
two pinholes.  A conceptual design is shown in figure 6.  On the 
first pass the square beam is reflected off a small, 25 x 35 mm 
mirror to direct it into the first pinhole and through to the 
double passed elliptical disc amplifier.  After being amplified 

the beam passes back into the VSF and through a second 
pinhole separated from the first by 20 mm and through to the 
output rectangular disc amplifiers.  Passing off centre through 
the second lens of the ‘three-way VSF’ introduces errors to the 
beam, but modelling indicates the errors are less than λ/10 in a 

double pass configuration.   
The major challenge with this design is the required Laser 
Damage Threshold of the 25 x 35 mm mirror in the VSF which 
is required to withstand 10.5 J/cm2.  Recent discussions indicate 
that the risk associated with this optic has been reduced as 

Option Description System I/P 
(mJ) 

Corner Energy 
(J) 

Output of 208 
Energy 

(J) 

Highest 
fluence 
(J/cm2) 

B-Integral 

 System design limits 2 15 1500 5 3 
A After rod chain 2 way 

split, double passed 108, 
Apodiser, 4x double 

passed SQ 208s 

0.200 1.07 1316 4.06 
O/p 208s 

0.84 

B After rod chain 2 way 
split, double passed 108, 

Apodiser, 2x double 
passed circ (sq beam) 

208s, 2x single passes SQ 
208s 

0.304 9.14 1248 3.85 
O/p 208s 

1.78 

Table 2 : Leading options considered for the disc amplifier chain layout and the limits within which the designs were judged 

 
Figure 6: ‘Three way VSF’ injection and centre section. Red arrow 
– beam injection. Orange arrow – first pass through pinhole 
heading towards double pass 208 amp. Blue arrow – return from 
double passed 208 amplifier passing through second pinhole on 
way to 200 slab amplifier. 

 
Figure 5: Long pulse pump laser potential layout. 
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optics developed for the Laser MegaJoule Project [7] are 
designed to withstand in excess of 40 J/cm2 at similar pulse 
lengths.  Samples are being obtained to confirm the Laser 
Induced Damage threshold. 
After full amplification each beam would have in excess of 1.2 
kJ in a 3 ns flat topped pulse as per the initial specification.  The 
key characteristics are shown in Table 3 above. 
The disc amplifiers and Faraday isolators from the Disc 
amplifier chain will be powered from a new capacitor bank [8]. 
From experience of the Vulcan Laser System which has energy 
stability 95% of shot requests being delivered to within +/- 20% 
of the requested energy, it is anticipated to have a similar 
energy stability with the 10PW Project.  Most of the issues 
affecting this stability are related to the stability of the 
alignment of the beam between the oscillator and the end of the 
rod chain.  It is anticipated that this energy stability will be 
improved for the 10PW Facility by better diagnostics and 
alignment procedures for the rod chain.  It could be further 
improved by the use of an automated alignment system which 
would adjust the alignment of the rod amplifier chain prior to 
the shot – to be effective this would require more diagnostics. 

MIRO modelling of the Amplifier Chain 

Understanding the performance of the proposed laser chain is 
important to predict the required input energy to give the 
expected output pulse energy, fluence throughout the amplifier 
chain and the temporal pulse shape. 
The analytical program MIRO [9] was developed to simulate 
propagation and amplification of laser beams in Nd:glass laser 
systems.  The physical effects which MIRO takes into account 
are: saturated amplification, absorption, Kerr effect, 
birefringence and aberration.   
The rod amplifier chain, being based on the Vulcan rod 
amplifier chain, is fairly well understood.  Tests on the Vulcan 
rod chain have proven the MIRO model up to the end of the rod 
chain.  This said the ongoing gain test measurements of the 
Quantel rod amplifier will provide essential data for the 
modelling of the new system.  Further experience of running the 

Vulcan Shaped Long Pulse Oscillator in conjunction with the 
Vulcan Rod Amplifier chain will give further confidence that 
the rod chain and SLP required for 10PW Long Pulse Pump 
Laser is well understood.   
A model of the proposed amplifier chain has been developed 
which agrees well with Frantz-Nodvik [6] calculations for the 
saturated amplification of this system.  As a further test both 
these methods have been used to model the Vulcan rod and disc 
amplifier chain where both gave good correlation with each 
other and the Vulcan system performance.  Table 4 shows the 
MIRO model calculated system gains and energies at key 
points. 
Using the amplifier chain models developed with MIRO it is 
possible to predict the change in the temporal pulse shape as it 
passes through and off the many optical components in a laser 
amplifier chain.  It is possible to set an output characteristic 
such as temporal pulse shape and use the MIRO models to 
predict the input pulse shape required to give the required 
output pulse shape.  This was originally anticipated to be a 3 ns 
square, or top hat, pulse for maximum energy extraction.  
However a sharp temporal cut off in the square pulse transfers 
to the spectrum of the amplified seed pulse due to the seed 
being a chirped pulse.  Sharp changes in wavelength such as 
this can lead to a degradation in contrast, see OPCPA chapter.  
A pulse shape will need to be selected which compromises 
between maximum energy extraction and high contrast, which 
will probably be closer to a 3ns super Gaussian pulse.  To 
anticipate the change in pulse shape as the pulse is amplified 
through the amplifier chain the model needs to take into account 
the dominant effect of ‘gain saturation’ where pulse shapes are 
changed as the leading edge of a laser pulse achieves 
significantly higher gain than the trailing edge as it passes 
through the gain medium. The majority of temporal pulse shape 
distortion is predicted to occur within the disc amplifier chain 
where the amplifiers are running in the saturated mode.  The 
model has been developed using analytical expressions for the  
input pulse shape, defined in both spatial and temporal terms, 
and using an ‘equivalent’ optical chain modelled in MIRO to 
that envisaged (using Direct 3D geometrical optics) before a 
50% split.  The input temporal profile can be adjusted to give 
the best flat topped pulse possible at the output. 
The diagnostics for the 10PW Long Pulse Pump Laser system 
will be similar to the beamline diagnostics in the existing 
Vulcan system.  

OPCPA booster stage pumping options 

As part of the design of the OPCPA Amplifier Stages [10] one 
scheme requires a pre-amplification stage to be considered, this 
would require ~15J in a 50x50 mm beam at 527 nm to pump it.  
A number of options are being considered including obtaining 
this booster stage pump from various positions in the Long 
Pulse Pump Laser chain. 
Option 9a has a requirement for a double passed rod amplifier, 

Amplifier Energy at 
output 

Fluence at 
output 

Input of 108 
amplifier 

2.4 J 38 mJ/cm2 

Output of 108 
amplifier 

123 J 1.94 J/cm2 

After apodiser 76 J 1.8 J/cm2 
Output of 208  

double pass 
amplifier 

506 J 3.1 J/cm2 

Output of 208  
rectangular 

amplifier 

1247 J 3.9 J/cm2 

Table 3: Energies and fluences throughout the disc amplifier chain. 

 Beam size Single pass gain  Energy 
SLP Output 3.6 mm dia  56 uJ 

9 mm rod amp 3.6 mm dia 18  
16 mm rod amp 10.6 mm dia 25  
25 mm rod amp 18 mm dia 16  
45 mm rod amp 36 mm dia 5.5 5J   

Splitter for 2 beams 36 mm dia Single pass Gain per amplifier 2.4 J 
Double pass 108  

disc amplifier 
90 mm diameter 10.5 101J 

Double pass  
2x elliptical 208 disc 

amplifier 

127 mm x 127mm 2.1 475J 
 

Single pass  
2x Square 208 disc amplifier 

180 mm x 180mm 2.1 1260 J 
 

Table 4: data obtained from the MIRO model of the proposed 10PW Facility 



probably a 45mm rod, which has not been included as part of 
the original project.  Option 9b removes a lot of energy from the 
system resulting in working the front end and rod chain harder 
to compensate.  As the double passed 108 amplifier system 
contains polarisers, which in Vulcan are the Long Pulse ‘fuse’ 
(lowest damage threshold component) for the system, this is 
inadvisable. 
Therefore from a system point of view it is preferable to remove 
the OPCPA booster stage pump beam either at the output of the 
208 amplifiers or after the beam has been frequency doubled to 
527 nm, where the percentages of the beam extracted are 
significantly lower.  From an OPCPA viewpoint, it would be 
preferable to extract the pump at the end of the rod chain, where 
pulses would be available every two minutes. 
The temporal pulse shape distortion of this Booster stage pump 
would not have an identical pulse shape to the main beam if 
taken from the end of the rod chain.  After amplification in a 
double passed rod it would have a more rounded shaped pulse 
compared to the stage 1 and 2 pulses, assuming a saturated gain 
from an additional rod amplifier.  Modelling shows that this 
would not be a significant issue for the OPCPA Booster stage 

Conclusions 

A design has been modeled and assessed both using Frantz-
Nodvik and MIRO software.  This design has been deemed 
suitable for delivering 600 J at 527 nm in a 3 ns pulse to the 
OPCPA Stages of the Vulcan 10PW Upgrade. 
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Table 5: An analysis of the options for pumping the OPCPA booster stage 

Option 
Split 

position 
%age 
split 

SLP o/p 
Booster 

pump o/p 
System B-
integral 

Highest fluence 
Pos’n of highest 

fluence 

a Rod chain 23% 6.88E-5 J 15.04 J 1.585 3.82 J/cm2 O/p 208s 

b After DR 29% 8.82E-5 J 15.02 J 1.719 3.84 J/cm2 O/p 208s 

c After 208 2.5% 5.72E-5 J 15.06 J 1.601 3.92 J/cm2 O/p 208s 

d After Xtal 2.7% 5.78E-5 J 15.29 J 1.616 3.93 J/cm2 O/p 208s 
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Introduction 

Laser discs have been the mainstay of high energy glass laser 
systems for the last 35 years.  The traditional monolithically, or 
pour, clad discs are being phased out by manufacturers as 
processes developed for the National Ignition Facility (NIF)[1] 
and Laser MegaJoule (LMJ)[2] prove to have a higher yield of 
higher quality discs.  This paper covers the Vulcan system 
implementation of design changes to elliptical disc amplifiers to 
take rectangular slabs. 

Amplifier modifications 

The disc amplifiers currently used in Vulcan are either a CLF 
design (Size 108mm and 150mm clear aperture) or amplifiers 
obtained from the Nova laser [3] (size 208mm clear aperture).  
The 208 Nova disc amplifiers were modified to use 8 
flashlamps to pump the active laser glass, thus using half the 
number of capacitor bank circuits.  These amplifiers have been 
operating successfully for 9 years within the Vulcan Petawatt 
facility[4]. As these types of amplifiers are well understood 
these will also be used in the design of the Vulcan 10PW 
Facility.   
The Vulcan 10PW Upgrade Long Pulse Pump Laser design[5] 
has access to four of the Nova style 208 amplifiers not currently 
in use that are being made available to the project. As this 
number of amplifiers is insufficient we require additional 
amplifiers.  For the final stage of amplification, the amplifiers 
will be built using rectangular Nd:glass slabs, which will 
require the development of new amplifier designs. 
Traditionally the manufacture of laser discs has required a 
cladding material to be poured at high temperature around the 
hot Nd:doped laser glass and cooled over several weeks to room 
temperature. This cladding material is required to absorb 
Amplified Spontaneous Emission (ASE) within the plane of the 
disc and hence significantly reduce depletion of the energy 
stored in the disc.  The monolithic, or poured, cladding process 
leads to a significant number of failures primarily due to 
stresses induced between the two materials.  To dramatically 
improve yield a glue cladding process [6] was developed at 
Lawrence Livermore National Laboratory (LLNL). 

A design has been implemented to modify the 208 amplifier to 
take similarly sized rectangular glue clad slabs, referred to 
hereafter as 200 slabs.  These slabs have been cut from material 
supplied by LLNL and clad with copper doped glass to absorb 
parasitic oscillations in the plane of the slabs.   
Tests have been conducted on a 150 size slab amplifier (see 
figure 1) and a 200 size slab amplifier.  The gain test of the 200 
amplifier has concluded that it has a similar small signal gain to 

the 208 elliptical disc amplifier, the former giving 2.06 (at 1.8 
kV) with the later 2.15 (at 1.9 kV), see figure 2.   
Tests will also be conducted to assess the effect of firing the 
disc amplifiers at a repetition rate higher than the one shot per 
20-30 minutes.  This is limited by the thermal effects which are 
induced in the gain medium from the firing of the flashlamps.  
Although the flashlamps are cooled to remove as much heat as 
possible it is inevitable some heat will pass to the laser discs in 
the form of IR radiation.  Currently the disc cavity is purged 
with Nitrogen, but not cooled.  We are considering the option of 
cooling the cavity with the aim of trying to fire the amplifiers at 
one shot per 15 minutes for the task of near-field pumping of 
the OPCPA crystals in the 10PW Project.   

Conclusions 

Amplifiers of similar beam size, but using rectangular 
Nd:doped slabs have been built and tested at the Central Laser 
Facility to prove similar operational characteristics to the 
existing amplifiers.  This has been essential to the continued 
operation of the Vulcan Laser System as well as the Vulcan 
10PW Upgrade.  Further modifications are being considered to 
fire the amplifiers at a higher repetition rate. 
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Figure 1: Inspection of 150 Rectangular slab amplifier 

 
Figure 2: Gain test results showing Rectangular slab gain of 2.06 
at 1.8 kV.  Gain given by height at ‘b’ divided by height at ‘a’. 
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Introduction 

The principle aim of the Vulcan 10PW project is to deliver a 
30fs pulse with 300J of energy to target. The compressor design 
began by demonstrating that it was possible to compress high 
energy broadband pulses to 30fs using new grating technology 
 
Previous development work 
A programme of broad bandwidth diffraction grating 
development and measurement has been established to meet the 
stringent requirements of the Vulcan 10PW laser system.  
Gratings are strongly limiting items in large CPA systems as a 
result of their high cost, limited and ageing efficiency and 
modest damage threshold.  Traditional gratings have been based 
on metallised photoresist holographic gratings which require 
fluences less than 0.2J/cm2 and have 4 bounce efficiencies of 
typically 70% or less and consequently require very large beam 
and optics diameters and increased energy designs for the laser.  
Modest improvements can lead to significant increases in laser 
performance to target.  These are holographic gratings photo-
lithographically etched into photoresist and metallically over-
coated.  Figure 1 shows the simulated efficiency curve for an 
optimised square profile gold grating and indicates excellent 
efficiency and bandwidth.  A number of possible developments 
have been discussed in literature, primarily concentrating on 
improving the damage threshold of conventional gratings and 
on the use of high damage threshold dielectric materials to 
either enhance the performance of the metallic gratings or even 
to eliminate the use of metals entirely.  For the Vulcan 10PW 
laser we have investigated possible improvements for a 
wavelength range of up to 200nm centred at 910nm and for 
geometries and grating groove densities compatible with the re-
compression of 3ns pulses.  Initial tests[1] showed that gratings 
at line densities of 900 l/mm, 1000 l/mm and 1100 l/mm and ‘s’ 
polarization were rapidly approaching the simulated diffraction 
efficiency levels in house modeling had predicted.  However the 

900 l/mm grating had shown maximum efficiency, so were 

chosen to take forward.  Tests were then undertaken to compare 
silver coatings and gold coatings. Both of these were shown to 
be performing similarly. 

Metallic Gratings improvements   

Two possible improvements over the diffraction efficiency and 
laser damage threshold levels for the metallic gratings have 
been proposed. 
a) Increase in the thickness of the metal layer to perhaps 200nm 
has been shown to yield higher damage threshold although this 
may lead to a reduction in the conformity of the profile to the 
ideal and hence to a reduction in efficiency and bandwidth. 
b) As the presence of the photoresist contributes to the low 
damage threshold and is not easy to coat with good uniformity, 
an improved performance may be achieved by reactive ion 
etching the resist profile into the substrate and eliminating the 
photoresist prior to applying the metal coating. 
 

Metallic grating development: Diffraction efficiency and 
laser damage threshold results 

The compressor gratings must satisfy a number of criteria as 
explained in the earlier section.  The grating must have low line 
density, ideally ~ 900 l/mm, and must have good diffraction 
efficiency at 900nm over the required bandwidth. They will 
handle large diameter beams > 0.6 m containing large energy 
~500J, therefore they must have a laser damage threshold(LDT) 
that allows for a safety margin to be able to operate at half of 
the damage threshold i.e. LDT of 160 mJ/cm2 to operate 
regularly at 80 mJ/cm2. 
The theoretical calculations showed that the best efficiency is 
obtained when operating the gratings at Littrow angle with an 
off-plane configuration at ‘s’ polarisation as described above. 
In our earlier report [1] we tested several samples of silver and 
gold gratings at 900 l/mm of binary profile.  The tests showed 
that both silver and gold gratings of the binary type operating at 
Littrow out of plane configuration have quite uniform 
diffraction efficiency above 90% across the required bandwidth. 
Experience in Manufacture has led Plymouth Gratings to more 
regularly hit the best diffraction efficiency across the full 
operation bandwidth of the 10PW Project.  In figure 2 the 
diffraction efficiency achieved for 900 l/mm Binary type Ag 
coated fused silica samples in Littrow (24 degrees) out of plane 
(6.5 degrees) configuration at ‘s’ polarization is shown. It 
clearly demonstrates that the diffraction efficiency is over 90 % 
and is uniform within the required spectral range, with uniform 
spatial diffraction efficiency.  Figure 3 shows the diffraction 
efficiency achieved for 900 l/mm binary type gold grating 
samples in the same configuration. 

