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Foreword

At the start of this year,

the Central Laser Facility
underwent its 10-year review.
These reviews aim to identify
and recommend future
improvements such that STFC
facilities continue to be of
world-leading quality. They are
conducted by specifically-
convened, external Panels who
review key documentation and interview users and staff
to provide an independent peer perspective.

Pulling together the report and presentations for the Panel was no small task.

Over the last 10 years, a lot has been going on at the CLF! The review broadly looked
at research, innovation, industrial engagement, skills development and expertise,
and our strategic direction. As you can imagine, there was a lot to capture: user
programmes, international activity, strategic partnerships, facility and technology
development, innovations, training and support, communications and outreach, and
sustainability, to name but a few. Each claim we made had to be—and was—backed
up by robust evidence.

Over an intense two days, the Panel attended presentations, interviewed users
and staff, and asked a lot of questions. It was a very thorough review, but
ultimately rewarding.

The Panel commended the CLF for providing an outstanding capability for the UK
research community, highlighting clear excellence in delivering and supporting
world-leading research that is underpinned by exceptional technical capabilities.
Moreover, the entrepreneurial culture of the CLF was cited as a key strength, with
the DiIPOLE laser programme and the target fabrication facility highlighted as
examples of world-leading activities and great success stories.

These findings are fully in line with our own mission statement, “To be, and be seen
as, a global exemplar of the best science, skills, innovation and driver of prosperity
using lasers”.



The recommendations that came out of the review also aligned with our future plans.
In over 45 years of operation, we have consistently responded to new opportunities,
embraced technological breakthroughs and found new funding streams that have
allowed us to become a globally leading hub for laser research. The CLF continues
to work to enable and sustain the development of skilled people and the application
of laser technologies, ably supporting the UK academic community, industry and
other government departments, and connecting researchers across the world.
Through the ongoing EPAC, Vulcan 20-20 and HiLUX projects, we're developing a
new generation of laser facilities that will continue to inspire and serve scientists and
engineers alike. Alongside outstanding engineering support, we offer scientific staff
assistance, in-house target fabrication, and theoretical and computing work to our
user community, helping to increase the productive output of research.

This annual report offers an insight into some of the incredible scientific

and technical research that has been carried out by CLF users and staff over the
financial year 2023/24. The research spans a broad range of science areas, and
supports wide-reaching efforts to help solve major scientific, economic, and societal
challenges.

| am delighted to see the impact we are having, and the difference we are making.

| do hope that you enjoy reading this selection of abstracts, and feel inspired by the
achievements of all those involved and motivated to explore the capabilities and
services on offer through the CLF.

Professor John Collier FLSW -

Director, Central Laser Facility
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Overview of the Central

Laser Facility (CLF)

Cristina Hernandez-Gomez
Associate Director, Head of High Power Lasers

Introduction

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 versatile high power laser system composed of Nd:glass amplifier chains
capable of delivering up to 2.6 kJ of laser energy in long pulses (hanosecond duration)
and up to 1 PW peak power in a short pulse (500 fs duration) at 1053 nm. It can deliver
up to eight beam lines. Two of these beam lines can operate in either short pulse mode
or long pulse mode, while the remaining six normally operate in a long pulse mode.
The short-pulse can be directed to two different target areas, enabling sophisticated
interaction and probing experiments, with all eight beamlines available to one target
area (TAW).

In this configuration, the facility delivered four full academic experiments and one
commercial experiment.

Following these, the Vulcan facility was decommissioned in advance of the start of the
demolition and building work needed for the Vulcan 20-20 project. Decommissioning
work began in October 2023 and was completed in February 2024.

The upgrade agreed will see the power of Vulcan increased by a factor of 20, to 20 PW,
and its focused intensity increased by a factor of 100.

Gemini

Gemini is a dual-beam petawatt-class Ti:Sapphire laser system that provides unique
capabilities for relativistic laser-matter interactions and secondary source production.
With 30 J on target in two beams, an intensity greater than 102" Wem™2 and a repetition
rate of three shots per minute, the extreme concentration of energy possible with
Gemini makes it one of the most intense lasers in the world.

Gemini Target Area 3 (TA3) is the main target area with access to both Gemini beams
(15 J, 35 fs) that can be focussed using /20 or f/2 parabolic mirrors at a rate of one
shot per 20 seconds. Plasma mirrors are optional in one beamline. The maximum
intensity is of order 2 x 10" Wem™2,

During 2023/24, TA2 was closed for user operations to set it up for EPAC prototyping
and testing. TA2 is being setup for a mock-up electron beamline at 5 Hz, which will
de-risk much of the development for the EPAC laser wakefield area.

6 Overview of the Central Laser Facility (CLF)



Target Fabrication

The Target Fabrication (TF) group works closely with the user community to provide
delivery, characterisation and support of high specification micro-targets.

During 2023/24, the TF group made the majority of the solid targets shot on the
CLF's high-power lasers, and also supported target design for the academic access
on the Orion Facility at AWE.

The TF group has also supported the Lasers for Science Facility (LSF) with
microfabrication capabilities to enable their experimental campaigns, and provided
support for the wider STFC community with micro-fabrication. Commercial access
to target fabrication capabilities was available to external laboratories and
companies via the spinout company Scitech Precision Ltd.

In addition to this work, the Group has remained focused on delivery of target
solutions for day one operations in EPAC. Further experiments were carried out on
the tape drive system, further increasing confidence in the system ahead of EPAC
installation. In collaboration with the SCAPA team at the University of Strathclyde,
work continued to increase the shot rates and to add triggers to synchronise the
system to the laser. The TF group is procuring a coating plant to integrate the tape
roller system, which will enable the coating of tapes up to 50 m in length in one
operation: this capability is key for high-repetition-rate (HRR) operations.

Liquid targets will also be essential for EPAC operations, and the TF group has
designed and built a system to provide thin liquid sheets. A delivery system, nozzle
and catcher system were installed in EPAC, and the target was run out of vacuum
to test imaging and characterisation set ups.

The TF group continues to develop robotic target assembly. This capability is used
as standard for HRR experiments.

Theory and Modelling

The Plasma Physics Group (PPG) supports scheduled experiments throughout the
design, analysis and interpretation phases, as well as users who need theoretical
support in matters relating to CLF science. In the 2023-24 period, the Group
continued to base its support model around: direct collaborative support; code
development; code hosting; and high performance computing (HPC) provision.

Direct collaborative support is greatly enhanced by the computational resources,
externally sourced codes, and in-house codes available to the PPG. As well as
maintaining a suite of in-house codes that are used by PhD students and in user
support projects, PPG is working to expand the code portfolio.

The PPG continued to provide the PRISM computational suite to five different user
groups, as well as access to the HYADES and h2D codes.

Alongside the core mission of the PPG, the group continues to engage with the
academic community to contribute to Laser fusion research.
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Artemis (Research Complex at Harwell)

Artemis is an ultrafast XUV science facility, using high harmonics to investigate
electron dynamics in condensed matter and gas-phase molecules, and for lensless
imaging.