Contact  Trevor.Winstone@stfc.ac.uk 

 
Figure 1 Simulated efficiency curve for a gold grating (900l/mm; 20% 
duty cycle; 370nm depth) 
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Figure 2 Diffraction efficiency for Grating sample # 16, Ag, 2’’, FS, 
Binary Type, S – polarization 
 

 
Figure 3 Grating sample # 18, 200 nm Gold on Photoresist, 2’’, FS, 
Binary Type,  
 
The fluence on the surface of the first compressor grating is 125 
mJ/cm2 and on the last grating 85 mJ/cm2. For the last grating, 
where the pulse length will be 30 fs, the specification for the 
damage threshold has to ideally include at least a factor of two 
for safe operations, this means that the target specification is 
170mJ/cm2 for the final grating measured on the grating’s 
surface.  It was therefore important to confirm the laser damage 
threshold (LDT) for the new metallic grating samples for short 
pulse operation.  Initial tests were conducted on the Astra 
facility and all subsequent tests have been conducted at Vilnius 
University Laser Research Center(VULRC).  All samples were 
tested using a 45fs pulse at ‘s’ polarisation with a centre 
wavelength of 800nm at 10 Hz, both in air and in vacuum. 
The normal process is to test the grating samples for diffraction 
efficiency and then for LDT, table 1 shows a summary of the 
LDT for the gold and silver binary sample gratings 
manufactured with different parameters, this table shows that 
metallic gratings can be manufactured with the required target 
of 170 mJ/ cm2.  This shows a 50% uplift in LDT results from 
the initial batches due to ability to manufacture the gratings 
more reliably, improved cleaning techniques, and the variation 
of metal coating thickness.  Figures 4a and 4b show the data 
obtained in the LDT tests for the best two samples.  The ability 
to etch the grating reduces the impact of a further variable in the 
uniformity of the photoresist.  The next step will be to produce  
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a medium size grating to confirm the performance achieved for 
the smaller samples. 

Conclusions 

This process of reducing the risks to the project by targeted 
development of grating technology at 900 lines/mm has been 
highly successful delivering samples capable of delivering 
excellent diffraction efficiency across the required bandwidth 
whilst withstanding the specified laser damage threshold 
suitable for operations. 
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Batch3/15 Si wafer 

 
Silver 
100nm 

900 25 0.171 J/cm2 

Batch5/5 FS substrates Silver 
200nm 

900 25 0.170 J/cm2 

Batch 4/9 FS substrates Gold 
200nm 

900 25 0.170 J/cm2 
 

Batch 4/11 FS substrates Gold 
200nm/ etched 

900 25 0.180 J/cm2 
 

Table 1. Summary of the optimum LDT tests obtained of different metallic gratings. 
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Introduction 

In this contribution we discuss the optical arrangement used to 
generate controllable picoseconds pre-pulses in TAP. The 
development of this has been driven by the work of Robinson et 
al [1] where two laser pulses are used to reduce the fast electron 
beam divergence. With the development of the picosecond 
OPCPA pre-amplifier [2], there is sufficient seed energy to 
enable a relatively high loss system to be employed without 
degrading the performance of TAP.  

Operation of the Pre-pulse generator 

The pre-pulse generator is positioned between the output of the 
picosecond OPCPA pre-amplifier and the TAP stretcher. The 
schematic for the optical arrangement of the pre-pulser is shown 
in figure 1. The input pulse is incident on a half-waveplate and 
polarizing beam splitter (PBS) the relative orientation of these 
controls the ratio of the pre-pulse to main pulse intensity. The 
main pulse goes through the PBS and is incident on a roof prism 
that displaces the pulse horizontally, a steering mirror is then 
placed before a non-polarizing beam splitter (NPBS) to enable 
alignment into the TAP stretcher. The pre-pulse is reflected off 
the PBS and is also incident on a roof prism and is equally 
displaced horizontally. This roof prism is mounted on a 
translation stage with a micrometer to enable translation in steps 
of 0.5ps equating to adjustments of 75µm. A half-wave plate is 
then used to rotate the polarization of the pre-pulse to match 
that of the main pulse. A steering mirror and the NPBS are then 
used to match the propagation of the pre-pulse to the main 
pulse.  

 

Figure 1. Schematic of the optical arrangement for the 
picoseconds pre-pulse generator showing the half-waveplates 
(λ/2), polarizing beam splitter (PBS) and non-polarizing beam 
splitter (NPBS). 

Alignment and Calibration 

The pre-pulser was aligned using the output from the TAP 
oscillator which produces pulses with ~150fs duration at 
80MHz. The optical alignment was confirmed using the near 
and far-field monitors for the TAP stretcher. Temporal 
alignment was then achieved by introducing a slight tilt to the 
beam which introduces fringes to the beam in the near-field 
which are only visible when the pulses are temporally and 

spatially overlapped. In this way the nominal zero delay 
position was defined.  

The calibration of the relationship between the relative ratio of 
pre-pulse to main pulse and the angle of the first half wave-
plate was achieved using the oscillator and a power meter. It 
was found that the ratio of the pre-pulse to main pulse intensity 
could be adjusted from 1:1 to 1:25 in a controllable and 
repeatable fashion. The throughput of the device was also 
measured with the combined output of the main and pre-pulses 
being 40% of the input beam.  

 

Operation 

The picosecond pre-pulse generator was used during the 
experimental campaign in TAP in September 2010. An example 
of one of the autocorrelation traces recorded during that 
campaign is shown in figure 2. The settings for this target shot 
were for a separation of 4ps and a ratio of 1:10. Due to the 
symmetrical nature of the autocorrelation function a pre-pulse 
also generates a post-pulse. It is still linear though in that a 
separation of 4ps in time should be measured as 4ps and the 
relative ratios should still be the same in the autocorrelator. The 
lineout in figure 2 shows that the central peak is saturated but 
the separation of the main peak to the satellite peaks is 
equivalent to a separation of ~3.85ps. 

 

Figure 2. Autocorrelation and respective lineout for a target  
shot during the TAP campaign in September 2010. 

 

Conclusions 

In conclusion we present a simple device that enables the 
generation of controlled pre-pulses on the picoseconds time 
domain. This device was successfully used in the experimental 
campaign in TAP in September 2010. 
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Introduction 
DiPOLE stands for Diode Pumped Optical Laser Experiment. It 
is a project at the CLF to develop the foundations of novel high 
energy, high average power laser systems based on diode 
pumped solid state laser (DPSSL) technology. Compared to 
conventional systems, this approach promises dramatically 
increased repetition rates (and hence average powers) at 
significantly higher electrical-to-optical conversion efficiency. 
DiPOLE has been included as an emerging opportunity in the 
Research Councils UK Large Facilities Roadmap [1].  

Laser amplifiers capable of producing energetic ns-pulses are 
one of the main tools for laser plasma research and high-energy 
applications. Laser chains containing such amplifiers can 
produce ns-pulses or ps-pulses if the chirped pulse amplification 
(CPA) technique is used. Depending on the application, these 
pulses are either applied directly or are used to pump other 
amplifiers (e.g. Ti:Sapphire or OPCPA) in order to obtain even 
shorter pulses in the fs-regime. Currently, ns-amplifiers are 
based on flashlamp-pumped Nd:glass technology and their 
repetition rate is limited to a few shots per minute for amplifiers 
delivering tens of joules of pulse energy to a few shots per day 
for lasers delivering kJ-level pulse energies. Increasing the 
repetition rate of such laser systems to the multi-Hz level 
(typically 10 Hz) is pivotal for the following applications: 

• Opening up new horizons in fundamental laser plasma 
interaction research by enabling higher throughput and the 
exploration of larger parameter spaces. 

• So-called secondary sources which use laser-generated 
plasmas to produce ultra-short pulses of energetic particles 
(electrons or ions) or electromagnetic radiation (ranging 
from THz to hard X-ray). High repetition rate drive lasers 
are required to generate sufficiently high particle and 
photon numbers. Much of the pan-European ELI project 
focuses on the development and exploitation of secondary 
sources [2]. 

• Inertial confinement fusion (ICF), which is expected to be 
demonstrated for the first time within the next two years. 
Whereas current low-repetition rate facilities like NIF and 
LMJ are suitable for proof of principle experiments, high-
efficiency, high repetition rate DPSSL based laser drivers 
open up the possibility to develop ICF into a reasonably 
clean, practically inexhaustible source of energy. This is the 
focus of the pan-European HiPER project [3]. 

Amplifier concept 
The main activity within DiPOLE is the development of a 
DPSSL amplifier concept that is capable of delivering kJ-level 
pulses at 10 Hz repetition rate. The amplifier design chosen is 
based on a gas-cooled multi-slab concept. This architecture was 
first demonstrated in the Mercury system [4] and consists of 
multiple thin slabs of gain medium each separated by a small 
gap and arranged sequentially in a stack formation. Each slab is 
face cooled from both sides by a transverse stream of gas and, 
in our case, this gas is cooled to cryogenic temperatures. The 
high surface area of the slab faces ensures efficient heat 
removal and the low overall aspect ratio ensures ASE loss is 

kept to a minimum. A Cr4+ absorptive cladding around the edge 
of each slab is also included to further suppress ASE and 
prevent unwanted parasitic oscillations. Furthermore, because 
the aspect ratio of the gain medium can be chosen freely 
without compromising cooling, this concept represents a 
flexible architecture that can easily be scaled for lower (10s J) 
or higher (up to kJ) energy output from a single (or several) 
amplifier head(s). 

The basic structure of a cryogenic gas-cooled ceramic Yb:YAG 
slab amplifier is shown in Fig. 1. Cold helium gas is forced 
through the gaps between the slabs for cooling and the amplifier 
is end or face-pumped from both sides. The Yb-doping level in 
the slabs is increased towards the centre of the amplifier to 
ensure a uniform heat load in each slab. The stepped doping 
profile has the additional benefit of reducing the overall 
thickness of the amplifier for a given maximum gain 
coefficient. The reduction in amplifier thickness is particularly 
important for high intensity applications, especially when using 
YAG (as it has a high nonlinear refractive index), to ensure the 
overall B-integral for the system is kept at a manageable level, 
minimising the impact of nonlinear effects. 

 

Fig. 1: Illustration of amplifier concept: isometric (left) and side 
view (right). 

Baseline Amplifier design 
The details for a baseline cryogenic gas-cooled Yb:YAG 
amplifier design capable of handling kJ-class pulses have been 
presented previously[ 5] and are summarised in Table 1. These 
have been calculated based on performance predictions from a 
1D numerical model including spectral dependence of pump 
absorption and taking into account appropriate pump 
parameters (fluence, pulse duration, spectral width etc.) and 
assume an operating temperature of 175 K. The design is based 
on a target output fluence of 5 J/cm² at 1030 nm, which 
represents a safe operating level for generating nanosecond 
pulses in YAG. To handle 1 kJ output pulses the amplifier 
aperture then needs to be 200 cm2 (14 cm x 14 cm) assuming a 
square aperture beam is used. The baseline modelling predicts a 
pump storage efficiency (pump energy / extractable energy) of 
50% and a small signal gain of 3.8. 
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Table 1: Baseline parameters for a 1 kJ amplifier. 

The baseline amplifier design consists of 10 slabs with five 
different doping levels. The doping levels have been calculated 
to ensure that the product of the small signal gain coefficient 
(g0) and the diagonal transverse dimension of the square slabs 
(D) is always less than or equal to 3. This criterion has been 
chosen to ensure that the impact of ASE loss in the amplifier is 
kept to a minimum [6]. Model predictions also indicate there is 
an optimum optical depth (product of Yb doping concentration 
and gain medium thickness) of 3.3 % cm that maximises energy 
storage potential. The calculated doping levels for each slab and 
variation of the transverse gain-length (g0D) product through 
the amplifier are shown in Fig. 2. 
 

 

 Fig. 2: Optimum doping profile where g0D ≤ 3. 
 

DiPOLE Prototype Amplifier 
To test the proposed cryogenic gas-cooled multi-slab amplifier 
concept in the laboratory, a lower-energy prototype system, 
DiPOLE, is under development at the CLF [7]. This is a scaled 
down version of the 1 kJ design, sized to deliver 10 J at 10 Hz, 
which will provide a test bed for the technology. The main aims 
of the DiPOLE project are to validate and calibrate model 
predictions, quantify ASE losses, test cryogenic gas-cooling 
technology, test Yb:YAG ceramics and other potential gain 
media, and, most importantly, demonstrate the viability of the 
concept for efficient and cost effective generation of high-
energy nanosecond pulses suitable for IFE applications. A 
summary of the status of the various sub-systems that make up 
the DiPOLE amplifier system is given in the following sections. 

 

 

 

Amplifier head design 
The amplifier head design is based on four co-sintered ceramic 
YAG discs (55 mm in diameter x 5 mm thick) where the Yb-
doped region (35 mm diameter) is surrounded by a 10 mm thick 
Cr4+ cladding to absorb unwanted transverse fluorescence. 
Given the 2 cm total gain medium thickness, two different Yb 
doping levels of 1.1 and 2.0 atomic% have been chosen to 
maximise storage efficiency and to equalise heat loading. The 
discs are mounted in aerodynamic vanes within a vacuum 
insulated pressure vessel through which cryogenically cooled 
He gas is flown at ~25 ms-1. The amplifier is end-pumped from 
both sides through vacuum and pressure windows by two diode 
laser systems operating near 940 nm. A schematic and 
photograph of the amplifier head is shown in Fig. 3. 

 

Fig. 3: Schematic and photograph of prototype amplifier head. 

The predicted temperature distribution for a DiPOLE amplifier 
disk is shown in Fig. 4. This indicates that a uniform 
temperature distribution should be achievable over the square 
pumped region with a small temperature gradient of only ~3 K. 

 

Fig. 4: Predicted temperature distribution for DiPOLE amplifier 
(half) disks. 

Ceramic Yb:YAG disks 
The ceramic Yb:YAG disks for DiPOLE were produced by 
Konoshima [8] in Japan and a photograph of one of these is 
shown in Fig. 5, clearly showing the Yb and Cr-doped regions. 
The optical quality of the polished ceramic disks has also been 
assessed in a Zygo interferometer with transmitted wavefront 
errors (TWE) of less than λ/8 measured at 633 nm. A sample 
interferogram of a ceramic disk with a measured peak-to-valley 
TWE of 0.12 waves at 633 nm is shown in Fig 6. The measured 
spectral transmission at room temperature of the Yb and Cr-
doped regions is compared in Fig. 7.  



 

 

 

Fig. 5: Ceramic Yb:YAG.  

 

 

Fig. 7: Transmission spectra of Yb and Cr doped regions of 
uncoated ceramic YAG disks. 

These transmission spectra clearly show the increase in 940 nm 
pump absorption with Yb-doping level and the presence of 
room temperature re-absorption loss at 1030 nm, which 
illustrates the benefit of actively cooling the disks to achieve 
efficient operation. The transmission spectra for the Cr-doped 
region confirms this should act as an effective absorptive 
cladding in the near-infrared to minimise ASE. 

Cryogenic gas-cooling system 
A schematic of the cryogenic gas-cooling system developed for 
DiPOLE is shown in Fig. 8. The system consists of a cryostat, 
containing a liquid nitrogen heat exchanger to cool the helium 
gas, a circulating fan and a pair of vacuum insulated cryogenic 
transfer lines to transport the cooled gas to and from the 
amplifier head. The system operates at helium pressures up to 
20 bar with volume flow rates up to 50 m3/hr and stable 
operation has been tested to below 100 K. The cooling rate can 
be controlled to minimise thermal shock stresses on the 
amplifier disks. A screen shot of the monitoring and control 
interface for the cryogenic cooling system is shown in Fig. 9.  

 

Fig. 8: Schematic of DiPOLE cryogenic gas-cooling system. 

 

Fig. 9: Control and monitoring interface for cooling system. 

Diode pump laser 
DiPOLE has two diode pump lasers each delivering 20 kW 
peak power in pulses of between 0.2 and 1.2 ms duration in a 
uniform square beam (2 x 2 cm2), with a corresponding pump 
intensity of 5 kW/cm2 and at a repetition rate of between 0.1 
and 10 Hz. The uniformity of the pump intensity distribution is 
shown in Fig. 10 and the steep well defined edges can be seen 
in both vertical and horizontal intensity profiles. 

 

Fig. 10: Measured pump intensity distribution. 

The centre wavelength of the sources was specified to be 
939 nm with ~80% of the measured energy contained within 
± 3 nm of this wavelength. The wavelength of the diode 
modules within each source can be tuned by appropriate control 
of their temperature and individual bias current. A measured 
output spectrum from the diode source is shown in Fig. 11, 
along with the absorption cross-section spectrum of Yb:YAG at 
175 K reported by Brown et al 9. The good match between the 
two spectra should ensure efficient pump absorption. 

 

Fig. 3: Comparison of pump output spectrum and reported 
Yb:YAG absorption cross-section at 175 K 9. 

Pump radiation from both sources is coupled into the amplifier 
head by means of a pair of dichroic mirrors designed for high 
reflectivity of pump light at 940 nm (s-polarised) and high 
transmission of the 1030 nm beam (p-polarised) to be amplified. 
An angular offset is introduced between the two pump beams to 

 
Fig. 6: Interferogram of  
ceramic Yb:YAG. 



 

 

prevent re-injection into the opposing source. A photograph 
showing the two pump lasers, the cryogenic cooling system and 
the amplifier head installed in the DiPOLE laboratory is given 
in Fig. 12. 

 

Fig. 12: Photograph of DiPOLE laboratory. 

Front-end 
The front-end seed source for the DiPOLE amplifier is based on 
a master oscillator power amplifier (MOPA) design and has 
been built by Siebold et al at HZDR, Dresden, Germany [10]. 
The free-space oscillator is a diode-pumped cavity-dumped 
Yb:glass laser providing narrow linewidth ~0.2 nm pulses 
tunable between 1020 and 1040 nm. The temporal pulse shape 
is fixed with duration between 5 and 10 ns and the system is 
optimised to deliver ~300 µJ pulses at a repetition rate up to 
10 Hz. The oscillator output is then amplified in a separate 
diode-pumped multi-pass Yb:YAG booster amplifier using an 
active mirror configuration. This has demonstrated over 100 mJ 
output energy at repetition rates up to 10 Hz. A photograph 
showing the oscillator and booster amplifier layout is shown in 
Fig. 13. The oscillator beam is coupled into the amplifier 
through a polariser and the relay-imaging multi-pass is 
configured for either 6 or 8 passes. On exit the polarisation of 
the amplified beam is rotated by 90 degrees before being 
returned for a further 6 or 8 passes and finally being coupled out 
from the initial polariser. 

 

Fig. 13: Photograph of front-end oscillator and booster layout. 

 

 

 

 

Conclusions 
In summary, we have presented a conceptual design for a 
cryogenic Yb:YAG amplifier that can be scaled to kJ energy 
levels and beyond, owing to its geometry and unique cooling 
technique. Considerable enhancement in optical-to-optical 
conversion efficiency is predicted with the reduction of pump 
fluence at cryogenic temperatures owing to a reduction in 
reabsorption loss, increased pump adsorption and higher gain 
cross sections. A prototype, scaled-down version of the 
amplifier, DiPOLE, is currently under development at the CLF 
to confirm the viability of this approach. To date the main 
system components (amplifier head, cooling system, pump 
lasers and front-end source) have been designed, built and 
commissioned in the DiPOLE laboratory, and the design of the 
multi-pass extraction architecture is currently being finalised. It 
is anticipated that high energy operation should be 
demonstrated by the end of 2011.    
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Introduction 

There has been continuing research into producing Gaussian-shaped 
targets with a view to producing well collimated, higher energy and 
spectrally narrow beams of ions from laser target interactions. In 
order to achieve this ion acceleration by Radiation Pressure 
Acceleration (RPA) should be maximized. Therefore minimum target 
deformation is desirable to reduce ion acceleration from Target 
Normal Sheath Acceleration (TNSA). The laser has a Gaussian focal 
spot which means it’s more intense at the centre of the focal spot 
and less intense in the wings. The aim of the experiment was to 
establish whether making the target thicker in the centre of the 
interaction point, as show in Figure 1, would compensate for the 
Gaussian shape of the laser beam and maximize ion production by 
RPA.  

The user group requested Gaussian shaped metallic micro-bump 
targets with varying thickness and bump diameters. They requested 
aluminium targets on a backing foil between 0.2µm-0.5µm thick 
where the height of the micro-bump would be 1µm. The Target 
Fabrication Group used their experience and knowledge of metal 
coating processes to investigate options for the production of this 
novel target type using a thermal evaporation process. 

 
Figure 1: A schematic of the laser beam interacting with a Gaussian 

shaped micro-bump on the front surface of the target.  

 

Target Production Tests 

The first tests to create the profiled micro-bumps were carried out 
using a 100µm diameter platinum aperture bonded onto a glass 
microscope slide, coated with 500nm of aluminium. This was to see 
if it was possible for the coating to go directly through the pinhole 
onto the slide and characterise the shape it would produce.  

 

 

 

 

 

This test produced a micro-bump that, when examined using the 
Wyko white light interferometer, had a ‘top hat’ distribution and not 
the Gaussian distribution that was required. The height of the ‘top 
hat’ shaped micro-bump was 300nm which was 60% of the full 
thickness coated (see fig 2a). The discrepancy between the thickness 
coated and the height of the micro-bump suggested there was a 
correlation between the hole size of the mask and the amount of 
material that coated through the aperture onto the substrate.  

 
Figure 2a: 2D cross section of the 100µm diameter micro-bump tests. 

The second test was similar only this time it was important to see if 
it was possible to create a micro-bump of the exact size required. To 
do this a 25µm diameter copper aperture was attached on onto the 
slide as shown in Figure 2b. 750nm of aluminium was coated which 
produced a micro-bump with a maximum height of around 300nm. 
This showed that when coating through a 25µm aperture the 
thickness of the bump is approximately 40% of the bulk coating 
thickness.   

 

 
Figure 2b: The original setup of a 25µm Cu aperture glued on top of a 

microscope slide. 
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Figure 2c: Wyko interferometer scan of the original micro-bump tests 

with the top-hat distribution 

All of the tests up to this time produced a ‘top hat’ profile. A novel 
coating mask was needed to meet the requirement for production of 
an approximately Gaussian-shaped micro-bump by metallic 
deposition. A scheme was devised to use a stand off mask as well as 
a pinhole. The schematic for this is shown below in Figure 3. 

Figure 3: Schematic of the standoff mask and pinhole setup. 

 

A copper pinhole array was fabricated with a selection of 100µm 
diameter holes on it. The 25µm apertures were attached to this grid 
and the grid was then attached to the glass slides. 1.7µm of 
aluminium was coated through the mask. This produced a micro-
bump with a height of 1µm that was required. An approximately 
Gaussian-shaped aluminium micro dot was produced. 

  

 
Figure 4(a) shows a microscope slide after being coated with 

aluminium through the 100µm diameter copper pinhole array. 

 
Figure 4(b) shows the final coated target setup with the 25µm Cu 

apertures stuck over the copper pinhole array.  

Final Production Method  

With the testing complete, a release layer was coated onto the 
slides. Once that was completed a layer of 200nm of aluminium was 
then coated onto it via thermal evaporation. Once those coatings 
were completed the pinhole array was taped down on top of the 
slides to create the mask for the micro-bumps. Again, via thermal 
evaporation the micro-bumps were created by coating 1.7µm of 
aluminium through the mask.  

With the coatings all complete, the samples were then measured 
and checked under the Wyko interferometer which then showed 
successful approximately Gaussian shaped micro-bumps on the 
slides. The Wyko interferometer profile scan of the created micro-
bumps shows very smooth profiles in both X+Y as shown in Figure 5. 

  

 
 

Figure 5: X+Y scanned profile of the approximately Gaussian shaped 
micro bumps showing a height of 1µm 

 

Conclusion 

The Target Fabrication Group successfully manufactured a novel 
approximately Gaussian-shaped metallic micro-bump target on a 
thin foil for an experiment on Vulcan. This is an extremely interesting 
topic and one where continued research is necessary. There is 
potential to continue research and development into these novel 
targets using different materials, thicknesses and sizes of micro-
bumps. 
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Introduction 

The CLF Target Fabrication Group has recently commissioned 
a new chemistry laboratory to further expand the capabilities for 
the research, development and production of high power laser 
targets for internal delivery and also to the external high power 
laser community. 

A brief overview of the facility will be presented with particular 
emphasis on electroplating, polymer thin film deposition, 
sample surface preparation (cleaning and lapping), chemical 
wet etching and an ongoing project to develop in house 
expertise in foam and aerogel production.  

 

The Target Fabrication Chemistry Laboratory 

Located on the ground floor of R1 the laboratory is located in 
an ideal situation to be close to the existing target fabrication 
laboratories allowing the transfer of components between the 
areas without damage.  

There is significant space for numerous processes to be carried 
out, room for expansion and development of new capabilities. 

The laboratory has good lighting, plenty of storage space and 
smooth functional worktop surfaces (fig. 1). There is also a 
large cupboard suitable for the storage of various chemicals. 

 

 
Fig. 1: Pictures of the Chemistry Laboratory. 

 

Equipment Available 

A target assembly desk with a stereomicroscope, magnifying 
lamp and various hand assembly tools is also available (fig. 2). 

A gas sensor system was installed to monitor the levels of 
oxygen and carbon dioxide. This will ensure the health and 
safety of staff while having N2 and CO2 gas supplies in the 
room.  

Two extraction fumehoods were installed to provide a safe 
environment for various hazardous chemical processes using 
solvents, acids and bases.  

 

 

 
Fig. 2: Assembly desk.  

 
A Gallenkamp Hotbox Size 1 Oven allows temperatures up to 
200°C while the Carbolite ELF 11/6B can heat up to 1100°C. 

A MSE Centaur 2 Centrifuge is also available. 

 

Electroplating 

The chemistry laboratory provides a designated area for the 
electroplating of metals that had been conducted in the past at 
the Target Fabrication cleanroom [1].  

This technique is used for the deposition of thick metal layers 
(up to 30µm) and allows the coating of complex intricate forms. 
The deposition of a metallic coating onto an object is achieved 
by putting a negative charge on the object to be coated and 
immersing it into a solution which contains a salt of the metal to 
be deposited. In other words, the object to be plated is made the 
cathode of an electrolytic cell [1]. 

The equipment used is a JB Aqua 5 Heated Bath from Grant, a 
Thurlby PL310 Power Supply and a fume cupboard with 
suitable ammonia filters (fig. 3). 

 

 
Fig. 3: Electroplating rig. 

 

Gold and palladium have been plated (fig. 4) using electrolytes 
based on complex ions of ammonium gold sulphite and 
palladium diammino-nitride. 
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Fig. 4: Optical and SEM images of electroplated Au. 

 

Copper and lead plating may be added to our capabilities in the 
future. The use of pulsed current for the metal plating of high 
aspect ratio structures is another area of interest. 

 

Polymer thin film deposition 

There is an increased need from the user community for 
polymer thin films that are CH pure or contain oxygen in their 
molecular structure [2], with polystyrene and formvar being the 
most commonly used. There is also an interest in deuterated 
polyethylene thin films. 

The new laboratory provides an environment safer than the 
Target Fabrication Coating Room for the use of highly 
flammable solvents.  

A cylindrical dropping funnel and a sample holder have been 
used for the dip coating process. Spin coating was performed 
with a SCS G3P-8 spin coater (Fig. 5). 

 

 
Fig. 5: Glass cylinder for dip coating (left image). Spin coater (right image). 

 

The spin coating and dip coating processes have different 
advantages and disadvantages as mentioned in table 1 and table 
2. 

The best polyethylene thin films were produced by dip coating 
while polystyrene had best results with spin coating. 

Formvar can be coated with either process, although a higher 
risk of striations forming exists for higher film thickenesses 
when spin coated. 

 

Advantages Disadvantages 

Very simple and inexpensive 
set up 

Difficulty in reproducing 
results 

Coating of intricate complex 
samples (e.g. cones) 

vibrations and changing fluid 
speeds cause non-uniformities 

Best results for high vapour 
pressure solvents 

High amount of polymer 
solution needed 

Table 1: Spin coating process comparison table. 

 

 

Advantages Disadvantages 

Improved film uniformity  Can only be used in flat 
samples (e.g. slides, wafers) 

Better reproducibility Film striations with high 
vapour pressure solvents 

Less polymer solution 
required 

Non uniformities with high 
crystalinity polymers  

Table 2: Dip coating process comparison table. 

 

 
Fig. 6: 3D and 2D top view of polymer films: a) dip coated formvar and b) 

spin coated polystyrene. 

 

 
Fig. 7: Profilometry results for a) dip coated formvar and b) spin coated 

polystyrene. 

 

Formvar films have been dip coated with thicknesses ranging 
between 10nm and 1.2µm (Fig 6a and 7a). The average 
variation along the whole slide was 35% while average 
roughness was 5.7nm. 

Spin coated polystyrene films were produced with thicknesses 
between 27nm and 2.7µm and a variation of 15%. The average 
roughness was 2.6nm (Fig 6b and 7b). 

To improve the current dip coating process a new mechanical 
dip coater will be developed, to ensure better coating uniformity 
and reproducibility. This system will be based on a linear stage 
actuated by a geared stepper motor and a controller unit. This 
system can be integrated with a hotplate to ensure the polymer 
solution can be heated while the process is running, allowing 
the coating of polyethylene thin films. 

a) 

b) 

b) 

a) 



Surface preparation and wet etching 

The wet etching of metals such as copper and aluminum is often 
required for the release of sacrificial layers from mandrels. 

Polymer films, such as polystyrene and polyester also need to 
be etched for release layers and removal of support layers in 
commercial films. 

Another commonly used etching process is the removal of 
Silicon with heated KOH (fig. 8). 

All these processes involve the use of hazardous chemicals that 
require working areas segregated from incompatible chemicals 
and are carried out in fume extraction cupboards. 

 

 
Fig. 8: Silicon wet etching with KOH at 80 C. 

 

Hand surface lapping and polishing is used to change the 
roughness of samples, remove waviness as well as the cleaning 
of surface contamination. A Kemet 3 Lap Kit with diamond 
compound and various plates is available. 

Some experiments need surfaces cleaned that cannot be 
processed using the usual techniques such as anionic 
surfactants, solvents and ultrasonic agitation. In these cases a  
more aggressive removal of contaminants is required, work has 
been carried out for experiments in Artemis that has involved 
the use of heated sulfuric acid solutions such as Piranha. 

 

Foam production 

The Target Fabrication Group is developing a capability to 
produce low density materials for laser targets and has been 
requested to produce polymer foams with pore sizes down to 
1µm and Densities between 3 mg/cm−3 and 800 mg/cm−3.  

Sol-gel is commonly used to obtain such low density polymeric 
foams. In this process, solid nanoparticles are dispersed in a 
liquid (a sol) followed by agglomeration to form a continuous 
three-dimensional network extending throughout the liquid (a 
gel). A monomer in a solution is polymerized and the remaining 
solvent is replaced inside a high pressure chamber by liquid 
carbon dioxide (CO2) (fig. 9). 

Next, the temperature and pressure are raised above the critical 
point of CO2 (fig. 10). This causes the liquid CO2 to change to 
vapour without change of density and therefore without surface 
tension effects that would damage the delicate foam structure. 

 

 
Fig. 9: Sol-gel process [4] 

 

 
Fig. 10: Temperature vs. pressure during the supercritical point drying. 

 

 

 
Fig. 11: a) supercritical point dryer, b) UV lamp system [5]. 

  

A Critical Point Dryer from Quorum Technologies Refrigerated 
and a Bath Circulator are used to control the temperature and 
pressure of the process (fig. 11a). 

A UV System with flexible optic fibres was obtained from LOT 
to polymerize the foams (fig. 11b). 

Tests will be carried out over the next 6 months and 
collaborations with St Andrews University will allow the CLF 
to produce foam targets in house. 

 

Conclusion 

The new chemistry laboratory has further extended the 
capabilities of the target fabrication group and will enable the 
development of new processes for laser targets production. The 
housing of the laboratory in a dedicated room will ensure a 
more suitable environment for the chemistry processes that are 
sensitive to environmental factors.  
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Introduction 

Significant work is being carried out in the field of high power 
laser research into the areas of Inertial Fusion Energy (IFE) and 
also the medical and security applications of high power laser 
interactions. A number of laboratories across the world are 
developing facilities and fundamental research projects to 
exploit these fields, with the most high profile being the 
National Ignition Facility (NIF) at the Lawrence Livermore 
National Laboratory (LLNL) in the USA. This facility aims to 
use the IFE concept to show a net gain of energy from the 
fusion reaction and is on track to demonstrate this within two 
years.  