The oscillator for the 100 kHz laser system, which is now used for all condensed
matter experiments, was replaced and is now working well. At 100 kHz, condensed
matter experiments continue to benefit from the smaller XUV spot sizes and better
energy and angular resolution achievable with this higher repetition rate. The gas-
phase experiments on the 1 kHz system continue to work well, with increased XUV
flux and a new effusive gas source, and the user community is expanding.

This was an intense year for Artemis, with the start of the HiLUX upgrade project
managed alongside operations. The HiLUX project is set to transform the CLF's
ultrafast spectroscopy capability and increase accessibility, with upgrades to
both the Ultra and Artemis facilities that will increase in average laser power and
repetition rate and data rate, unlocking new science applications and greatly
reducing timescales to results.

The HiLUX project has completed its first year, and the design of the new laser
system within Artemis is complete. It will consist of three synchronised 200 W
Yb:KGW lasers operating at 100 kHz: the output of one laser will be compressed to
1.5 mdJ in 50 fs and used for high harmonic generation; a second will drive OPAs,
providing short pulses from the UV to the MIR; and a third will provide longer, 0.8
mdJ pulses for molecular alignment experiments. The concept design for the new
materials science end-station has also been completed and will provide a UHV
chamber with a momentum microscope, a more advanced hemispherical analyser,
and a six-axis manipulator.

Ultra (Research Complex at Harwell)

The structural dynamics facilities at Ultra explore molecular structure during
changes, such as chemical reactions or dynamics in complex environments, such

as heterogeneous catalysts. Ultra’s unique combination of multiple laser amplifiers
provides light across UV to IR for electronic and vibrational spectroscopies and
measures dynamics across femtoseconds to seconds, to address a diverse portfolio
of scientific challenges. The scientific themes span studies of drug binding and
protein folding to observation of battery charging and structural changes through
catalytic cycles. The available techniques provide sensitive time-resolved vibrational
and electronic absorption spectroscopies and Kerr-gated Raman spectroscopy to
observe weak signals obscured by strong sample emission.

The whole Ultra team has also been engaged in the HiLUX project. The Ultra A
system has been decommissioned and the labs cleared ready for renovation. The
design of the new facilities has been completed and will be able to accommodate
the new laser systems consisting of five synchronised ytterbium amplifiers, which
will pump an unprecedented array of optical parametric amplifiers to support

five end-stations servicing time-resolved spectroscopy experiments from the few
femtosecond to second, UV to IR.
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Octopus (Research Complex at Harwell)

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. Optical resolution techniques offered include total internal reflection
(TIRF) and multi-wavelength single-molecule imaging, confocal microscopy
(including multiphoton), fluorescence energy transfer (FRET), fluorescence lifetime
imaging (FLIM), and Light Sheet Microscopy. Super-resolution techniques are also
available: 2D and 3D Stochastic Optical Reconstruction Microscopy (STORM), Photo-
activated Localization Microscopy (PALM), Structured Illlumination Microscopy
(SIM), gated 3D Stimulated Emission Depletion Microscopy (STED), 3D MINFLUX,
and super-resolution cryo-microscopy. Laser tweezers are available for combined
manipulation/trapping and imaging with other Octopus stations, and can also be
used to study Raman spectra and pico-Newton forces between particles in solution
for bioscience and environmental research. Two cryo focused ion beam scanning
electron microscope (FIB-SEM) systems are also available. One is dedicated to

3D volume electron imaging, and the other, currently being commissioned, is
dedicated to the preparation of lamellas and lift-out to prepare samples for cryo
electron tomography. This latter system forms part of a correlative light and electron
microscopy (CLEM) workflow currently under development.

Chemistry, biology, and spectroscopy laboratories support the laser facilities, and
the CLF 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.

The portfolio of environmentally based research continues to advance, with studies
in a wide range of areas including determining aerosol properties relevant to the
atmosphere, super-resolution imaging of butterfly wings that relates colour and
structure, and plant studies on ultra weak photoemission and endomembrane
interaction with organelles. Materials imaging of catalyst structure has used the FIB-
SEM technique, in collaboration the UK Catalysis Hub, to follow the compositional
evolution of individual nanoparticles.

Regarding facility development, 3D MINFLUX is now established and attracting
users, and the development of cryoCLEM facilities has continued. This has extended
the CLF’s EPIC collaboration with India into biomedical imaging and will accelerate
cryoCLEM developments in Octopus. A novel super-resolution technique based on
radial fluctuation microscopy has also undergone preliminary development.
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Engineering Services

Engineering is fundamental to all the operations and developments in the CLF. The
engineering division operates across all of the CLF's facilities. Mechanical, electrical
and software support is provided to deliver the experimental programmes, and the
research and development activities. Support can range from making small-scale
modifications to existing equipment to improve its performance, through to carrying
out larger scale projects, such as the design and development of commercial
projects. In addition, there are active engineering collaborations with regional and
international partners such as, HiLASE (Prague, Czech Republic), the European XFEL
(Hamburg, Germany) and TIFR (Hyderabad, India).

The CLF Engineering and Technology Centre (ETC) is now fully operational and has
allowed the Engineering Division to develop capability not previously possible due to
space constraints.

The CLF's Mechanical Workshop has taken custodianship of a diamond turn lathe,
previously owned by RAL Space PDF department who used it to support the CLF’s
Target Fabrication Facility. This new capability, in addition to the CNC and wire
eroding machines purchased last year, continues to expand the capabilities of the
division. The focus has been to develop and upskill staff on this new technology and
push the boundaries of target fabrication.

In 2023/24, the Engineering Team took the novel decision to install equipment that
would enable production of nitrogen gas from air. The nitrogen generating plant has
been successfully commissioned and is now providing the majority of the CLF’s
nitrogen gas supply.

The Centre for Advanced Laser Technology
and Applications (CALTA)

CALTA aims to deliver societal, scientific and economic impact from developments
in the CLF.

CALTA continues to support the EPAC Project, which will be driven by a 10 Hz
petawatt-class laser enabled by STFC’s proprietary DiPOLE laser technology. The
next generation of 100 Hz DiPOLE lasers was developed as part of a Widespread
teaming project, and was shipped to the ELI Beamlines Facility in autumn 2023.

Commissioning of the D-100X laser system at the European XFEL has been
completed, and it exceeded all expectations on its first experiment in spring 2023.
While not operating at its full energy and repetition rate quite yet, the D-100X laser
delivered up to 40 J of energy per pulse at up to 1 Hz in the green, generating highly
reproducible data at a rate not previously possible.
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The Extreme Photonics Applications Centre (EPAC)

EPAC, a new facility at the CLF, has been designed to further the development and
application of laser-driven accelerators in academic, industrial, medical and defence
spheres.

EPAC will initially deliver a petawatt laser operating at 10 Hz to two dedicated
experimental areas housed in a stand-alone building. In order to achieve this high
peak power and repetition rate, DiPOLE technology will be used to pump a high
energy titanium sapphire amplifier operating at 10 Hz.