Such experiments depend on the availability of large amounts 
of laser energy (with the NIF project costing upwards of $3 
billion). This cost is mainly due to the fact that high energy 
laser technology is very expensive and to increase the energy of 
such a laser system by even 10% would cost $100 millions. The 
proposed STFC 10PW and EU ELI laser facilities are also 
planned to come online over the next decade.  

It has been shown that typically 30% of laser energy is absorbed 
by a target in a high power laser interaction [1] with the rest 
being specularly reflected and usually lost from the system. 
Therefore it can be seen that if the laser target interaction could 
be increased in efficiency this would lead to a highly cost 
effective way of increasing the energy that is coupled into a 
target. It has been suggested that micro-cone geometries 
integrated into a target design have the potential to increase the 
laser absorption. This target design is such that the reflected 
pulse interacts with another part of the target, a short time after 
the main pulse has interacted with it. 

While modern laser systems that use optical parametric chirped 
pulse amplification can be designed to deliver the bulk of their 
energy on timescales of the order of tens of femtoseconds, 
typically the pulse has a characteristic profile including 
amplified spontaneous emission (~10-8 of the main pulse 
intensity on the nanosecond timescale), and prepulses, 
commonly cited as a problem due to leakage from Pockel’s 
cells (~10-5 at ~50ps). With intensities of 1013 W/cm2 being 
sufficient to ionise target material these features can result in 
unwanted plasma formation, and it is possible with a front 
surface plasma expansion of around 3 µm/ns [2] that the cone 
target could become filled with plasma before the main pulse 
arrives. This would mean that the concept of the target cannot 
be tested with such a laser pulse where intensities of 1021 
W/cm2 are reached. 

Therefore to experimentally examine such cone targets in this 
intensity regime, a plasma mirror must be introduced [3] to 
eliminate ASE effects on the large timescales and reduce 
prepulse intensities by a factor of ~103 to allow the concept to 
be investigated. 
 
It has been shown in experiment that the conversion efficiency 
of laser energy to fast protons can be increased by a factor of 
3.3, as well as increasing the maximum proton energy [4] by the 
introduction of a high intensity prepulse a short time before the 
main pulse. This is attributed to the increase in laser energy 

absorption by the plasma due to its increased scale length by the 
prepulse. The proposed microcone targets will increase plasma 
absorption by both this mechanism and by the multiple 
reflections inside the cone, being better absorbed after each 
reflection, although this increase in scale length must be limited 
for the reasons already discussed. Nonlinear optical effects will 
also occur on the scale of the laser pulse spot size approaching 
the cone diameter which will cause the laser to have an 
increased intensity as the laser and reflections approach this 
region. 

Target Design 

The Astra Gemini laser has a focal spot size that is limited to 
approximately 1.26 times the diffraction limit of the laser beam. 
At this point it is very difficult to focus the laser beam any 
further using conventional techniques. The limit for the Astra 
Gemini system is about 2µm full width half maximum. It is 
suggested that if a micro cone is produced in a thin foil that is of 
the order of 5µm at its opening diameter the effects discussed 
above will increase the absorption of the laser energy. 

 
Figure 1: The target design 

Production 

The CLF Target Fabrication Group in collaboration with the 
Micro and Nanotechnology Centre at RAL have produced 
targets that have been developed using technology first used as 
medical devices for the injection of vaccines [5]. These micro-
projection (MP) arrays are fabricated in silicon by Deep 
Reactive Ion Etching (DRIE).  

To tailor the technology to be useful for high power laser 
targetry the silicon needles were used as moulds (or formers) to 
allow a secondary material to be deposited onto the needles. 
The etching of the initial silicon needle then leaves the inverse 
profile in a foil target (a microcone). For the purposes of high 
power laser target fabrication the array of features were spread 
out to ensure that when irradiated targets that are adjacent were 
outside the area of laser damage due to laser shock or material 
redeposition. These targets are spread out at a spacing of 
approximately 500µm to allow for each one to be used as a 
laser target for a high rep-rate laser system.  

A protective SU8 layer was deposited onto a silicon wafer and a 
mask was used to selectively remove some parts leaving a 
number of different features sizes on the surface. A combination 
of plasma isotropic etching and an oxidization sharpening 
process produces the needles.  Different ratios of gas were used 
to vary the size and the height of the cones and also the cone 
angle. This resulted in a wide range of micro-needle heights and 
sizes being formed with some needles being fully etched and 
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others having a top hat profile at the tip. The needles are shown 
in figures 2 and 3. 

 
Figure 2: A micro-needle not fully etched. 

 
Figure 3: A fully etched needle. 

Electroplating and Etching 

The silicon mould was electroplated in the Target Fabrication 
Chemistry Laboratory. The wafer was first coated with a thin 
gold conduction layer to allow the target to be plated and then 
was diced into a chip that was of a size useful to become a laser 
target and electroplated with gold as described in [6].  

A 30µm layer was deposited using a low current density 
(0.2A/dm2) to ensure a highly uniform and compact film. Due 
to the heating and long electroplating time, regular monitoring 
and ammonia additions were required to maintain the 
electrolyte pH above 8. 

SEM analysis showed that the needles were fully coated and 
also showed interesting features around where the needles were. 
These areas of locally higher electric field preferentially coated 
to provide a thicker layer at these points. This is useful to note 
because when shooting the target a thicker foil will be seen by 
the laser than the bulk plated material. This is shown in figure 4. 
Also shown in figure 5 is a range of needles that have been 
plated showing differing amounts of over-plating. This is due to 
the varying heights and etching amounts of the needles as the 
chip contains a variety of needles. 

 

 
Figure 4: Over-plated micro-needle structure 

 

 
Figure 5: The variation of over-plating across a needle array 

The silicon mould was then etched away in a heated solution of 
potassium hydroxide to release the gold plated foil from the 
silicon mould. This is a lengthy process but when fully etched 
the resultant foil is a micro patterned thin foil target. 

Characterisation of Micro-Target 

The gold foil was characterized under an optical microscope 
and also with an SEM. Optical microscopy shows the spacing 
of the targets in a regular array and gives an indication of the 
opening hole size. This will be useful for alignment of the target 
in the interaction chamber. Figure 6 shows an image taken 
using polarised light. The spacing of the targets is 500µm in the 
vertical direction and 300µm in the horizontal direction. 

 

 
Figure 6: A polarised light image of the micro-cones. 

The SEM analysis in figures 7 and 8 shows further detail of the 
micro-cones and details the size and structures on the internal 
wall where surface structure and some small debris can be seen. 
The equipment cannot image the bottom of the holes due to the 
high aspect ratio of the walls. Further work will be carried out 
to fully characterize the internal walls of the cones and to 
determine tip sizes.  

 
Figure 7: SEM image of the microcone at low magnification. 

 



 
Figure 8: SEM image of the microcone at higher magnification. 

 

Conclusions 

We have shown that micro-conical designs can be fabricated 
using known technologies and that these can be adapted and 
tailored for use on high power laser facilities. The use of the 
micro-needles as moulds to pattern a thin foil target can produce 
micro-cone geometries that can be controlled by the variation of 
the original production parameters. More work is needed to 
fully characterise the cones and to understand the tip geometries 
as these are challenging to image with standard techniques. 
These targets also need to be tested experimentally and will be 
fielded in upcoming LIBRA experiments at RAL. 
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Introduction 

The Target Fabrication Group was requested to supply a 
number of thin walled cones with an opening angle of 140 
degrees. These targets were made with a gold wall that was a 
thickness of 3um or less. 20 Cones were required for the TAW 
experiment in June 2010.  

The aim of this type of experiment is to simulate in laboratory 
conditions the formation of jets from young stellar objects and 
in particular investigate the effects of radiative cooling on 
plasma jets. Thin cones are irradiated around their apex with an 
intense laser, driving jets with velocities >100km s-1. The 
plasma formed by the interaction of the laser with a target is 
focused on axis due to the conical shape of the target and forms 
a jet. This can then be studied with a variety of diagnostics [1]. 

 

 

Figure 1: The formation of plasma jets. 

 

Previous Micro-Cone Fabrication 

Targets have been previously fabricated by the Target 
Fabrication Group that were thin walled aluminium cones that 
had a similar opening angle, a diameter at the open end of 
~1mm and with wall thicknesses of approximately 3µm. These 
targets were fabricated using a coating process to deposit 3µm 
of aluminium onto a copper cone and then etching the mandrel 
material away to leave a free standing thin walled cone. These 
targets were fragile and there was a low yield from each batch 
due to the thinness of the aluminium and to the etching 
processes destroying the foils. 

Production Process 

Initial tests to produce the new batch of targets focused on 
techniques that have been used to produce other thin foil 
structures. This consists of coating onto a mandrel and then 
etching the material away to leave a free-standing target of the 
required geometry.  

The Precision Development Facility (PDF) in RAL Space 
machined twenty mandrels, as specified in figure 2a, out of 
0.5mm thick copper using a precision lathe. The finished 
mandrel is shown in figure 2b. 

 

Figure 2a: Engineering drawing of thin cone mandrel. 

 

Figure 2b: Optical image of thin cone mandrel 

Once the mandrels had been cleaned in ethanol in an ultrasonic 
bath they were ready for characterization. They were scanned 
using a white light interferometer, as shown in figure 3a, to look 
at (surface roughness and) the angle of the cone. As shown in 
figure 3b the angle achieved during the machining of the 
mandrels was 145° which was within specification.  

 

Figure 3a: White light interferometer scan of thin cone mandrel (z –axis 
stretched showing artificial apex angle). 
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Figure 3b: Lineout of white light interferometer scan of thin cone 
mandrel 

The mandrels were mounted on a glass microscope slide and 
placed inside the coating chamber.  They were then coated with 
gold using a physical vapor deposition process, in this case 
electron beam evaporation, to a thickness of 1.5µm 

This is the optimal process for coatings up to 2-3µm. However 
if a coating needs to be thicker then research and development 
coating plants available to the group in house are not able to 
coat to these thicknesses. Sub-contracting of thicker coatings is 
available but also electroplating processes have been developed 
to coat materials of greater thicknesses [2] 

To measure the coating thickness, a witness slide was coated at 
the same time as the cone mandrels and the thickness was 
verified by using a contact profilometry system and was found 
to be 1.5µm± 0.1µm. 

Etching process 

The etching process is carried out using a diluted nitric acid 
solution to etch the copper. The mandrels are demounted from 
the glass slide and submerged in the nitric acid solution, where 
it is left for approximately 10 minutes to allow the acid to etch 
away the copper mandrel and ensure that the gold cone is free 
of any copper contamination. The cones are then removed from 
the solution and repeatedly rinsed in de-ionised water to ensure 
all traces of the nitrate solution are removed. The cones are then 
checked under a optical microscope for any remaining copper 
that might be left in the cone tip. If some is apparent the process 
is repeated until all the copper has been etched.  

Characterisation 

The finished targets were characterised for form and size on 
both an optical microscope and a white light interferometer. The 
images showed that a good replication of the mandrel was 
achieved in the target and witness plates confirmed that the 
thickness coated was as specified. The form replication of the 
mandrel into the target was interesting as 3µm thin foils are not 
usually free standing but the geometry of the targets made this 
possible.  

 

Figure 4: 3D scan of the outside profile of a fully competed cone (z –
axis stretched showing artificial apex angle). 

 

Figure 5: Line out of the external profile of a free standing cone 

Mounting Process 

The targets were mounted onto a holder that was photo-etched 
with a specifically dimensioned hole so that the cone would sit 
with its tip and its entrance protruding respectively above and 
below the mount to allow for probing of the interactions. 20 
targets were delivered for an experiment in TAW in June 2010 

Conclusions 

Using micro-machining and thin film coating techniques thin 
walled micro cones can be fabricated with precise dimensions 
and thicknesses. Further work will be needed to expand this 
technique to batch production to deliver to the high rep-rate 
laser systems that are coming online across the world. 
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Introduction 

In recent years an increasing number of high repetition rate, 
ultra-intense laser facilities have been commissioned, capable of 
delivering high power laser pulses on to target at unprecedented 
rates. High shot rates necessitate high repetition-rate 
diagnostics, capable of acquiring data at 1 Hz or faster in the 
near future, whilst maintaining the spatial and spectral 
resolution offered by conventional, passive diagnostics that are 
useable at only very low shot rates.  

The placing of diagnostics in a high vacuum environment also 
drives the requirement for in-situ diagnostics that are remote 
operable by the user. We have designed a new scintillator-based 
ion beam profiler capable of measuring the ion beam transverse 
profile for a number of discrete energy ranges. The optical 
response and emission characteristics of four common plastic 
scintillators has been investigated for a range of proton energies 
and fluxes. 

Ion beam spatial profiler 

The ion beam spatial profiler [1] replicates the working 
principal of the RCF / CR-39 stack, using organic scintillators 
as an active imaging medium. By placing multiple scintillators 
together and exposing them to the ion beam, each scintillator 
will respond to a different ion energy range. By imaging the 
light emitted from each scintillator a 2D ‘footprint’ of the ion 
beam can be collected for multiple beam energies.  

In the latest revision of the diagnostic the scintillator stack is 
housed in a light-shielded box which can be placed close to the 
laser-plasma interaction. A camera lens is used to image the 
scintillator stack over a distance of 5-20 cm (depending on the 
size of the ion beam to be imaged), and the light is coupled 
from the diagnostic head into an intensified CCD camera via a 
high resolution (800 x 800 pixels) Schott fiber optic bundle (see 
Figure 1). The use of a fiber optic bundle simplifies the 
diagnostic alignment process and reduces the risk of 
electromagnetic pulse (EMP) and X-ray damage to the CCD 
camera. 

In order to distinguish between the optical signals emitted by 
each scintillator we have investigated the use of multiple 
scintillators, each with a different emission spectrum. So far we 
have tested four anthracene-based scintillators; BC-408 and 
BC-422Q manufactured by Saint-Gobain Crystals and EJ-260 
and EJ-264 manufactured by Eljen Technology. 

Scintillator emission spectra 

Figure 2 shows that the emission spectra of the scintillators 
cover a range of wavelengths from 325 nm to 750 nm, with 
some overlap inbetween. Both the EJ-260 and EJ-264 have blue 
tails in their spectra which can be attributed to the wavelength 
shifting process in these longer wavelength scintillators. Each 
scintillator contains additional doping which absorbs the initial 
(blue) scintillated light and re-emits it at longer wavelengths. 

For thin (sub mm) sheets this process is not 100% efficient, 
however for thicker samples this short wavelength tail can be 
eliminated. For this reason the longer wavelength scintillators 
need to be placed at the front of the stack (as in Figure 1) in 
order to prevent absorption of shorter wavelength scintillated 
light from other layers. 

 
Figure 1. Schematic of the ion beam spatial profile monitor. Higher 
energy protons are stopped in the shorter wavelength scintillators 
further in the stack. The combined optical signal is collected and 
relayed to a CCD camera via a fiber optic bundle. 

To resolve the ion beam profile at each energy range, the optical 
signal from each scintillator must be clearly separable in order 
that they can be split and imaged individually at the CCD 
camera. In order to achieve this a thin, polymer coloured filter 
is placed between each scintillator to act as a long pass filter 
(see modified output in Figure 3 for a three color system). By 
placing the longest wavelength scintillator (EJ-264) at the front 
of the stack, and the shortest wavelength (BC-408 or BC-422Q) 
towards the rear, a narrow portion of each signal can be isolated 
at the detector end.   

 
Figure 2. Optical emission spectra for BC-422Q, BC-408, EJ-260 and 
EJ-264 thin organic scintillators. Spectra were obtained by illuminating 
each scintillator with a 2.5 MeV proton beam. 

Scintillator response as a function of proton energy 

In order to characterise the response of each scintillator to a 
range of proton fluxes and energies, each material was tested 
individually using two tunable, monoenergetic proton sources. 
The light from each scintillator was collected using a fixed 
CCD lens and an Andor iXon intensified CCD camera. For the 
lowest energies (250 keV – 4 MeV) the tunable Tandetron 
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accelerator at the Surrey Ion Beam Centre was used. For higher 
energies (3 MeV – 28 MeV) calibration tests were carried out 
using the University of Birmingham Cyclotron. While the 
typical currents (1-10 nA) produced by each facility differed, 
we have scaled the CCD counts accordingly, having first 
confirmed a linear response to (see Figure 5) the fluxes being 
considered here. 

 

 
Figure 3. Predicted optical emission spectra for a combination of BC-
422Q, EJ-260 and EJ-264 organic scintillators. Emission curves have 
been normalised as they do not take into account the incident ion flux 
on each layer. 

The response curves for each scintillator are shown in Figure 5. 
The optical output of the BC-422Q and BC-408 scintillators 
was found to be proportional to proton energy to the powers of 
Ep

1.50 +/- 0.04 and Ep
1.52 +/- 0.04 respectively. For the Eljen 

Technologies EJ-260 and EJ-264 scintillators, the light output 
was found to scale similarly with proton energy as Ep

1.49 +/- 0.04 

and Ep
1.50 +/- 0.04 respectively. As expected these anthracene-

doped scintillator response data are consistent with those 
obtained by Smith et al. for anthracene crystals [2]. 

Care must be taken when using the above scalings when 
calibrating experimental results for several reasons. Firstly the 
response of the above plastic scintillators at low energies (< 1 
MeV) appears to deviate from the quoted response, tending 
towards a more linear response. Secondly the response of a 
scintillator will change depending on the length and degree of 
previous exposure to ionising radiation. Continuous exposure to 
high fluxes of ionising radiation will reduce a scintillator’s light 
output dramatically [3].  

In order to examine the effect of high proton fluxes on 
scintillator response a 3 MeV proton beam was focused down to 
a spot size of just 1.7 mm (FWHM), using a beam current of 10 
nA. The scintillator light output was then recorded at regular 
intervals (see Figure 6).  

The scintillator response clearly falls rapidly as the incident 
dose accumulates, before leveling out after several minutes. The 
sharp reduction in light output is most likely concentrated 
around the Bragg peak for the incident proton energy. The drop 
in scintillation could be due to damage to the polyvinyltolouene 
base material (reducing optical transmission) or to the 
scintillator compound itself (reducing optical emission).  
 
The continuous wave nature of the proton source used here 
might be expected to exacerbate any damage, reducing material 
recovery times, however future high-repetition rate laser 
systems might require operation on a quasi-continuous basis. 
Under these conditions accurate flux measurements using 
organic plastic scintillators would require a careful choice of 
illumination area, especially in the case of monoenergetic ion 
beams. Further studies need be conducted to quantify the effect 
of continuous wave and short-pulse fluxes of protons on 
scintillator response and to identify the nature of both the 
reversible and irreversible damage. 
 

 

 

 
Figure 4. Proton response data for (a) BC-422Q, (b) BC-408, (c) EJ-
260 and (d) EJ-264 thin organic scintillators together with empirical 
fits. 
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Figure 5. BC-408 scintillator response as a function of beam current.  

 

 
Figure 6. EJ-260 scintillator response as a function of total incident 
proton flux when irradiated with a focused current of 10 nA for 12 
minutes. 

Conclusions 

Over the next few years we predict that the demand for in-situ, 
high repetition rate diagnostics suitable for characterising laser-
generated radiation will increase significantly. The work 
presented here marks the initial steps towards a fully-calibrated, 
multi-channel ion beam imaging system suitable for 
deployment on a range of laser facilities. While the initial 
experimental results have been positive, it is clear that care 
must be taken when analysing any results if quantifiable data is 
to be extracted. 
 
Cross-calibration of the scintillator-based beam profile monitor 
with existing passive media methods (e.g. RCF stacks) on 
upcoming ultra-intense laser-plasma experiments will act as a 
useful evaluation of the difference (if any) in scintillator 
response to a pulsed source as opposed to the continuous 
accelerator sources presented here. Such an experiment will 
also allow a direct comparison of the scintillator spatial 
resolution over a range of ion energies. 
 
Additional work on the damage threshold and lifetime of plastic 
scintillators also needs to be undertaken, with the aim of 
characterising the usable dynamic range for consistent operation 
under the extreme conditions of a laser-plasma interaction. 
Indentifying the mechanisms of radiation-sourced scintillator 
damage will enable us to identify new preventative measures or 
chemical compounds that could be used to minimise any 
fluctuations in diagnostic operation during use. 
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Abstract 

Radiochromic film (RCF) is a common diagnostic in laser 
driven ion acceleration studies used primarily for the 
characterisation of ion beam spatial profiles for a range of ion 
energies. Here, we report on the viability of scanning in 
different spectral regions to increase the recoverable dynamic 
range relative to greyscale scanning. In particular, Gafchromic 
HD810 RCF is used [1]. 

The recoverable dynamic range of RCF can be extended 
relative to greyscale scanning by analysing the film separately 
in the three colour channels that a commercially available 
flatbed transmission scanner typically records. The recoverable 
dynamic range of the film can be shown to increase by an order 
of magnitude compared to a conventional greyscale scan. 

Taking this concept further we report that by using ultra violet 
backlighting of the film, the maximum measurable dose can be 
increased to at least 200 kGy, an order of magnitude greater 
than the three colour method and up to two orders of magnitude 
greater than using greyscale. 

Introduction 

RCF is a self developing dosimetry film with an active layer 
consisting of a chemical monomer which when exposed to 
ionising radiation reacts to form a blue, optically dense 
polymer. The optical density is proportional to the absorbed 
dose and therefore the incident proton flux.  

RCF is particularly suited as a laser-ion acceleration diagnostic 
as the response appears to be independent of dose rate [2], but 
the energy response of the film for ions has been shown not to 
be flat [3] as it is for photons [4]. If RCF is exposed to a known 
dose via a monoenergetic cyclotron accelerated proton beam, 
the optical density of the film can be measured and absolutely 
calibrated, with this calibration being equally valid for laser 
produced ion beams. 

Ions are known to deposit the bulk of their energy in a Bragg 
peak; a spatially small distance corresponding to a peak in 
energy loss just before the ions are stopped. This technique is 
particularly effective when used in a stack configuration 
consisting of multiple layers of RCF. The width of each active 
RCF layer may be considered to stop a narrow proton energy 
range; hence a full proton energy spectrum can be derived with 
a resolution proportional to the number of RCF layers. Other 
beneficial properties of RCF include its high spatial resolution, 
allowing the two dimensional spatial profile of a given energy 
to be examined. 

With a limited number of shots available on the leading high 
power laser facilities, it is crucial to maximise the amount of 
data extracted from each film. This article outlines a novel 

method of increasing the recoverable dynamic range of RCF, 
extracting useful data which was previously unobtainable. Here 
we define dynamic range as the difference between the largest 
and smallest flux that can be measured above the noise level, 
and maintaining a monotonic relationship. 

It is worthwhile making the distinction that the recoverable 
dynamic range is that which a specific technique is able to 
measure and make use of. We do not increase the intrinsic 
dynamic range of the film by physically altering it or the 
conditions it is used in, as can be done by cooling the film. 

 
Figure 1: RCF HD810 transmission spectrum on exposure 
to 570 Gy. 

 

Red Green and Blue 

The advice given by Gafchromic for analysing RCF is to 
illuminate it with a narrow bandwidth Light Emitting Diode 
(LED) of wavelength around 660 nm as this coincides well with 
a prominent absorption peak in the film (Figure 1). This 
technique is recommended provided the RCF has been exposed 
to a dose in the range of 10 Gy to 400 Gy. However as fluxes 
well in excess of this are regularly generated in laser-driven ion 
acceleration experiments, the corresponding optical density in 
this region of the spectrum becomes very large before 
beginning to turn over. It is hence necessary to develop 
sensitive scanning techniques to extract data. 

Another standard RCF analysis method uses a flat bed 
transmission scanner [5]. Here pixel values of the scanned film 
can be calibrated to an optical density for each pixel, and a 
separate calibration must be done for each individual scanner. 
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Figure 2: Greyscale calibration curve comparing [6,7]. 

Calibration curves for RCF analysis using this method have 
been shown to be effective in the range of around 40 Gy to 20 
kGy in scanning in grayscale [6] and we produce results with 
good agreement with those in Figure 2. 

It is possible to build on both of these ideas by analysing the 
RCF at discrete wavelengths or channels by the use of red, 
green and blue LEDs commonly used in flatbed scanners. For 
this work a Nikon Super Cool Scan 9000 ED transmission 
scanner was used.  

The scanner consists of an RGB LED array on one side of a 
transmission tray, which is loaded with the film before being 
passed over the stationary LEDs. A CCD on the other side of 
the tray measures the transmitted intensity of the wavelengths 
corresponding to each LED. Analysis using a flatbed scanner 
and its component channels is becoming commonplace as 
opposed to analysis in greyscale [8]. 

In this method use is made of the fact that for a given dose there 
is a different optical density and hence sensitivity at each 
wavelength (Figure 1). Each colour channel has a different 
dynamic range, and by combining the measurements from each 
channel the recoverable dynamic range of the film can be 
significantly increased. 

The optical density can be measured to provide a calibration 
curve in each channel and by making use of the three channels’ 
individual dynamic ranges, accurate measurements of the 
absorbed dose of a test piece of RCF can be obtained over a 
range of doses up to an order of magnitude greater than using 
grey values alone for the same scanner.  

 

Figure 3: Nikon Super Cool Scan 9000 ED calibration of 
HD810 optical density with dose. 

Using this method it was shown that the blue channel can be 
used to measure doses of up to 31 kGy where the maximum 
measurable dose in the greyscale is around 2 kGy. The lowest 
measurable dose can be shown to be at around 0.5 Gy by using 
the red channel of the scanner (Figure 3).  

The three channel method is limited by both the scanners 
dynamic range, and by the inherent ‘turnover’ of the RCF at 
high dose.  

As RCF is exposed to high dose the polymerisation reaction 
generally turns the film darker; however it is observed in 
practically every region of the spectrum that there exists a 
nonlinear threshold above which the film’s response is not a 
monotonic function of dose. When this threshold is passed and 
RCF is exposed to a higher dose the optical density begins to 
decrease making the film appear lighter in shade and so here a 
specific value of absorbed dose cannot be obtained. For each 
wavelength the dose at which this turnover occurs varies and 
this is the inherent reason for there being a different sensitivity 
and maximum detectable dose for each wavelength. 

Ultra-violet 

While the three colour method is successful in increasing the 
recoverable dynamic range it shows the blue channel to be 
approaching turnover near 31 kGy and this technique cannot be 
used above this dose. It is therefore important to identify a 
region of the spectrum where the higher doses may be resolved 
to increase the recoverable dynamic range. 

 

Figure 4: Transmittance against dose for RCF in three 
regions of the spectrum. 

For this purpose RCF was exposed to a controlled dose of up to 
202 kGy at the cyclotron source at the University of 
Birmingham. To give the best possible chance of identifying a 
region of the spectrum where the recoverable dynamic range 
may be increased, the RCF was scanned using a Shimadzu UV-
1800 spectrophotometer across the wavelength range of 190 nm 
to 1000 nm. It should be noted that below around 310 nm the 
RCF was found to become totally absorbing and so this data is 
omitted. 

The spectrophotometer transmittance versus wavelength scans 
for a dose range of 1 kGy to 202 kGy revealed a region in the 
UV part of the spectrum from 310 nm to 390 nm, where the 
optical density has a monotonic relationship and scales well 
with dose across the full range up to and including 202 kGy 
(Figure 4). The maximum measurable dose in the UV region 
may well exceed this value but we are unable to verify this as 
we do not have a higher exposed dose calibrated film. 

This remarkable result shows that RCF can be used to measure 
a maximum detectable dose of up to 500 times that quoted by 
the manufacturers of the film at a modest 400 Gy. In the blue 
region of the spectrum this work implies a maximum 
measurable dose of up to 25 kGy, with turnover occurring 



between 25 kGy and 100 kGy (Figure 4). A set of intermediate 
calibrated films would be needed to find the maximum dose that 
varies as a monotonic function in this region. This result agrees 
well with the results obtained using a flatbed transmission 
scanner, which had shown the blue channel to be suitable for 
measuring doses up to around 30 kGy. However in probing the 
UV region the maximum measurable dose is increased almost 
by an order of magnitude compared with the limit of the blue 
channel.  

Caution should be taken when directly comparing the 
transmittance curve obtained by spectrophotometry with the 
three colour method as the spectral response of the scanner 
LEDs is not known. Weight is given to this point when 
considering that the spectrophotometry shows that small 
changes in the wavelength used to probe the RCF will give rise 
to not insignificant variations in dynamic range in that spectral 
region.  

The spectrophotometry shows that the infra-red region too has a 
higher recoverable dynamic range than the visible spectrum, 
where a maximum measurable dose of the order of around 50 
kGy can be measured. The IR spectrum benefits from having 
particularly low optical densities in the range of OD 0 to OD 1 
for the dose range shown in Figure 4. Lower optical densities 
are desirable as they require a lower overall sensitivity of the 
instruments used to measure them. This would make the IR an 
attractive compromise where a high dynamic range is required 
but where the measurement of high OD may be difficult, or 
indeed for most measurements where the dose does not exceed 
50 kGy. 

 

Figure 5: The shaded area gives a guide of the maximum 
detectable dose in each region of the spectrum. 

A rough guide is given in Figure 5 for the maximum dose that 
would be measurable by RCF across the spectrum. It is 
incomplete in the sense that it is stepwise, but a great many 
more intermediate doses would be needed to complete the 
curve, but this serves as a useful guide. 

From the spectrophotometry data it should be possible in 
principle to measure a maximum dose of at least 202 kGy over 
an approximate range of 310nm to 390nm, with an optimal 
wavelength appearing to be around 320 nm. Where a 
monochromatic light source is not obtainable, a (350±40) nm 
filter used in conjunction with a white light source as a 
backlight is suitable to inspect the RCF in this region. Using 
such a setup with an Andor iXon EMCCD camera for imaging, 
preliminary work has shown there to be detail in highly exposed 
RCF film from a recent experimental campaign. It has been 
found that in probing the film in the ultra violet that data can be 
recovered that would have otherwise been irretrievable using 
existing methods. 

Radiochromic film has been shown to be more sensitive to ultra 
violet radiation [9] compared with visible and infra red light, 
although visible light is generally regarded to have no effect on 

the pigmentation of the film for low exposure times. However 
an investigation must first be carried out on the response of the 
RCF to any UV backlight over time to discover if any 
significant effect occurs and if such an effect should be 
corrected for in the cases of the already very highly exposed 
films this technique would be used for. 

Conclusions 

In the spectrophotometry it is clear that in the UV a spectral 
region has been identified where the recoverable dynamic range 
can be dramatically increased by increasing the maximum 
detectable dose by almost an order of magnitude of that 
previously obtainable using the three colour method. However 
these two methods may be used to complement each other to 
allow a dose range of a few Grays to hundreds of kilograys to 
be measured. 

It is intended to apply these techniques to the new EBT2 film to 
inquire into its dynamic range, however the manufacturer 
quotes a higher sensitivity in the 2cGy to 800cGy range and 
half the spatial resolution of HD810 at 5000 dpi, it is therefore 
possible that it will have a lower dynamic range. 
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Introduction 

Nitrogen is used throughout the CLF as a reliable supply of 

compressed gas to operate laser shutters, purge laser cavities 

and purge vacuum pumps.  We carried out a review to evaluate 

our current usage and investigated Nitrogen generation 

hardware with a view to implementing it should it be more cost 

effective in the long run. 

Why do we need to use Nitrogen? 

Much of the hardware is purged with Nitrogen to ensure any 

flammable gasses are diluted well below the lower explosive 

limit.  Laser amplifiers, optics and targets are constantly purged 

to ensure an oxygen depleted atmosphere.  Historically a pipe 

work infrastructure was fed from a Nitrogen evaporator 

connected to a cryogenic storage vessel and the Nitrogen 

provided an extremely low particulate, oil free and highly 

reliable supply for laser shutters and sliding mirror assemblies.  

This provided excellent hardware reliability and low 

maintenance. 

What has changed to make generation an option? 

Oil free compressor technology has improved recently with the 

development of screw and scroll compressors.  Pressure Swing 

Absorption (PSA) Nitrogen generators are also more 

commonplace, utilising molecular sieves, filters, valves and a 

control system to generate high quality Nitrogen.   Oil free 

compressed air can be generated by non lubricated Piston 

compressors, Screw compressors, Scroll compressors or by 

employing a significant number of oil filters to prevent the oil 

reaching the product.  The advent of water lubricated screw 

compressors has opened up a significant alternative source of 

oil free compressed air at a more affordable level. 

In the past connecting millions of pounds of optics, amplifiers 

and sensitive systems to an oil lubricated compressor with a 

number of oil filters in the system would have posed a major 

risk that was easily mitigated by the installation of a liquid 

Nitrogen tank and evaporator. 

With our need for large quantities of Nitrogen gas and not 

liquid Nitrogen, additional processing is being carried out on 

the product that is not necessarily required.  Although the liquid 

is 99.9999% pure Nitrogen, we believe 99% Nitrogen is 

sufficient for our processes.  High quality compressed air is 

required to letup vacuum vessels therefore both systems could 

be combined in the same area. 

What is our usage? 