The first experimental area (EA1) will be especially designed for laser wakefield
acceleration (LWFA), where multi-GeV electron beams and synchrotron-like x-ray
beams can be generated. The second experimental area (EA2) will be a very versatile
area for fundamental science and applications with flexible focusing geometries.

The EPAC project continues to make good progress, with installation, design work
and commissioning all now running in parallel.

Access to Facilities

The CLF operates “free at the point of access” and is 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.

Industrial access and partnerships

The Impact, Partnerships and Innovation (IPI) Group has been responsible for the
delivery of the industrial access and establishing new collaborations with industry.
The IPI group ensures that the interactions delivered are strategically aligned to the
CLF and of the highest economic and societal impact to the UK. This year, industry
contract-access projects has continued across all CLF facilities.

The CLF remains a strong department for innovation. Internationally, the CLF has
driven forward its innovation policy and the growth of industry liaison offices,
through shared learning and knowledge exchange across EU laser facilities. The CLF
was a project partner organisation on the European Horizon 2020 IMPULSE project
(completed January 2024).

Please visit clf.stfc.ac.uk for more details on all aspects of the CLF.
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Industry Partnerships

and Innovation

Sneha Banerjee Claire Pizzey
Industrial Liaison Scientist Group Leader, Impact, Partnerships and Innovation

Over the past year, the CLF has remained an essential hub for scientific collaboration
and discovery. Between April 2023 and March 2024, the CLF worked alongside
industrial partners and launched several innovative projects. These initiatives reflect
the facility’s ongoing commitment to advancing research, driving technological
progress, and nurturing valuable partnerships.

In recent years, industry engagement at the CLF has grown significantly. This year
alone, approximately 14 weeks of access to industry users has been provided

across the Lasers for Science (LSF) and the High Power Laser (HPL) facilities. The
Industry Partnerships and Innovation (IPI) group has engaged with a wide array

of stakeholders, spanning sectors such as life sciences, net-zero projects, and
healthcare. The CLF remains dedicated to strengthening collaborations and building
meaningful partnerships with both academic and industrial sectors. In particular, this
year, there has been an increase in the number of SMEs accessing CLF, many taking
advantage of exciting innovation funding calls supported by UKRI.

Ongoing collaborations with both academia and industry have led to notable
breakthroughs. Professor Jim Thomas, along with his spin-out company MetalloBio,
has focused his research on unravelling the mechanisms of various antimicrobial
complexes. This work is advancing our understanding of antimicrobial resistance
and contributing to the development of a new generation of drugs. Professor
Thomas had accessed the facility as an academic in previous years; he has now
received funding via the STFC Industry Impact Fund (I12F), enabling his spinout to
access the facility in the FY 2024-25.

The 12F funding scheme has played a key role in facilitating industry access to the
CLF, with two additional companies gaining access via the scheme this year. One
of these companies, MetaGuideX, has used both the STED (Stimulated Emission
Depletion) microscope and the ONI microscope to investigate surface proteins
present in extracellular vesicles. This research is aimed at improving the sensitivity
of cancer assays, potentially enabling more accurate detection of cancer at earlier
stages.
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Phytoceutical, in partnership with the University of Surrey, has been researching
their new micellar retinol formulations, using Fluorescence Microscopy to examine
how retinol is converted in the skin. This research is focused on understanding the
dynamics of retinol conversion, which is essential for its effectiveness in skincare.
This year, they were awarded funding via two key calls, I2F and the BBSRC-STFC
Facilities Access scheme, to advance their studies of chemical and biological
processes at the molecular level. With this financial support, they plan to investigate
the performance of their formulations and assess their potential for promoting
wound healing. The aim is to understand the efficiency of the formulations in both
skincare and therapeutic applications. This collaboration highlights the promising
overlap between cosmetic innovation and medical science.

If you have a project that you would like to explore, please do get in touch, the

IP1 group would be very happy to hear from you. You can reach us via e-mail at
CLFindustry@stfc.ac.uk or on Linkedin.
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Communications and

Outreach Activities

Helen Towrie
CLF Impact and Engagement Officer

The CLF’s communication strategies

The role of the CLF's Impact and Engagement Team is to promote CLF science and
technology to some of our key audiences, with a view to sharing what we are capable
of, engaging with our community, and recruiting new people. Different audiences
require different types of interaction, and we are continually working to develop and
harness the tools needed to communicate with each effectively.

As a Team, we are responsible for internal and external engagement functions,
including: the CLF website and social media for our general science audience,
staff and user community; talks, tours and activities for our general and ‘next-gen’
audiences; and a fortnightly newsletter for CLF staff.

CLF Website
Between 1 April 2023 and 31 March 2024

; Most users found our website via
Our website had

32,000 active users organic searches

(such as Google)

People around the world

viewed our website—the highest numbers of users were
based in the UK, USA, India, China, Germany and France

-_—
7/ T\ &
“Facilities”, “News” and “Vulcan” iV @ S
were the most visited pages after landing on the homepage WA‘,“\“\\\\ *\\ \\\\

(W

Over 4,000 people
viewed the website during the month of October—around the time
ot the VUlCaAN 20-20 announcement
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Social media

We maintain a social media presence to create and sustain connections with the
science community, primarily users, industry and stakeholders. Our primary audience
are CLF users and potential new recruits.

We have had consistently high engagement rates on both platforms, with Twitter
reaching over four-times, and LinkedIn over two-and-a-half-times, the standard
engagement rate.

Due to ownership and platform changes on Twitter, it has been harder to track
analytics and gain followers. Whilst our follower count has had some growth this
year, this was largely seen between April and August 2023. Around this time, Twitter's
major rebrand to X was rolled out, which included several unpopular changes to the
platform. Despite this, we have maintained a strong interaction with our intended
communities.

As for LinkedIn, the platform continues to grow steadily, attracting our target
demographics.

Twitter in 2023-24 Linkedln in 2023-24
1,456 664
followers followers

132,887 1,868

people saw our posts people saw our posts

4.88%

4.3%
o /0 engagement rate
engagement rate (good engagement rate is 2%)

Top follower demographics on Linkedin 2023-24"

1. Research -

2. Engineering _') \g ?
3. Education — ' -
4. Operations

5. Business Development Qo -ﬂ

*Data was collected from Q3-4 of 2023-24

Connecting to wider audiences
We keep in close contact with the STFC Social Media team, through whom we can

reach a more general public audience. Additionally, we regularly touch base with
Social Media teams from the other STFC department to share new ideas, campaigns
and best practices.
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Engaging the public

As part of our goal to engage with the next-gen audience, we often host visits to our
facilities. These visits, organised through RAL Public Engagement, have allowed us
to engage a key demographic: 8 to 14-year-olds. This is the age at which children are
starting to think about their future careers, and is also around the age when many
young girls unfortunately decide that science and engineering is not for them.

Overall, in Financial Year 2023-2024, we engaged with
1,271 people in 119 visits hosted by our facility:

37

Industry

SC|ent|f1c
Next Gen
Stakeholder
8
Other
2
VIP 1
Public
1] —
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Looking more closely at next-gen public engagement efforts...

)

A total of

48 events

(including an Engineering Experience Programme
project, which actually comprised multiple interactions
(about 10 sessions), but counted as one here)

were supported by

18 CLF staff

including work experience supervisors

reaching a total of

1,789 people

(counting both visits to the CLF, and CLF events and
activities conducted elsewhere)

49% of which were from

\ 4
Wonder Areas
(Index of Multiple Deprivation 1—4) g

66 | cannot express how much my pupils loved
the trip. By the end of it everyone was giddy
with excitement. All of us felt liked kids in a toy

shop, or geeks and nerds at a ComiCon or Sci-Fi
Convention. Thank you so much for the experience. 9

— Feedback from one group who visited facilities at RAL site, including the CLF
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Attracting a wider audience

Communication this year has begun to look a little more like how we operated
before the COVID-19 pandemic, although things may never fully return to the
way they were. For example, many audiences are now far more comfortable
with online engagement, and this means that we can reach people without the
constraints of distance and capacity.

We have completed an array of projects to help make the CLF more appealing
to a wide range of audiences. Several of these projects have already been
mentioned in this summary, and a few more are highlighted below

Daresbury Open Week 2023

One of the most memorable events of 2023 was taking part in the Open Week
at Daresbury Laboratory, with over 5,000 people visiting the site on 15 July. The
dedicated school days that took place in the days before saw 1,300 pupils from
50 schools across the region visit for curriculum-related activities, encouraging
engagement with STEM.

Led by the CLF's Impact and Engagement Officer Helen Towrie, the Open Day
team consisted of the CLF's communications Industrial Placement student
Kaylyn Snelgrove, Mechanical Design Engineer Cameron Taylor, and Graduate
Mechanical Design Engineer Churk Chung. After spending hours setting up on
the night before and the morning of the event, the team of four dove headfirst
into engaging with the public about the wonders of scientific lasers, how they
work and what we can do with them.

The popularity of our exhibition could be seen thanks to the numerous families
walking around with their “laser lanterns”, and the total depletion of CLF-themed
postcards by noon. Additionally, feedback from our location (which included all
exhibits in the DL Visitor Centre) was overwhelmingly positive.
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66 There were just four volunteers
from the CLF in my area at the
Open Day, but they somehow
kept a constant stream of children
interested in science all day.

I’m still not sure how!

The paper lanterns activity was
very popular, and it was fantastic
to see the children hanging onto
the volunteer’s every word and
concentrating hard despite all
the other exciting distractions

in the area.

And who doesn’t love a good laser
demo? Especially when it’s been
created in-house for such events. 99

— Mark Leese, Senior Network Engineer and Area
Manager for the Visitor Centre on the Open Day

The CLF was just one of over 250 meticulously designed activities, and we were
pleased to have been given the opportunity represent laser science on the first
Open Day in nearly a decade.
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Engaging the next generation

International Day of Light

In May, we celebrated International Day of Light 2023. Around 200 secondary school
pupils found out how to create supernovae with lasers, and saw the Vulcan Control
Room and future EPAC facility up close. This was an excellent opportunity to share
the excitement of laser science with students who are just beginning to think about
their future careers, and indeed many of these young people seemed invested in the
talk with several thought-provoking questions being asked. This event also prompted
the ‘What'’s your favourite thing about lasers?’ board, which was filled with ideas from
staff who were encouraged to think about the work and technology that inspires
them. These ideas were shared with the visiting students, giving them an insight into
the exciting world of scientific research through the varied responses from the team.

Visit from the Lightyear Foundation

In October, the CLF welcomed a group of post-16 education students with the
Lightyear Foundation, who encourage young disabled people to consider careers in
STEM. Part of the day was hosted in the CLF Visitor Centre, featuring its interactive
activities and an experiment with vacuums and marshmallows. The feedback was
incredibly positive and reflected that the students enjoyed the visit and were more
likely to think about a job that includes physics as a result.

pulse hits the target ang
Creates the minj supernova.
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Stargazing

Now into 2024, RAL has recently held its annual Stargazing event, featuring activities
across campus. The CLF Visitor Centre was opened up with all its demonstrations, in
an excellent display of how different technologies and sciences can come together
in exciting fields such as space research. Over 600 people attended and gave an
average rating of 4.7/5—a great success.

N
[ "\ P s

Central Laser Facility
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Engaging through artwork

Over the past few years, the CLF has increasingly used illustration as a tool to
attract and engage different audiences. lllustrations have a way reaching across the
invisible boundary between STEM and the public, elevating CLF science within the
scientific community, and creating a unique identifiable image for the CLF.

This year, we have been especially focused on using art to help push CLF papers to
the forefront. Two front cover submissions and one article front cover have been
accepted by peer-reviewed scientific journals, giving the associated papers the best
chance possible of being noticed.

Chemical Science Accounts of Chemical Research Materials Advances

Additionally, we used an in-house illustration to accompany a major press release on
identifying COVID-19 counterfeit vaccines.

Finally, we have continued to reuse existing illustrations, most notably for Daresbury
Open Week 2023, where the CLF mural was used on roller banner posters, and a
fresh batch of CLF-themed postcards were printed as freebees.
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Vulcan 20-20 publicity and celebration

The announcement of Vulcan 20-20, the CLF’s plan to build the most powerful laser
in the world, was huge — not just for the CLF, but for the UK government as a whole.
Our team spent considerable time and energy preparing for and supporting this
announcement and in helping to develop the ensuing short- and long-term publicity
for all audiences.

The Vulcan Celebration Event welcomed senior scientists, staff and long-term Vulcan
users to walk through the doors of Target Area Petawatt for one last time. The day
included a selection of talks from impactful members of the High-Power Laser
community and a gallery of images recalling the last 40 years of Vulcan. Over 100
people attended the event to reminisce over the CLF's flagship laser.

On a very different note, we also took inspiration from SunSpaceArt’s activity at
Daresbury Open Week and worked with them to create a new CLF craft activity for
KS2 (7-11) based on Vulcan. Named “Space in a Box”, the activity will be trialled for
the first time at a local Primary School in the next few weeks.

Harwell Open Week 2024

In July 2024, Harwell Campus will open its doors for the first time since 2015 to
welcome thousands of families to learn about all the different types of science we do.
Preparations are already well underway for this mammoth event, and we expect it to be
our focus until after July.
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Introducing the Harweli

Heritage Project

Victoria Marshall
Senior Software Engineer and Harwell Heritage Project

Although the Central Laser Facility was not founded until the late 1970s, some
twenty years after the Rutherford High Energy Laboratory was established at Harwell,
the CLF fully supports the work that is underway to uncover archive material located
near to its facilities and to find out more about the site’s heritage.