In order to determine any possible saving it is important to 

quantify the past, current and future usage.  The past usage can 

be calculated by analysing the quantity of liquid purchased per 

month.  Figure 1 shows the liquid consumed per month over a 

two year period and looks at how the facility has changed in 

that period. 

Averaging the liquid usage from figure 1 340LPM (Litres Per 

Minute) was used whilst the Lasers for Science Facility was 

located in R1.  Very roughly and ignoring other factors usage 

dropped to about 226LPM after the LSF relocated to the 

Research Complex at Harwell. 

 

Figure 1- showing the liquid consumed over the last 2 years. 

In an attempt to confirm the usage a SMC high gas flow switch 

(PF2A7H type) was installed on the main supply pipe from the 

tank.  Figure 2 shows a trace confirming the background to be 

around 220LPM.  The spikes relate to three simulated Vulcan 

shots and high demand from another area which ramped down 

at about 18:35. 

 

Figure 2- a trace of the Nitrogen usage on the 23rd March 2011. 
 

Figure 3 shows a longer trace taken over three days starting on 

the 7th June 2011.  Again the background is stable at about 

220LPM and a higher demand spike relates to an increased 

demand in target areas or clean rooms. 

 

Figure 3 showing the nitrogen usage over three days. 
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Unless other large sections of the CLF are relocated or 

shutdown demand will again increase as more vacuum pumps 

and laser systems are commissioned as areas continue to add 

complexity and develop.  It is important that any new system 

can support an increased demand. 

Nitrogen Generation 

To generate Nitrogen a number of components need to be in 

place.  A compressor is required to supply the compressed air, 

an air receiver is required as a buffer to smooth out the peaks, a 

nitrogen generator removes the oxygen and finally an air 

receiver buffers the processed Nitrogen for use.  Each one of 

these steps has a number of options and these are explained 

below. 

Compressors 

There are three main compressor technologies that are fully oil 

free.  These are Piston, Scroll or Screw compressors. 

In order to generate 400LPM of Nitrogen the compressor would 

need to deliver about 1200LPM of air.  Piston pumps could be 

utilised but they are generally bulky and a significant source of 

vibration which could impact the operation of the facility.  

Scroll compressors could be employed, but their maximum size 

is limited and a large number would be required (7-8).  Trying 

to get all the scroll compressors to function together as a team 

would impact the reliability; increase the complexity and 

ultimately increase the operating costs.  Screw compressors 

would offer the best compromise for reliability, servicing and 

footprint.  One manufacturer Almig offer a variable speed water 

injected screw pump at the required capacity and an example is 

shown in figure 4.  The components identified are as follows: 

1. Stainless steel single stage compressor 

2. IP55 rated 3-phase electric motor 

3. Refrigerant drier to dry air and supply water to 

compressor. 

4. Stainless steel cyclonic separator to aid air drying. 

5. Direct drive transmission system 

6. Power supply hardware 

7. HMI screen 

 

 

 

Nitrogen generator 

There are two main technologies to convert compressed air to 

Nitrogen. 

1. Membrane based technology that has a maximum 

purity of 99%. 

2. Pressure swing adsorption (PSA) which allows 

generation to higher purities up to 99.9999%. 

Both can be adjusted to achieve any level up to the maximum.  

The major factor in purity is the amount of compressed air 

consumed.  For example with PSA 2/3 of the compressed air is 

exhausted to get to 99% purity.  More than 3/4 of the 

compressed air would be exhausted to get to 99.9%.  Therefore 

the compressor size required gets exponentially larger for each 

increase in purity required. 

The membrane technology is generally cheaper but requires a 

significant desiccant drier and annual replacement of the 

membrane increasing the maintenance costs and downtime, 

negating the initial cost benefit.  The PSA generator by 

SysAdvance shown in figure 5 does not require a desiccant drier 

and the PSA medium requires replacement every five years.  

This reduces maintenance costs and intervention significantly, 

making the unit more cost effective in the long run. 

 

 

 

 

Accumulators 

Good quality accumulators are manufactured to comply with 

BS5169 and EN286-1.  They are generally manufactured to 

order and would be constructed from a standard domed ends 

with a range of heights to fit the volumetric requirements.  The 

ends would be manufactured to a range of standard diameters 

allowing significant scope for size and volume.  An example of 

an air receiver is shown in figure 6. 

Figure 4- showing the Almig water injected screw compressor 

Figure 5- showing the SysAdvance Nitrogen Generator 



With the supply air from the screw compressor at 10bar gauge 

the output pressure of the nitrogen generator would be at 8 bar 

gauge.  Nitrogen at 7 bar gauge is distributed around the facility 

so any stored nitrogen would only represent 1 x the volume of 

the accumulator.  For example at 250LPM a 3 cubic metre 

vessel would only last 12 minutes without a Nitrogen supply 

before the pressure dropped below 7bar.  This would not 

provide a worthwhile buffer should there be a significant 

additional demand or hardware failure.  To improve the stored 

volume a higher pressure receiver could be specified and a 

booster pump to increase the pressure to 30 bar gauge.  In this 

example the stored volume would be 23 x 3 = 69 cubic metres.  

Again assuming a drain of 250LPM the system could fulfil 

demand for approx 4.5 hours. 

This booster pump would increase the real estate required, the 

cost and increase the complexity and potential for single point 

failure. 

 

 

Redundancy 

The liquid Nitrogen system runs 24/7 and any proposed 

alternative would need to have the same reliability.  Servicing, 

maintenance and failure management would need to be 

considered to achieve this.  The safest system would be 100% 

redundancy as shown in figure 7 where a single compressor and 

Nitrogen generator would be able to meet the normal demand.  

This also has capacity to cope with an extreme peak demand 

where the fixed compressor would take over as the main supply 

and the variable would top up. 

 

 

 

 

Advantages/Disadvantages 

Liquid Nitrogen will always naturally want to boil off, and the 

only time there would be no gas would be if the liquid was not 

delivered.  Boil off nitrogen will always be extremely dry and 

pure as any impurities would lead to complications in the tank.  

However due to environmental levies and the need to liquefy, 

transport and store the liquid this will always be an expensive 

option in the long term. 

Nitrogen generation introduces susceptibility to power failure 

and mechanical breakdown.  Insufficient investment in 

hardware can impact the maximum gas available.  Replacing 

underspecified compressors or generators with larger capacity 

versions would be incredibly expensive.  Adding sufficient 

redundant hardware to attempt to match the reliability of the 

boil off system will require a significant capital investment.  

With a well specified system it is expected that after 3-4 years 

the hardware would pay for itself. 

Installation 

Figure 8 shows the redundant system could be installed in the 

TAP plant room providing compressed air to let-up the vacuum 

chambers and supply the Nitrogen generators.  Space for the 

accumulators and vacuum pumps has also been allocated. 

 

 

Conclusions 

Nitrogen generation is a viable alternative to using liquid 

Nitrogen boil off for the CLF.  Significant initial investment 

would be required to fund the compressors, generators and 

accumulators with an estimated breakeven point after three to 

four years.  Two main options are proposed: 

1. Dual compressor and generator scheme as depicted in 

Figure 7. 

2. Single compressor, single generator and a high 

pressure booster pump/accumulator combination. 

Option 1 provides the most reliability and flexibility.  Option 2 

would be lower cost but maintenance windows would be 

limited to a few hours at most and complete failure of any 

system would lead to downtime. 
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Introduction 

Monitoring of the mechanical hardware and mechanical 
services throughout the Central Laser Facility has been limited.   
Failure of plant has been apparent when working back from the 
effect rather than being aware of the cause.  An example is a 
vacuum failure in TAP caused by overheating of the room water 
cooling circuit, but the primary failure was the air conditioning 
plant providing cooling to the room water circuit.  In many 
instances failure of hardware happened over a period of days or 
weeks where performance slowly deteriorated.  With the 
minimum of funding these could be identified early and 
resolved without impact to the programme.   

Specification 

We were looking for a cost efficient solution that could monitor 
temperatures, vacuum level, relay set-points, water flow and gas 
pressure.  When a pre-determined event occurred the system 
should send emails or SMS messages identifying the error and 
be easily interrogated to look at long term trends.  It should be 
possible for anyone to access but the main settings should be 
password protected.  It needed to be a simple solution that could 
be installed in every area but each area owner would only be 
interested in their hardware being monitored. 

Potential Solutions 

Both ISIS and RAL Space employ sophisticated systems 
offering a wide range of sensor options with a highly 
customisable data display.  This flexibility not only requires 
significant financial investment in the hardware but also the 
software front end.  Much of what we wanted to monitor would 
be standard for high end server rooms and this is a highly 
competitive marketplace where a number of commercial 
solutions were available.  The most flexible and cost effective 
was the climate monitor range from Swiftbase[1].  This had 
previously been reviewed and was highly recommended by the 
PC Pro[2] magazine.   

Implementation 

The project started in TAP as this area could gain the most in 
terms of monitoring.  Not only does the mechanical hardware 
require reliable cooling water but the room temperature affects 
the beam alignment and experimental weeks can be lost if the 
compression chamber vacuum level rises to more than 1mbar. 

The climate monitor was located in the vacuum rack in the 
control room and a loom constructed to allow the following to 
be monitored: 

1. Vacuum pump water temperatures in the Target Area 
and Plant Room. 

2. Plant Room and Target Area room temperatures. 

3. Interaction Chamber and Compression Chamber 
vacuum level. 

4. Nitrogen gas circuit pressure. 

 

 

Hardware 

Climate Monitors 

The monitors are a rack mounted unit 1U in height and the data 
can be accessed from any computer via the hosted web page.  
We have deployed three different variants (figures 1-3) but 
settled on the CM-16 and CM relay for future installations.  The 
CM-2 offers additional sensors that are not beneficial in our 
rack environment. 

Figure 1- The CM-2 offers up to sixteen 1-Wire sensors with 
three analogue ports and an airflow sensor, a sound sensor and a 
light sensor. 

 

 

Figure 2- The CM-16 offers up to sixteen 1-Wire sensors with 
three analogue ports. 

 

 

Figure 3- The CM relay offers up to sixteen 1-Wire sensors 
with six analogue ports and three relays for controlling external 
hardware. 

Room Sensor:  

The room sensor from Swiftbase (figure 4) allows the room 
temperature and relative humidity to be monitored with a 
reading logged every minute.  This employs the Maxim 
DS18B20[3] and the Honeywell HIH-3610[4]  series humidity 
sensor.  Since we are looking at relative temperatures the 
accuracy limitations on the Maxim chip are not a concern and 
the relative humidity monitoring is unlikely to be used for 
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controlling hardware meaning that the +/-2%RH is not critical. 

 

Figure 4 - showing the room temperature and humidity sensor 
with a RJ11 connector.  

 

Water Temperature 

Modifying the Swiftbase temperature sensor to fit on the water 
circuit would lead to a cumbersome package and thus we have 
purchased the sensor directly from a distributor.  This has been 
wired to a low cost 3-pin plug and bonded to a standard nut.  
Experimentation has shown thermal lag as being minimal and 
the package although not elegant (see figure 5) has been 
functional.   

   

Figure 5- DS18B20 sensors bonded to stainless steel nuts within 
the supply and return pipe work for the vacuum pumps. 

 

Water Flow Sensor 

We have installed and tested a SMC PF3W water flow switch 
shown in figure 6.  We connected the 1-5V output to the 
analogue input on the climate monitor and although the climate 
monitor does not currently permit the legend on the scale to be 
altered it’s still possible to identify a level for the trip and 
compare historical flows.  

 

Figure 6 – showing the PF3W SMC water flow switch used to 
monitor the water flow. 

 Vacuum Gauge 

We utilised a MKS 974[5] wide 
range vacuum gauge to provide 
the output to the monitor.  This is 
shown in figure 7.  Connecting 
the log linear output through a 
voltage divider circuit the voltage 
was modified to register between 
0-5V.  Although it’s not possible 
to read an actual vacuum value it 
can be used to identify problems 
comparing the current pump 
down curve to a known curve.  
Again an appropriate alert level 
can be set for warnings, the 
current vacuum status of the 
chamber can be seen from any 
computer and the number of 
vacuum cycles per day can be 
confirmed.  

Figure 7- showing the MKS 974 vacuum gauge. 

 

Pressure Gauge 

We have selected a SMC pressure 
switch from the same family as the 
water flow switch.  This is shown in 
figure 8.  Although we have yet to 
install and test its functionality, the 
installation method would be 
identical to the water flow switch 
shown in figure 6.  

 

Figure 8- SMC ISE30A pressure switch. 

Historical Data Backup 

Each climate monitor has a small flash memory chip onboard to 
record the data.  Depending on the number of sensors being 
recorded this could store several months of data down to several 
weeks.  There is an option to download the datafile in CSV 
format and we have automated the download to capture the 
datafile each Sunday.  The batch file is set to run using task 
scheduler (included in Microsoft Windows XP and Windows 7) 
interrogating the status of each IP address and then using the 
free utility wget.exe downloads the CSV file to a network share.    

Graphical Interface 

The graphical interface is accessed by typing the IP address into 
a web browser.  The main menu area is shown in figure 9 where 
the sensors tab lists and displays a graph for each sensor 
independently.  The Alarms tab allows limits to be set and email 
address to be selected.  The Logging tab provides the most 
comprehensive method of comparing the data and the method 
of selecting the data to be recorded.  The Display tab allows 
each sensor to be renamed to be more meaningful.  The Config 
tab is where passwords, IP addresses, and server details are 
specified. 

 

Figure 9 -showing the main menu area 

 

Figure 10 shows the logging screen for TAP where the Target 
Area and Plant Room temperatures are displayed for a 24 hour 



period.  The sensors are listed on the left and the logging status 
on the right shows normal for those that are stored. 

 

 

 

Figure 10 showing the logging screen for TAP 

 

Figure 11 shows part of the alarms screen where three different 
alarms are set.  Up to five email addresses can be stored to be 
used in any of the alarms.  The top part of the figure shows the 
analogue input level set to 80% equating to a signal of 4V.  
Therefore if the flow meter registered a voltage below 4V for 5 
minutes the alarm would be tripped and all selected email 

addresses would be sent a message.  The next panel is 
specifically against one sensor whereby the room limits are set 
and email addresses are selected.  Multiple levels and 
corresponding e-mail addresses can be set for each sensor. 

Figure 11 – showing the alarms page on the TAP monitor 

Conclusions 

An environmental monitoring solution is being rolled out across 
the CLF to improve the overall reliability of the facility.  A 
solution aimed at computer server rooms has provided an off 
the shelf, low cost and quick to implement solution.  Long term 
logged data is already available for some areas.  A number of 
events on the air conditioning plant have already been identified 
early and resolved. 
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Introduction 

Motion control is an essential component of the laser system 
and a major contributing factor to the successful operation of 
the facility. With much of the beam propagation under vacuum, 
it is essential that beam pointing adjustments can be made 
remotely, and with pulse characteristics and experimental 
success sometimes reliant on sub micron accuracy, attention 
must be given to both the mechanical design of the optical 
stages and the motors, encoders and other feedback devices 
used to ensure these control parameters are achievable. A 
generic motion control system will satisfy the motion control 
requirements of both the laser and target areas. 

No commercial software solution was available to satisfy the 
need to use a variety of different motion controllers supplied by 
a number of manufacturers which was required to be easily 
reconfigurable with changing technologies and reconfigured for 
each experiment. An in house solution needed to utilise existing 
hardware whilst allowing the evolution of both motion 
controllers and the equipment under control. 

Existing Hardware 

There was a large amount of motion control equipment already 
in existence throughout the Central Laser Facility and a vast 
amount of knowledge surrounding its functionality and support. 
An attempt to standardize has focused on recommendations for 
mount design, integration of limits and encoders, and 
compatibility of motors all based on experience gained using 
similar systems. 

Parker 6k Series[1] motion controllers have been used where 
possible with alternatives considered in cases where specific 
motion controllers are required for certain drives. Universal 
stepper drives and servo amplifiers have been used to allow 
versatility in experimental set up, but this brings additional 
problems relating to tuning and other drive parameters. 

Quadrature (A+, B+, Index), rotary shaft and linear encoders 
are used along with Sony Magnescales[2] which offer excellent 
robustness and immunity to EMP which is a major 
consideration. 

Software 

The main software was written using Microsoft Visual Studio 
2010. The source code using VB.Net is highly documented and 
uses a “Class” and “Form” structure. Each class is designed to 
be easily identified as to its control function within the whole 
program and the key software objective is modularity so that 
new classes can be added or deleted as hardware changes. All 
versions of the software are backed up using Subversion[3]. 

The user interface is designed to be intuitive with simple touch 
control and the user can move drives, targets and stages in a 
number of ways: 

• Simple touch left or right 
• Slider control in absolute values 
• One touch for +/- 1µm or 1mm 
• Numeric touchpad for absolute or relative values 

 

The PC uses two screens, one lower screen as touch entry and 
upper screen as visual data which even allows the user to see a 
CAD model or photograph of the stage under control. 