In April 2022, STFC Executive Board agreed that Campus heritage, and RAL heritage
in particular, was worth preserving, and approved the setting up of a small project
team to develop the idea further. The Arts and Humanities Research Council
(AHRC) has since awarded a grant for a professional archivist to make an initial
assessment of the campus archives. These archives encompass the Chilton
Computing Collection created by Professor Bob Hopgood, the Ditton Park and
Appleton Laboratory Collections created by Matthew Wild and RAL Space, the “stuff
in the dungeon” inherited from RAL Library, AERE Harwell memorabilia owned by the
Nuclear Decommissioning Authority (NDA) in the shell of the DIDO reactor, and an
ever-increasing list of material held by retired and nearly-retired staff either on site or
in various spare rooms, home offices and sheds.

Assessment of the various archives is just the beginning of the process; it will take
years to produce a full, detailed catalogue. The initial aim is simply to find out what
there is. The second aim is to figure out what to do next, and what to do with all the
material.

Getting started on the Project

The Harwell Campus has seen a great number of technological and scientific
achievements over its near 80-year history. The AERE Harwell story — with its 14
reactors leading Britain’'s early atomic energy development — is fairly well known.
What is less well known is that Harwell also built 12 accelerators of various designs
that were key not only to the formation of the Rutherford High Energy Laboratory
(RHEL) next door, but also to the development of accelerators at CERN.

A decade younger, the early part of the Rutherford Laboratory story is also a mystery
to many. Information is scant and scattered; people who were there are no longer
here, and we are in danger of losing our institutional memory.

A year or so ago, what used to be the Laboratory Archives were (re)discovered in
what used to be the NIMROD (“National Institute Machine Radiating On [the] Downs”
or “National Institute Machine for Research On the Downs”) Motor Alternator Hall
Basement.

The basement measures 37 x 15 m and is divided into eight secure cages, of which
the Library Archives is one of the largest. This cage contains six rolling stacks
holding five tons of material on 1.5 km of shelving. As can be seen in the photograph,
this was nothing like a standard office environment. Explorations began...
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Over the last year or so, much original material has been rediscovered from the early
days of the laboratory in the 1950s until the 1980s, when use of the cage ceased for
archival purposes. Much of this has been scanned and is available in the "Rutherford
Laboratory" and "AERE Harwell" sections of the Chilton Computing website.

The timeline overleaf includes a few of the photographs that have

been found so far, which provide a fascinating insight into RALs early
history. More information on the photographs, papers and other material
uncovered by the project can be found in the online version of this report.

The basement archives in October 2022. The first challenge was to push the
door open and clamber round an over-loaded trolley. Happily, the cage is now
considerably tidier and far more accessible.
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A journey through time

Rutherford High Energy Laboratory (1957)

Both John Cockcroft and Edward Appleton (at the time Secretary of the Department
of Scientific and Industrial Research (DSIR)) were instrumental in naming the new
national accelerator facility Rutherford High Energy Laboratory, in honour of their
PhD advisor at Cambridge, Nobel Prize-winner Sir Ernest Rutherford.

Aerial view of Rutherford Laboratory
looking east. In the foreground is

the green mound of Nimrod; the

star shape of the R22 Restaurant is
eastwards centre, with the houses
of Frome Road in the distance (1963).

Rutherford Laboratory (1975)

The “High Energy” part of RHEL's name was dropped in 1975 to reflect the wider
scientific interests of the Laboratory and its recent merger with the Atlas Computer
Laboratory.

Radio Research Station (1924) and Appleton Laboratory (1973)

In 1924 the DSIR formed the Radio Research Station (RRS) at Ditton Park, near
Slough, to research radio science and to continue Edward Appleton’s ionospheric
work which he began in the 1920s.

The Station was renamed the Radio and Space Research Station (RSRS) in 1965 to
better reflect their wider work and facilities, which now included an 85-foot (26 m)
radio telescope capable of following earth satellites, and artificial satellites, known
as Topside Sounders, to explore the ionosphere from above.

RSRS was renamed yet again on 7 November 1973 to Appleton Laboratory in honour
of Nobel Prize-winner Edward Appleton.

Central Laser Facility (1977)

In 1975, the government gave approval for the Science Research Council (SRC) to
provide at RL a high-power laser for use by academia. The Central Laser Facility
was formally inaugurated in 1977, and its Neodymium Glass Laser laser began
operations. This laser is now known as Vulcan (Versicolor Ultima Lux Cohaerens pro
Academica Nostra or The latest multi-coloured coherent light for our academics).
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Components of the Vulcan laser
being delivered to the west end
of R1(25 September 1976).

Rutherford Appleton Laboratory (1979)

Appleton Laboratory was closed in 1979 and many of the staff transferred

to Rutherford Laboratory, whereupon it was briefly known as The Rutherford
and Appleton Laboratories before simplification to the modern-day, and more
digestible, Rutherford Appleton Laboratory.

Three Directors all in a row: John
Houghton, Godfrey Stafford

and Geoff Manning. In the
background is the IRAS project's
12-metre Transportable Ground
Station (aka The Dish) built on
behalf of NASA in the 1960s.
(September 1979).

Aerial view of Rutherford
Laboratory looking north. The
NASA/IRAS satellite dish is in
the right foreground with the
R22 Restaurant further to the
north. The hill covered in dried
grass is Nimrod/ISIS spoil (this
photo was taken in July); the
accelerator mound itself is the
green(ish) circle northwards
(1984).
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High Energy Density and

High Intensity Physics

Low divergence electron beams from a gas cell

We report on the generation of electron beams with unusually low divergences. The
beams were produced by laser wakefield acceleration in a gas cell, which typically
produces high quality beams, but with a large divergence due to the strong focusing
fields present in the plasma. By using a gas cell with a shaped exit aperture, the
transition between the plasma and the vacuum was smoothed, resulting in improved
transverse beam properties. Measurements from the electron spectrometer indicate
divergences of approximately 0.2 mrad, while higher resolution measurements made
using image plate suggest that the true resolution was lower than this, reaching a
minimum of 0.04 mrad. These results are of interest for many potential applications
where transverse beam quality is paramount, such as for light sources and for
staged acceleration.

Figure 1: Sequential electron beam
spectra highlighting the low divergence
of the beams.

Figure 2: Energy resolved divergence
measurements. The blue lines are the
measurements for each spectrum in
the data set, the red line is the median,
and the shaded region is the standard
deviation.

Authors: M.P. Backhouse ¥, R. Luo, J. Hills, L. Kennedy, C. Cobo, E. Los,
Z. Najmudin, N. Lopes, E. Gerstmayr, J. Sarma, N. Bourgeois, D. Bloemers, A. Thomas,

S. Hawkes, S. Dann
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Beam driven electron acceleration to 4 GeV at Gemini

We present measurements of electrons accelerated to high energies using both
arms of the Gemini laser system. The experiment used a pair of gas cells, where

the first cell acted as an injector stage, producing electron beams with peak
energies of approximately 1 GeV, and the second cell provided a secondary energy
boost. The boost could be large enough to approach the measurement limit of the
magnetic spectrometer used, at 4.0 GeV. The modulation of the spectrum due to the
plasma in the second cell is consistent with beam driven acceleration, making this
experimental setup an example of the LWFA-PWFA hybrid accelerator concept.
These results have implications for future implementations of LWFA seeded beam
driven plasma accelerators.