 

Figure 1. Two 21” touch screens are mounted together to 
allow intuitive user interaction and visual representation of 
the system. 

Key to the systems performance is the database where explicit 
information needed to control the drive is held. The database 
system has its own PC user interface “Drive and Stage editor”. 
Any PC on the network can access the database and add new 
experimental setups or stage and drive information along with 
new users etc. 

The software can also be used in the planning stages of an 
experiment as a planning tool or to track assets where stages are 
used throughout the facility.  

Figure 2 shows a screen shot of the PC Planning Tool which 
allows users to search, edit, delete or add different aspects to the 
drive system. This interface allows an engineer to find the 
maximum travel on a linear motor or the pin out for a connector 
on an encoder. 

Further forms act as front ends to the Microsoft Access 2007[4] 
database engine which stores information ranging from user 
access rights to the IP and MAC address of motion controllers. 
Motor or stage information is also stored in a database and 
barcodes are used to easily identify equipment and reduce the 
set up time for an experiment. When a user scans the barcode of 
a stage all of the PID, maximum travel, encoder data and limit 
information is associated with the relevant channel. This is also 
a very useful way of tracking faulty stages as a simple tick box 
highlights the health of the stage. 
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Figure 2 shows the Drive System Planning Tool where users 
can access and input data. 

System Architecture 
Central to the system is the server/master PC which is an Intel 
core i7[5] system with 8 GB DDR3 memory and a powerful 1 
GB Nvidia GeForce graphics card. The PC runs Windows 7 
Proffessional 64 bit operating system and has been selected for 
its multithreading ability. The server/master has to poll all of 
the motion controllers, remote devices and its own touch 
screens. This can run as a standalone system or additional slave 
PC’s or 802.11G/N wireless hand held devices can be added for 
control in additional locations. 

A web server is currently being developed to allow any mobile 
or remote device to provide control options, with screen 
resolutions optimised for iPad and iPhone devices. This 
maintains the philosophy of future proofing by not being device 
specific and allowing continuous development with 
technological advancements.  

Implementation 

The full system is currently operational in the Gemini Target 
Area with plans to upgrade current systems in Gemini LA3, 
Vulcan TAW and TAP in the next 12 months. Ongoing 
improvements will be made and additional motion controllers 
are continually being added.  

Conclusions 

Motion control and software reliability were causing serious 
problems and affecting experimental efficiency and success. 
With no commercial solution available it was clear that an in 
house solution utilising professional development techniques 
and tools would be the most effective route to take. The 
feedback received from users and staff confirms the success of 
the project. 
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Introduction 

The Vulcan Laser Facility and proposed 10PW upgrade utilise 

disc amplifiers which rely on flash lamp pumping technology[1-

3]. An electrical discharge is driven through a gas producing an 

arc, and the radiation produced in the discharge is then used to 

pump the active amplifier medium (i.e. Nd: glass) achieving the 

population inversion required for lasing. A high voltage/current 

pulse is delivered by a Pulsed Power System (PPS) to create the 

electric discharge. 

The existing Vulcan pulsed power system is too large for the 

proposed 10PW building, so a more compact pulsed power 

system needed to be designed to fit in the proposed building 

footprint. The existing ignitron configuration was bulky and 

offered scope for a reduction in size by utilising a more modern 

design. 

Pulsed Power System 

The PPS is required to deliver a high current/voltage pulse to 

the Xenon flashlamps and Faraday rotator coils of the laser 

system. Load matching is critical in the design of the system, 

and particularly difficult as the flashlamp has a time dependant 

impedance which is very high (>MΩ) when the pulse arrives, 

falling to mΩ as the electrical discharge dominates the reaction. 

The radiation output of the flashlamps is required to match the 

absorption spectrum of the amplifier medium, Nd:glass, which 

is l ~[350 - 900 nm] this overlaps with the radiation spectrum 

of Xenon (Xe) FL l ~ [250-1000nm] when a discharge current 

density of 5 kA/cm2 drives the discharge. 

The Faraday rotator consists of a disk of FR5 glass with a 

Verdet constant of 0.07 min/Oe.cm at a wavelength of 1053 nm 

[5], surrounded by a coil with an inductance of L=200 µH. 

When an oscillating current pulse with peak current of 15 kA is 

delivered to the coil it induces magnetic field B~15kGauss. This 

magnetic field changes the properties of the FR5 glass causing 

an incident laser beam polarization to be rotated 45°. 

A simplified circuit diagram of a flashlamp circuit is shown in 

Figure 1. The circuit consists of a capacitor charging unit, a 

capacitor bank, and inductor and a high voltage switch. The 

PPS and flashlamp are located in different areas and are 

connected via a coaxial cable. The distance of coaxial cable 

must be kept to a minimum as there are losses associated with 

the coaxial cable which are typically 5 dB/100m at a frequency 

of 100MHz. Table 1 shows a summary of the requirements for 

each flashlamp pair. 

Table 1. Amplifier requirements and operating parameters 

 Figure 1. Simplified circuit diagram of flashlamp circuit 

Ignitron Switches 

The high voltage switching mechanism used on the Vulcan 

laser system consists of two ignitrons connected in series and 

gives a maximum standoff voltage of 50kV[4], as shown in 

Figure 2. Ignitrons are used as they are reliable, robust and 

require very little maintenance. Their drawback is size and the 

need to be both heated and water cooled to maintain a 

temperature differential between electrodes. In addition to the 

size and space implications of using two ignitron units, the extra 

connections increase parasitical inductance, which may affect 

the circuit characteristics. 

 

Figure 2. Ignitron cabinet 

In order to meet the space requirements of the proposed 10PW 

capacitor room footprint there was a requirement to redesign the 

PFN’s, capacitor banks and ignitron cabinets. This also offered 

the ability to replace older technology with newer technology 

and improve reliability and maintainability. 

It was found that the NL7703EHV[5] ignitron matched the 

electrical characteristics of the existing series pair of ignitrons 

and occupied about a third of the volume when comparing with 

a single ignitron currently in use. These characteristics allow the 

ignitron to be located nearer to the capacitor bank reducing the 

amount of cabling, hence having a more compact design. 

Amplifier Single FL Length 

(mm) 

Working 

Voltage (kV) 

Stored 

Energy (kJ) 

150/208 mm 1100 20 50 

108 mm 1240 20 45 
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PFN Boards 

By relocating the PFN board to the front of the capacitor bank 

and mounting the ignitron on a board a more compact design is 

achieved when compared to the existing configuration. These 

two changes are shown in figure 5 where the capacitor banks 

are shown on the right hand side, the PFN boards are shown on 

the left hand side and the ignitron boards are displayed in the 

centre. 

Each amplifier circuit consists of four capacitor banks with four 

or five capacitors in parallel depending on which type of 

amplifier it is driving, four PFN boards in front of the capacitors 

and a single ignitron board. Therefore three amplifier circuits 

are located on each rack. 

The Faraday boards were also redesigned to incorporate the 

select relays, dumping circuit and ignitron all on one front 

mounted board. 

 

Figure 3. PFN board 

 

Figure 4. Ignitron board  

 

 

Figure 5. Faraday/Ignitron board 

Conclusions 

The new PFN board and ignitron board design is very compact 

which considerably reduces the footprint of the pulsed power 

system. The modular nature of the design allows for easy 

removal of a single component, a board or capacitor bank, 

resulting in a reduced turnaround time following component 

failure. The layout of the components also increases the 

visibility of the PFN and ignitron components, which aids 

inspection, testing and preventative maintenance.  

Both circuits have been designed to maintain as many features 

as possible to keep to a minimum equipment variety and to 

manufacture or use standard parts where possible, reducing 

costs and assembly time.  

The new PFN and ignitron board design has been successfully 

constructed and tested on the pulsed power test facility, with 

one whole amplifier circuit now available for functional and 

soak testing of flashlamps. 
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Introduction 

The flash lamp test facility is used to test flash lamp pumped 
disc amplifiers before they are put in to operation on the Vulcan 
Laser system. It also serves as a test bed for pulsed power 
components as the hardware is identical to that used on the 
main facility. 

In order to test the technology chosen for the Vulcan 10PW 
upgrade, one whole amplifier circuit was changed to 
incorporate the new ignitron and PFN design, leaving one 
amplifier circuit in the original configuration for testing and 
support of Vulcan components. To automate the testing of flash 
lamps and any pulsed power components, the control software 
has been upgraded to allow continuous firing and recording of 
data.  

Flash Lamp Test Facility 

The existing flash lamp test facility housed two amplifier drive 
circuits in order to test 108mm, 150mm and 208mm amplifiers 
and associated flash lamps. Each circuit consisted of a capacitor 
charging unit, four pallets of capacitors, PFN boards and 
ignitron cabinet. This area needed to be reconfigured to include 
the new compact circuit which has been designed for the 10PW 
upgrade project. This will then provide a test bed for the 
equipment before installation, and has allowed the technology 
to be proven to reduce risk to the project. 

 

Figure 1. New Test Facility Circuit Configuration 

The room layout needed to be modified so the racking could be 
changed to accept the new style PFN and ignitron board. 
Additional floor space was also required so the 10PW design 
Faraday driver circuit could be tested. 

Table 1. Test Facility Requirements 

Control Software 

It is essential that the charging, firing and shorting of the 
capacitor bank is automated to ensure the safe operation of the 
system, and also to allow remote selection and control from 
outside of the test area.  

The existing control software had been written in Delphi and 
provided automated charging and firing of capacitors in to flash 
lamps or dummy loads. Testing of flash lamps required multiple 
lamp discharges, all performed consecutively with waveform 
data saved to disc for future reference. This required an operator 
to be present for the whole testing cycle which could last for a 
number of days if multiple lamps, half shells and amplifiers 
required testing. 

 

Figure 2. Control Software GUI 

The control software was rewritten in VB.Net to incorporate 
automated testing of flash lamps, half shells, amplifiers and 
pulsed power components as well as providing additional 
manual control of components. This enables new equipment to 
be tested individually at reduced energy before automated 
testing begins. 

Control Hardware 

A vast amount of digital and analogue I/O is required to control 
and monitor all of the parameters of the pulsed power system. 
The capacitor chargers alone each require selection, voltage 
setting, command to charge and interlock connections along 
with a number of diagnostic signals which communicate the 
health of the unit. There are also a large number of HV relays, 
shorting switches and dump relays, all of which require control 
and monitoring to ensure the status of the system is known at all 
times. The firing of the system uses fibre optic delay generators 
to propagate and synchronise the firing of individual circuits. 

The existing Camac control crate was used which also 
maintained compatibility with the Vulcan facility. The Camac 
crate houses digital and analogue I/O, as well as fibre optic 
output units for ignitron triggering.  

 

Test Facility No. of 
Circuits 

Working Voltage 
(kV) 

Charging 
Time (s) 

No. of 
Capacitors 

108 mm 1 15-25 < 50 16 

150/208 
mm 

1 15-25 < 50 20 

Faraday 
rotator 

1 5-10 < 50 4 
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Figure 3. Component Test Screen 

Testing 

The existing and 10PW design circuits were tested and 
compared in order to determine which changes were beneficial 
to the Pulsed Power System and where design changes may be 
required. This included the testing and commissioning of the 
software where a number of user requests were incorporated to 
improve data storage and retrieval. 

There were a number of layout changes which were identified 
to improve the installation and maintenance of the system that 
included the redesign of brackets and mounts, but the testing of 
the new PFN board and ignitron were extremely successful and 
proved the technology for future use. The Faraday circuit has 
yet to be tested but is based on the same technology as the full 
amplifier circuit. 

 

Figure 4. Ignitron board  

 

 

Figure 5. Faraday/Ignitron board 

Conclusions 

The test facility provides an invaluable tool for testing flash 
lamps and pulse power components before inclusion on the 
main facility, as well as providing working spares in case of a 
failure.  The redesign has allowed confirmation of new 
technology and also provided an opportunity to automate 
processes which were labour intensive, freeing up much needed 
resource. 
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Introduction 

The development of the Research Complex at Harwell (RCaH) 
in R92, is set to provide a multi-disciplinary research facility 
that will attract world-class research and world-class scientists.  

In order for the Lasers for Science Facility (LSF) to 
successfully occupy lab space in RCaH, a multi-room laser 
interlock and control system  was required for safe laser 
operation. 

This report highlights the design challenges and solutions 
employed to implement them. 

Laser Interlock Safety 

The LSF occupies three areas or clusters within RCaH 
incorporating 15 laser rooms, they are:  

• FBI – Functional Biosystems Imaging  known as 
Octopus 

• ULTRA - Molecular Structure and Dynamics MSD 

• Analytical Services - R&D labs 

Laser interlock systems have been developed and used 
throughout the Central Laser Facility (CLF) for many years, but 
a new approach was employed in dealing with the FBI cluster 
as its requirements posed new design challenges. 

RCaH System 

The Lasers in this cluster are primarily transferred in fibre 
optics enabling ease of set up and operation with minimum of 
optical loss. This uniquely provides multiple laser combinations 
with no alignment issues. 

The transfer and coupling of lasers between rooms was 
particularly challenging and required the design of a special 
coupling enclosure to maintain optical and electrical interlock 
continuity. (Patent pending) to ensure safe operation. 

The operation of the FBI (Octopus) laboratory consist of five 
laser laboratories that can operate independently or link from 
the central source hub which is G 36. 

 Each laser lab has the capability of bringing on laser hazards 
and controlling the propagated hazards when coupled to the 
target rooms.   

If the room is deemed to be unsafe or a fault is detected in one 
particular room this will trip all laser hazards present in that 
room but not affect lasers in the other rooms allowing the 
system to function with some independency.  
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Figure 1 Operational layout of Octopus area 

There is an optical enclosure situated in G36 with the provision 
for 20 source lasers. There are also mini electrical shutters in 
this optical enclosure for beam isolation and control. The lasers 
from inside the optical enclosure propagate to the target rooms 
G-31, G-32, G-34, and G-37 via a unique manufactured optical 
fibre and cabling combination with plugs and sockets. 

Safety issues associated with optical Fibre lasers 

The laser beam transmits inside the fibre optic. One of the 
major hazards associated in using optical fibres is the means of 
detecting when the fibre has been damaged. The result can 
cause laser beam exposure in the surrounding room to go 
undetected.  

A combination of electrical wiring active interrogation now 
allow these connections and fibres to be electrically interlocked. 

This solution provides the means of detecting faults and also 
preventing accidental or unauthorised individuals disconnecting 
fibres with the likelihood of shinning it into their eyes. 

Due to the operational  losses that occur in the coupling of 
optical fibre’s transferred lasers, the traditional pneumatic wall 
shutters can not be used between the rooms. Figure 2 shows the 
special Optical Fibre Panel designed to provide electrical and 
optical connection. This also provides physical entrapment of 
the optical fibre laser hazard. 
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Figure 2 Optical Fibre Panel that sits between the rooms 

A new feature of the interlock system is the incorporation of the 
safe handling of the optical fibre lasers. Requiring request and 
acknowledgment routines to allow overriding of optical panels 

A further feature of the Fibre Optical panel is the Independence 
Plate which provides the means of sealing the Optical Fibre 
Panels between rooms which prevents any lasers being 
connected. When in place the Independence plate provides total 
isolation from the source and the respective target rooms.  

All the functions of theses Optical Fibre Panel are electrically 
monitored and form part of the integrated interlock system. 

 

Figure 3 Shows the issue with fibre lasers which can be 
easily waved in free space due to the flexibility in the cable 

The Ultra cluster of rooms consists of main source lasers, a 
transfer area and up to four target rooms. 

The unique flexibility of this laser system allows multiple 
experiments to take place from selectable single sources into 
separate target room. This maximizes the capability without 
compromising the safety. 

The transfer and isolation of the laser beams are controlled with 
the conventional pneumatic wall shutter between rooms and 
electrical shutters at the source points. 

The electrical integrity of the interlock system monitors the 
operational safety of all the rooms  

The four  R&D Labs are configured operationally as stand  
alone, singular rooms primarily for the support of FBI and 
Ultra. The interlock system installed has the facility to link 
these rooms for future expansion. 

 

Move To (Human Machine Interface) HMI 

Another improvement is the move from the hardwired laser 
control box formerly used in the LSF to a modern 
reconfigurable HMI operator interface for bringing lasers on 
and off.   

 

Figure 4 Shows the Former hardwired control panel and 
new HMI control panel 

The former panel had a fixed architecture which did not allow 
for flexibility when an additional laser needed to be installed.. 

The Touch screen offers high quality graphic options which will 
give the operators a realistic view of the laser system. The HMI 
can also replace all the push buttons which can be programmed 
via a laptop without the need for switching the interlock system 
off. 

Another benefit of this system is the means of diagnosis and 
fault finding which the previous system did not offer. Faults and 
trips can be logged instantly, providing information as to the 
cause of a room trip or activation of hazard conditions. This 
reduces fault finding time which in turn reduces overall  system 
downtime.   

Move from Din connectors to Terminal in the Panel Design 

 

Figure 5 shows the former din connectors replaced by 
terminals 

The connectors have been replaced by screw terminals. 
Terminals are cheaper than connectors and allows for faster 
connections to be made as you eliminate the need for time 
consuming soldering of wires. It also allows for greater 
flexibility for carrying out requested changes to the interlock 
system from the users. 

Status lights 

Introduction of information warning lights similar to the traffic 
light colour scheme. This informs the user if there has been an 
unauthorized access in the laser area, and the status of 
corresponding linking rooms. 

 

Figure 6 Light indicators 



Conclusions 

These new developments have been successfully implemented 
in the RCaH which is now in operation.  

The improvement in safety as well as in laser operation has 
been aided by the drive of the team in improving the system and 
providing the users with  a user friendly system as well as 
confidence in the safety of the system.  

Another move saw the move from the previously used Proteus 
CAD tool to industry used AutoCAD Electrical 2010 for 
electrical design. 

The benefit has been in capturing all the electrical schematics 
drawings,  cables, and bill of materials which provides a well  
documented structure for future modifications or fault finding.  
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Introduction 

The aim of this report is to draw the readers‟ attention to laser 

safety within the CLF and the steps taken by the Electrical 

Engineering Section to improve interlock safety and design 

procedures. 

As well as the moral obligation to avoid harming anyone, there 

are laws set in place that require machines to be safe, thereby 

avoiding accidents. 

The Flixborough incident in June 1974, which resulted in 28 

deaths focused the UK public and media attention on the 

importance of safety of equipment controlling hazardous 

processes. The cause of the disaster was found to be related to a 

simple mechanical failure.  

In terms of laser systems, if the control system were to fail with 

power remaining on to all outputs, this would cause the 

connected lasers to remain permanently switched on. An 

unknowing user for example could walk into a room with a high 

possibility of  eye damage from exposed laser hazards present 

in the room. 

The human eye is the part of the human body that is most 

sensitive to light and can most easily be damaged by lasers if 

ever contact is made as a result of direct exposure or from 

reflected beams. This can result in permanent visual 

impairment. The power of laser beams, particularly pulsed 

power lasers, can be so high that not only the main beam but 

also weak reflections and diffusely scattered radiation can be 

hazardous. 

 

Figure 1 Laser warning signs 

Hazards can also occur when the skin is exposed to high power 

laser beams which can cause very painful burns. Photo-

chemical burns can also occur from ultraviolet laser beams. 

Laser Interlock Safety 

Any assembly of devices designed to protect people from 

hazards or injuries that could arise from the use of the machine 

can be considered to be a “Machinery safety system”. 

The goal has been for the provision of an interlock system for 

the control and safety functioning of hazardous lasers that are 

used within the CLF. 

The idea is to avoid the possibility that a malfunction or 

electrical defect in the basic system controls can at the same 

time override or corrupt the safety controls. This failure, singly 

or in combination with other failures/errors, could lead injury. 

 

 

Safety Compliance 

The interlock systems are designed in accordance with the 

international standard IEC 61508 which outlines basic 

functional safety best practices to follow. The use of interlocks 

is also a requirement of the “Safety of laser products”  IEC 

60825-1 standard for all Class 4 and most Class 3B lasers 

whatever the application, and this is usually enforced by Health 

and Safety Executive and local authority inspectors. This is also 

a requirement according to the STFC SHE Safety code No: 22 

Working with Lasers. 

SIL stands for Safety integrity Level, and is a measure of the 

safety systems performance. In other words the effectiveness of 

the interlock system is described in terms of “the probability it 

will fail to perform its required function when it is called upon 

to do so”. This is its Probability of Failure on Demand (PFD). 

'how likely is the equipment under control to fail and if it does 

fail, what is the outcome?' 

The higher the SIL Level, the greater the impact of a failure and 

the lower the failure rate that is acceptable. The target SIL level 

for the CLF interlock systems is SIL 2. 

 

Figure 2 Architecture of the interlock system 

Interlock Developments 

The first step in any safety- related project is to identify the 

hazards and to consider the level of the risks they present.  

The objective is to reduce the risk from the unacceptable to at 

least the tolerable. If we cannot take away the hazards, then we 

will have to reduce the risks, buy designing safety systems that 

will have a low probability of failure when required to perform 

its safety functions. 
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Figure 3 Calculation of the probability of I 

For 20 years the interlock system was implemented in TTL 

logic and this proved to be difficult to change and expand as the 

laser system evolved. Then followed the PC based system  in 

1999 based around I/O cards. 

Both system would have failed to comply with the IEC 61508 

standard as they had no room for fault tolerance and 

configurability.   

PLC – Relay System 

The old Interlock system used in the R1 Lasers for Science 

Facility labs was split into two parts. The control system and the 

safety system.  

1. A laser control system using a standard PLC 

from Schneider electric which controls the 

lasers, opening shutters, enclosures etc. 

2. And a separate safety system using standard 

relays and timer relays to perform the safety 

logic functions. 
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Figure 4 PLC – Relay system block diagram 

Both control system and safety system performed the safety 

function, where both relays from the safety and the control has 

to be made before any laser could be turned on. This provided 

the system with redundancy whereby if one system fails the 

other system would prevent lasers coming on, provided both 

systems do not fail at the same time. 

For example if contact 1 of a door is stuck in the closed 

position, when the door is opened the protection remains 

through contact 2 and will drop out the command, thereby 

tripping the lasers. 

Fault detection is also achieved at start-up and by comparison of 

the status of the parallel channels of the input and output 

devices as well as the logic. 

The issue with this system is the outputs to the lasers are based 

around the use of standard relays to perform the safety function.  

One of the problems with relays is that the contacts can stick or 

weld when subjected to large arc currents or voltages. Material 

loss on the contacts occurs dues to splattering of the molten and 

boiling metal as contacts bounce on make. 

In terms of safety of the laser; this method can prove to be 

catastrophic as a weld in the contacts would leave the lasers 

permanently switched on irrespective of the room being tripped 

or an emergency stop button being activated. There is no means 

of diagnosis and detecting a welded relay contact.  

The other issue occurs in terms of development changes that 

can occur to large complex systems which has been hardwired 

via relay based logic. The effort and time required to modify a 

built system can prove costly as compared to having a software 

based tools for configuration and management of the logic. 

Other problems faced with relay safety system: 

 Fixed architecture which means little flexibility in 

control logic changes which frequently occurs in the 

scientific disciplines. 

 It is much easier to download a program than build 

another panel. 

 Changes to relay logic requires the system to be taken 

offline. Changes in a PLC can often be made online 

with no downtime. 

 Relays are not as fast as their PLC counterparts. 

 No means of data collection and communication of 

information. 

 

This system does not achieve the required safety integrity target 

of SIL 2. 

PLC – Pilz System 

After review of the interlock system by an outside independent 

assessor [3] it was decided to replace the relay based safety 

system with a safety PLC instead. 
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Figure 5 PLC – Pilz system block diagram 

 

One of the questions that arose was “why not use a general 

purpose PLC for safety functions instead of a safety PLC? ”  

Although general PLCs are lower in cost and easier to use they 

are not designed for safety applications. 

 They have limited redundancy. 

 Limited failsafe characteristics.  

 

 



A standard PLC has only one microprocessor to executes the 

program, RAM for making calculations, a Flash area which 

stores the program, ports for communications and I/O to detect 

and control the machine. In contrast, a safety PLC has 

redundant microprocessors, Flash and RAM that are 

continuously monitored by a watchdog circuit and a 

synchronous detection circuit.  

Standard PLC inputs provide no internal equipments for testing 

the functionality of the input circuitry. By contrast, Safety PLCs 

have an internal „output‟ circuit associated with each input for 

the purpose of „exercising‟ the input circuitry. Inputs are driven 

both high and low for very short cycles during runtime to verify 

their functionality.  

If a failure is detected at either of the internal two safety 

switches in Safety PLC, due to switch or microprocessor 

failure, or at the test point downstream from the output driver, 

the operating system of a safety PLC will acknowledge system 

failure automatically. At that time, a safety PLC will default to 

a known state on its own, facilitating an orderly equipment 

shutdown. 

The new interlock systems in Vulcan consists of:  

1. A laser control system still using a standard PLC 

from Schneider electric which controls the 

operation of lasers, opening shutters, enclosures 

etc. 

2. And a separate safety system using a certified 

safety PLC from Pilz to perform the safety logic. 

PSS 3047-3. 

 

Although this system performs the intended safety functions 

and has been successful, it still does not achieve the required 

safety integrity target of SIL 2. 

The misconception was aided by the complexity in the 

IEC61508 standard, where is was presumed that by simply 

using a SIL2 rated safety PLC guarantees you a SIL2 system 

which is not the case.  

It is incorrect to call a particular device “SIL 1” or “SIL 2”. For 

example, it is common to call the Pilz safety switch a “SIL 2” 

device. This is inaccurate because the entire control loop must 

be taken into account. Technically, it is accurate to say a device 

is “suitable for use within a given SIL 2 environment”. 

PLC – Pilz System with improvements 

Although the interlock system designed and built for the LSF in 

the research complex (R92) has a similar  architecture to that in 

Vulcan, changes have been made to improve the overall safety 

capabilities. The control and safety function have been 

separated, with the Schneider PLC performing the control 

functions and the Pilz handling all the safety. The new 

improvements to the interlock system include: 

 Utilising the capabilities of the Pilz PSS 3047-3 for 

self checking of wiring faults which can go 

undetected in previous systems using test pulses. The 

system now periodically checks for short circuits 

which can be responsible for nuisance trips to the 

lasers connected to the system. 
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Figure 6 PLC – Pilz with improvements system block 

diagram 

 

 

 The safety PLC Pilz has two sections split into the 

1. Standard section (ST) and the 

2. Failsafe section (FS). 

Where the ST is the non-safety related section of the PSS. The 

FS is where all your safety logic should be written as this 

section has been approved if in the event of a  fault the system 

will shut down to a safe state. 

 In the previous interlock system the safety logic 

software is written in the  (ST) section of the Pilz 

instead of the (FS) section. 

 The safety PLC handles all the safety function and 

transfers status information to the control PLC via 

RS232 Modbus. 

Utilising a password lock system which prevents anyone from 

altering or making permitted changes to the software. 

Conclusions 

This constant commitment along with the safe practices and 

procedures has ensured no laser related casualties within the 

CLF.  The new interlock system satisfies the requirements for a 

SIL 2 system, providing diagnostics, redundancy and fault 

tolerance level 1.  

Possible future expansions, could include the use of safety 

relays to replace the current normal relays being used. This 

would provide the capabilities for self checking and diagnostics 

in the event of a relay contact welding. 
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Introduction 

Laser Plasma experiments routinely require a fast pump down 

of the vacuum chamber to give the maximum number of shots 

possible during the experimental run. This report aims to 

investigate the influence of several factors on the pump down 

time of the Target area west (TAW) chamber as well as 

potential improvements. An important element is to identify the 

experimental hardware having the greatest effect on pump down 

time and determine if this could be reduced.  

The design performance [1] for the TAW system is: 

 

• Ultimate vacuum 1x10-5mbar. 

• Time from atmosphere to reach 5x10-3mbar 20mins. 

• Expected operating cycle’s 6/day. 

 

During a typical experiment the chamber is routinely opened 

between cycles to adjust and install equipment, detectors and 

targets. It has previously been observed that the TAW chamber 

achieves a faster pump down time if it has been through one or 

more cycles without being opened to the surroundings. This 

effect is attributed to outgassing. Outgassing is where gas 

molecules and more commonly water molecules are desorbed 

from the surfaces of the chamber contents and the chamber 

itself.  This is further discussed in Vulcan TAW Upgrade-

Vacuum System Design [1]. To account for this during the tests, 

the chamber was left open to the surroundings for a minimum 

of 30 minutes after each let up. The system let up used a new 

dry air system which raised the vacuum vessel from 10-5 mbar 

to atmospheric in approximately 5 minutes.  

 

TAW Pump down under different loading conditions. 

 
The effect of loading the chamber was investigated during three 

separate pump down tests, (1) an empty chamber, (2) with the 

cabling system only and (3) with a full range of experimental 

equipment.  During each pump down, the chamber was pumped 

for a period of 1 hour, recording the pressure every minute.  

Unsurprisingly, the quickest pump down time happens when the 

chamber is empty, achieving a pressure of 5x10-5 mbar after an 

hour. 

 

In any laser plasma experiment an extensive array of cabling is 

required to provide drive and feedback from all the motorised 

hardware. It was expected that the additional surface area of the 

armoured cabling and the potential for trapped air would have a 

high outgassing rate slowing the pump down.  Looking at  

figure 1 the impact of the cables is insignificant in comparison 

to the impact from the experimental hardware. The most 

obvious effect is from 2x10-1 – 8x10-2 mbar, just before the 

system switches across to the turbo pumps. The roughing 

pumps are approaching their ultimate vacuum level and losing 

pumping speed while the outgassing rate is increasing. 

 

TAW pump down with Inverter fitted  
 

A roots pump can generally be up to 4 times the pumping speed 

of the backing pump.  The backing pump is 250m3/hr and 

therefore the 500m3/hr roots pump is half the size it could be.  

Some models of roots pump can be frequency doubled using an  

 

Figure 1 – TAW pump down cycle under different loading 

conditions. 

 

inverter to increase the overall throughput by about 80%.  An 

inverter set to 100Hz was installed in the system and figure 2 

shows the impact this had when pumping the same 

experimental hardware.  

Figure 2 – Comparison of TAW chamber vacuum pumping with 

and without inverter with experimental equipment. 

 

At the beginning of the pump down cycle, the inverter actually 

seems to slightly impede the system, slowing the pump down 

rate. However, this does not cause an overall increase to the 

pump down time, as below 100 mbar, the inverter pump down 

rate is now much greater than the original system. With the 

inverter present, the rate of pumping is maintained until the 

point where it switches to the turbo pumps and about 4 minutes 

is saved. 

 

TAW Pump down further equipment investigation with 

Inverter fitted. 
 

As the previous sections have shown, it is the combined optics 

and mounts which have the greatest effect on the pump down 

time. Therefore, it was decided to go further and investigate 
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which part in particular of the optics and mounts was causing 

the delay to the pump down time.  

Figure 3 – TAW vacuum chamber pump down comparison with 

optics and mounts. 

 

From figure 3 the mirror mounts have the greatest effect on the 

pumping rate. This is attributed to the mounts having a large 

surface area, some anodised components and the potential for 

fingerprints from handling.  

 

Anomalous Pressure Spike 

 

Most of the pumping curves show an unexpected pressure spike 

at pressures in the range 10-3 – 10-4 mbar. Interestingly, each 

spike occurs at a different pressure and with varying 

magnitudes. These spikes are expected to be caused be either 

outgassing or the release of a trapped volume and will require 

further experimentation to fully understand its cause. 

 

Conclusion 

 
With the full suite of experimental hardware in the interaction 

chamber the pump down time to reach 5x10-3 was outside 

specification.  The graphs confirmed one area to target was the 

roughing stage.  The roots pump being undersize presented an 

opportunity to look at the impact of speed doubling it utilising 

an inverter at 100Hz.  This proved to be extremely successful.   

With the inverter present, the system meets the specification, 

reaching a vacuum level of 5x10-3 in less than 20 minutes 

achieving 2x10-4 mbar in an hour. This will easily reach the 

target of at least 6 cycles a day. 

 

Cleanliness of the experimental hardware would be an obvious 

way of improving the pump down time further however the 

long term costs of achieving this would not be economically 

viable and focus would be better placed on an improvement to 

the vacuum pumping capacity. 

 

Further work  
 

Shortly after the testing the manufacturer of the roots pump 

revised their recommendation for the inverter frequency from 

100Hz to 60Hz which is expected to have reduced most of the 

gain.  The impact of this change needs to be evaluated.  Another 

method of achieving the same gain would be to replace the 

500m3/hr roots pump with a 1000m3/hr roots pump.  Taking the 

cost of this change into account it may be more financially 

sound to invest in another 2200l/s turbo pump or possibly a 

cryogenic pump. 

 

A cryogenic vacuum pump was tested successfully on TAP and 

Gemini and a further test of this pump is planned for TAW.  

Based on previous tests in the other areas the impact in 

pumping speed would be significant but some chamber designs 

have been susceptible to vibration from the reciprocating piston 

and pulsing pipe work making the pump unusable.  Further 

investigation is planned. 
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