Figure 1 (left): Example images from

the electron spectrometer screens.
The main panels show images from

the lower energy screen while the

inset shows the measurements from
the higher energy screen. Panels (a-c)
show electron spectra after generation
in cell 1. Subplots (d-g) show beams
after propagating through the plasma in
the second cell, resulting in an energy
boost for some electrons and transverse
modulations of the beam.

Figure 2 (above): Electron spectrometer
images with overlaid energy contours
from a shot where a large gain of energy
was observed due to the second cell.

Authors: M.P. Backhouse ¥, R. Luo, J. Hills, L. Kennedy, C. Cobo, E. Los,
Z. Najmudin, N. Lopes, E. Gerstmayr, J. Sarma, G. Sarri, P. Blum, R.J. Shalloo,

N. Bourgeois
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Plasma mirror operation at high intensity: Reflectivity

and beam profile

Reflectivity and reflected beam profile from a plasma mirror at high incident
intensities (on the order of 10" - 102’ Wm~2) was characterised for the Gemini
North beam incident on 125 pm thick Kapton tape. Post-reflection pointing was
characterised with an additional pointing variation of 8, = 2.6 mrad generated by
the formation of the plasma mirror. Adjusting focal spot area on the tape and pulse
energy allowed for on-tape intensity variation. A maximum reflectivity above 70%
was observed with a drop off for intensities nearing 3 x 102" Wm=2. Focusing further
from the tape resulted in a lower quality of reflected spot at comparable intensities,
with less energy contained within the FWHM (20% compared to 10% at 102" Wm?).
The results presented highlight important areas for development and optimal
operation regimes of plasma mirrors for future staging applications.
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Decreasing reflectivity across incident intensities with a sharp reduction towards
1022 Wm™=. The distances of 9 mm and 18 mm refer to the position of the tape
relative to the laser focus.
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A. Thomas, S. Hawkes, S. Dann
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Wakefield accelerator driven to ionisation injection
using a laser reflected off a plasma mirror at high
intensities

We report on a laser wakefield accelerator driven to ionisation injection using a laser
pulse reflected from a thin-film plasma mirror operating at high intensities. Reflected
pulses containing a maximum total energy of 3.2 + 0.9 J were used to demonstrate
a guided central spot at densities exceeding 0.5 x 102* m~3. Entire blue shifting of the
transmitted pulse was observed between 0.5 x 102 m~2and 2 x 102 m~3. lonisation
injection was demonstrated with spots containing up to 0.4 £ 0.1 J in their FWHM at
densities exceeding 2.7 + 0.4 x 10%* m~3.Electrons were accelerated in a cell of

6.7 £ 0.8 x 102 m~3 to energies up to 455 + 28 MeV using the reflected pulse. The
results presented here support the utility of a tape-based plasma mirror for driving
the accelerating stage of a wakefield accelerator.

Density scan of electron spectra at different cell densities with a 10 mm long cell.
Densities here are arranged in ascending order but have large uncertainties.

Authors: J. Hills &, M.P. Backhouse, R. Luo, L. Kennedy, C. Cobo, E. Los,
Z. Najmudin, E. Gerstmayr, J. Sarma, P. Blum, N. Lopes, N. Bourgeois
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All-optical GeV electron bunch generation in a laser-

plasma accelerator via truncated-channel injection

We describe a simple scheme, truncated-channel injection, to inject electrons
directly into the wakefield driven by a high-intensity laser pulse guided in an all-
optical plasma channel. We use this approach to generate dark-current-free 1.2 GeV,
4.5% relative energy spread electron bunches with 120 TW laser pulses guided in a
110 mm-long hydrodynamic optical-field-ionized plasma channel. Our experiments
and particle-in-cell simulations show that high-quality electron bunches were only
obtained when the drive pulse was closely aligned with the channel axis, and was
focused close to the density down ramp formed at the channel entrance. Start-to-end
simulations of the channel formation, and electron injection and acceleration show
that increasing the channel length to 410 mm would yield 3.65 GeV bunches, with a
slice energy spread ~5 x 1074
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Schematic of truncated-channel injection scheme. (a) Setup: channel-forming
(red) and drive (orange) beams were coupled into the gas target. The input mode,
output mode, optical, and electron spectra were measured on every shot. Inset:
measured transverse fluence profiles of the drive laser at focus and at the exit of
the HOFI channel. (b) Measured axicon longitudinal intensity profile, (c) calculated
initial electron temperature profile, and (d) calculated density profile of the
truncated HOFI plasma channel 3.5 ns after arrival of the channel-forming pulse.
In each panel, the black curve shows the relative magnitude of each variable
along the optical axis.

Reproduced from A. Picksley et al. Phys. Rev. Lett. 131, 245001 (2023), under the
terms of the CC-BY-4.0 license. doi: 10.1103/PhysRevLett.131.245001
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Measurement of the decay of laser-driven linear

plasma wakefields

We present measurements of the temporal decay rate of one-dimensional (1D), linear
Langmuir waves excited by an ultrashort laser pulse. Langmuir waves with relative
amplitudes of approximately 6% were driven by 1.7 J, 50 fs laser pulses in hydrogen
and deuterium plasmas of density n_ = 8.4 x 10" cm™. The wakefield lifetimes

were measured to be T, = (9 £ 2) ps and 1°, = (16 * 8) ps, respectively, for hydrogen
and deuterium. The experimental results were found to be in good agreement with
2D particle-in-cell simulations. In addition to being of fundamental interest, these
results are particularly relevant to the development of laser wakefield accelerators
and wakefield acceleration schemes using multiple pulses, such as multipulse laser

wakefield accelerators.

Figure 1: Schematic of the experimental layout
inside the target vacuum chamber. Both beams
of the Gemini TA3 laser were used: one as

the drive beam, one as the diagnostic probe
beam. The 800 nm beams are shown in red,
and the 400 nm diagnostic beam in blue. After
leaving the gas cell, the diagnostic beam was
transported to a 400 nm spectrometer located
outside the vacuum chamber.

Inset: example recording of a wakefield in a
spectral interferogram, as captured by the
spectrometer camera.

AO: Adaptive optic; HM: Holed mirror;

HWP: Half-wave plate; L1: f=500 mm lens;

L2: f=-100 mm lens; L3: f=300 mm lens;

P: polariser; 10X: microscope objective;

SHG: second harmonic generating crystal.

Figure 2: Measured normalized relative
wakefield amplitude calculated using the
TESS technique (see referenced paper)
as a function of delay for: (a) hydrogen;
(b) deuterium, recorded with a backing
pressure P__ =(17.0 * 1.2) mbar. For
each delay are shown the uncertainty-
weighted average wakefield amplitude
(6n_(¢)/n_,) and the standard error.

The uncertainty was calculated using
the background noise in the Fourier-
transformed interferograms. The
wakefield amplitude calculated from
the PIC simulations are shown as open
circles. Also shown are fits of the
exponential function to the data as
black lines.

Reproduced from J. Jonnerby et al. Phys. Rev. E 108, 055211 (2023), under the terms
of the CC-BY-4.0 license. doi: 10.1103/PhysRevE.108.055211
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CFD modelling of gas cell target for laser wakefield

accelerators

We performed 2D and 3D simulations of a gas cell target designed for laser
wakefield acceleration. These are among the first full 3D simulations conducted for
such a target. The simulations show that it takes a few hundred milliseconds for the
density inside the cell to plateau. The cell is capable of providing density uniformity
below 1%, which is a crucial factor in reducing shot-to-shot instability and improving
beam quality.

The equilibrium time, based on the 3D fluid simulations, can be used to estimate
the minimal delay required for the initiation of gas flow to achieve a uniform target
density. The results also suggest that, for a 10 Hz LWFA, a gas cell operating in
continuous mode might provide a more uniform density profile.

Figure 1: A transverse slice of the density distribution at 5 ms for the 3D simulation.

Figure 2: Mean helium atomic density evolution for in the cell for the 3D simulation.

Authors: R. Luo &, G. Christian, J. Hills, C. Cobo, E. Los, L. Kennedy,
M.P. Backhouse, Z. Najmudin, N. Lopes. P. Blum, R.J. Shalloo, E. Gerstmayr,
J. Sarma, G. Sarri, N. Bourgeois
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RPE-1

MCF7

Cellular response to femtosecond-scale radiation
at dose-rates exceeding 10" Gy/s

We report on the characterisation of a laser driven, very high energy electron source
for radiobiological applications. Here, nanocoulomb scale electron beams were
generated by a laser wakefield accelerator, allowing for dose deposition up to

3 Gy per pulse. The electron beam duration is approximated to be 25 femtoseconds,
equating to unprecedented single shot dose-rates in excess of 10" Gy/s. The source
is characterised and compared to Monte Carlo simulations, with the applications to
biological research discussed.

53BP1 foci formation, a DNA double strand break marker, as a function of
time (0.5hr and 24hr after irradiation) for RPE-1, a healthy cell line, and MCF7,
a cancerous cell line. Shown are merged channel images of 53BP1 DNA DSB
marker (green) and DAPI nuclear stain (blue).

Authors: H. Maguire &, C.A. McAnespie, E. Gerstmayr, L. Calvin, J. Sarma,
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S.W. Botchway, S. Needham, O.J. Finlay
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Monte Carlo modeling of the linear Breit-Wheeler
process within the GEANT4 framework

A linear Breit-Wheeler module for the code GEANT4 has been developed. This allows
signal-to-noise ratio calculations of linear Breit-Wheeler detection experiments to be
performed within a single framework. The interaction between two photon sources
is modelled by treating one as a static field, then photons from the second source
are sampled and tracked through the field. To increase the efficiency of the module,
we have used a Gaussian process regression, which can lead to an increase in the
calculation rate by a factor of up to 1000. To demonstrate the capabilities of this
module, we use it to perform a parameter scan, modelling an experiment based on
that recently reported by Kettle et al. [New J. Phys. 23, 115006 (2021)]. We show that
colliding 50-fs duration y rays, produced through bremsstrahlung emission of a

100 pC, 2-GeV laser wakefield accelerator beam, with a 50-ps x-ray field, generated
by a germanium burn-through foil heated to temperatures >150 eV, this experiment is
capable of producing > 1 Breit-Wheeler pair per shot.

Schematic of Gemini linear Breit-Wheeler (BW) detection experiment. Starting
from the left: a LWFA generates an electron beam which is converted into a
gamma ray beam through bremsstrahlung emission in a thin bismuth converter
foil. A tungsten collimator and block are placed in the beam path to remove highly
divergent gamma rays and those directed toward the x-ray foil, respectively.

A large number of Bethe-Heitler (BH) pairs are produced in the converter foil,
collimator, and block. These are removed with an on-axis magnet before the
interaction zone. The gamma rays interact with an x-ray field, generated by a laser
heated germanium foil, producing BW pairs. The residual gamma rays continue on
axis to a spectrometer. The BW pairs pass through a magnetic chicane to single
particle detectors, situated behind lead shielding (not shown). Diagram provided
by Gerstmayr.

Reproduced from S.P.D. Mangles et al. Phys. Rev. Accel. Beams 26, 054601 (2023),
under the terms of the CC-BY-4.0 license. doi: 10.1103/PhysRevAccelBeams.26.054601
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Narrow bandwidth, low-emittance positron beams

from a laser-wakefield accelerator

The rapid progress that plasma wakefield accelerators are experiencing is now posing
the question as to whether they could be included in the design of the next generation
of high-energy electron positron colliders. However, the typical structure of the
accelerating wakefields presents challenging complications for positron acceleration.
Despite seminal proof-of-principle experiments and theoretical proposals,
experimental research in plasma-based acceleration of positrons is currently limited
by the scarcity of positron beams suitable to seed a plasma accelerator. Here, we
report on the first experimental demonstration of a laser-driven source of ultra-
relativistic positrons with sufficient spectral and spatial quality to be injected in a
plasma accelerator. Our results indicate, in agreement with numerical simulations,
selection and transport of positron beamlets containing N_, = 10° positrons in a

5% bandwidth around 600 MeV, with femtosecond-scale duration and micron-

scale normalised emittance. Particle-in-cell simulations show that positron beams

of this kind can be guided and accelerated in a laser-driven plasma accelerator,

with favourable scalings to further increase overall charge and energy using PW-
scale lasers. The results presented here demonstrate the possibility of performing
experimental studies of positron acceleration in a laser-driven wakefeld accelerator.

Figure 1: lllustration of the experimental setup, showing the electron plasma
accelerator, the converter, the emittance mask, scintillators for electrons
(LE1 and LE2) and positrons (LP1 and LP2). Electron (red) and positron (blue)
trajectories are also shown to guide the eye.

Figure 2: Raw images of energy-resolved beam
profiles with the emittance mask. Example
modulated (a) positron and (b) electron spatial
charge density as a function of position on
the screens (xp, yp, xe, ye) for a single shot
with a converter thickness of 8.0 mm and the
emittance mask in the beam-line. Vertical red
dashed lines indicate positions corresponding
to the given particle energies in MeV. The
difference between electron and positron raw
data is due to the slightly different position of
the scintillator screens (see published paper).

Reproduced from M.J.V. Streeter, C. Colgan, J. Carderelli et al. Narrow bandwidth, low-
emittance positron beams from a laser-wakefield accelerator. Sci Rep 14, 6001 (2024),
under the terms of the CC-BY-4.0 license. doi: 10.1038/s41598-024-56281-1
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Measurement of magnetic cavitation driven by heat
flow in a plasma

Experiments at Vulcan TAW led to direct measurements of the dynamics of magnetic
fields driven by heat flow in a plasma. In ideal plasma, field lines are considered to
be locked to the bulk motion (‘frozen in flow’), but we measured that the magnetic
field was instead expelled from a hot plasma much faster than the plasma could
move. This Nernst advection is driven by electron heat conduction occurring on the
timescale of a few 100s ps, whereas bulk plasma motion is limited by heavier ions,
which take longer to respond.

By making these measurements of magnetic field advection we demonstrated a
new way of studying heat flow in hot magnetised plasmas. We showed that while
the hydrodynamic motion is insufficient to explain the magnetic field dynamics,
extended MHD simulations do a surprisingly good job of modelling the advection
process because the magnetic field effectively localises the heat flow.
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Figure 1 (from doi: 10.1103/PhysRevLett.131.015101): Results from a) optical
interferometry, measuring electron density and b) proton radiography, measuring
change in the magnetic field. (i) Raw data for two different shots taken under the
same conditions, one 0.4 ns after the start of the heater beam and one 1.1 ns after
the start. (ii) The plasma column and cavity in the magnetic field both expand over
time, with the longitudinally averaged profiles (iii) showing how the cavity remains
larger than the plasma column throughout.
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Proton beam divergence measurements from
radiation pressure driven shock acceleration

Laser-plasma ion acceleration is a fast-developing field of research, yielding ion
sources capable of generating high energy, high current, short ion beams. These
characteristics make them ideally suited to many applications, including hadron
radiation therapy and nuclear physics. We performed a radiation driven, front surface
ion acceleration experiment using a long wavelength CO, laser to irradiate gas
targets. We devised and fielded a proton spatial diagnostic which enabled us to make
novel measurements of ion beam divergence. By comparison with shadowgraphy,

we observed a relationship between the emission angle of the energetic ions and the
electrons generated in the laser plasma interaction. We also observed spatial and
spectral modulations of the proton beam on our ion diagnostics.

Representative proton spatial (top) and Thompson spectrometer data (bottom)
for two different acceleration modes. The blue region on both scintillator
images shows where the Thompson parabola’s slit is located spatially. The red
circles in a) show the 10° and 20° beam divergence boundaries, in b) the red
circle shows the FWHM of the ion beam obtained by fitting Gaussians. Laser
energies were 5 J for both shots, the pre-pulse was 5 mJ in a) and 40 mJ in b).

Authors: G. casati &, N.P Dover, O.C. Ettlinger, C.A.J. Palmer, |. Pogorelsky,
M. Polyanskiy, N. Xu, W, Li, M. Babzien, Z. Najmudin
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Optimizing laser coupling, matter heating, and
particle acceleration from solids using multiplexed

ultra-intense lasers

This paper uses laboratory experiments and detailed numerical simulations to
investigate how to optimise the coupling of multi-petawatt (PW) class lasers onto
solid targets. We show, in brief, that stacking beams side-by-side to irradiate a target
in a mirror-like configuration gives rise to an enhanced absorption and injection

of fast electrons in the target. This is due to magnetic reconnection taking place
between the magnetic fields induced by each laser, which thus generates an electric
field that boosts the generation of electrons. Further, we show that this induces a
virtuous cascade, because the enhanced electron injection can benefit from self-
induced enhanced transport through the target. Thus, we show that physics can be
advantageously exploited to improve particle acceleration compared to the mere
addition of several lasers onto a target.
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Schematic of the experiment, using two intense laser beams irradiating a solid
gold target with opposite incidence angles and a variable separation distance
between the laser spots on the target front surface. In all cases, the focus of the
laser beams coincides with the target surface. The outgoing hot electrons are
diagnosed by image plate (IP) stacks, located along each laser beam axis, as well
as in the target normal direction. The accelerated ions are characterized by a
radiochromic film (RCF) stack located in the target normal direction.

Further details can be found in W. Yao et al., Matter Radiat. Extremes 9, 047202
(2024). doi: 10.1063/5.0184919
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and Development

Improved stability second harmonic conversion
of a diode-pumped Yb:YAG laser at the 0.5 kW level

We report on the efficient and stable, type-I phase-matched second harmonic
conversion of a nanosecond high-energy, diode-pumped, Yb:YAG laser. With a
frequency-doubling crystal in an enclosed temperature controller with optical
windows, 0.5% energy stability was achieved for approximately half an hour. This
resulted in 48.9 J pulses at 10 Hz (489 W) and a conversion efficiency of 73.8%.
These results are particularly important for stable and reliable operation of high-
energy, frequency-doubled lasers.

Figure 1: LBO crystal temperature-controllers (a) TC1 and (b)
TC2, enclosed with optical windows (Applied Mezo Systems).

Figure 2: Schematic of the SHG experimental setup.

Reproduced from D.L. Clarke et al., "Improved stability second harmonic
conversion of a diode-pumped Yb:YAG laser at the 0.5 kW level," Opt. Lett. 48,
6320-6323 (2023), published by Optica Publishing Group under the terms of the
CC-BY-4.0 license. doi: 10.1364/0L.497181

Authors: D.L. Clarke 3%, P.J. Phillips, M. Divoky, J. Pilar, P. Navratil, M. Hanus,
P. Severova, O. Denk, T. Paliesek, M. Smrz, P.D. Mason, T.J. Butcher, C.B. Edwards,
J.L. Collier, T. Mocek
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High energy, high pulse rate laser operation using
crystalline adhesive-free bonded Yb:YAG slabs

We report on the successful amplification of 10 ns pulses to 10 J energy at 10 Hz
in a DiPOLE laser amplifier using crystalline Yb:YAG/Cr.:YAG composite slabs
manufactured using adhesive-free bonding (AFB) technology. We demonstrate that
bonded slabs are suitable for operation in high energy cryogenic laser amplifiers.
We also report on frequency doubling of the beam amplified in the bonded slabs.
When the pulse energy of the output infrared beam is set to 5 J, a pulse energy of
3.9 Jis achieved in the green (corresponding to 78% conversion efficiency). Results
demonstrate that AFB technology is suitable for producing large-sized gain material
slabs and can overcome current limitations in the manufacture of large-aperture gain
material pieces. We believe this work will facilitate energy scaling of high energy
lasers where aperture scaling of optical elements is not achievable via conventional
manufacturing techniques.

(a) Drawing showing composite slab geometry, position of AFB interfaces
(red dotted lines) and area exposed to laser irradiation (yellow area). The green
arrows indicate the crystal orientation.

(b) Photo of one of the bonded slabs under bright white light illumination.
The bonding interface is visible at the centre of the slab.

Reproduced from M. De Vido et al., "High energy, high pulse rate laser operation
using crystalline adhesive-free bonded Yb:YAG slabs," Opt. Express 31, 28101-
28111 (2023), published by Optica Publishing Group under the terms of the
CC-BY-4.0 license. doi: 10.1364/0E.497948

Authors: M. De Vido &, P.J. Phillips, D. Meissner, S. Meissner, G. Quinn,
S. Banerjee, M. Divoky, P.D. Mason
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Demonstration of stable, long-term operation
of a nanosecond pulsed DPSSL at 10 J, 100 Hz

We report on the stable, long-term operation of a diode-pumped solid-state laser
(DPSSL) amplifying 15 ns pulses at 1029.5 nm wavelength to 10 J energy at 100 Hz
pulse rate, corresponding to 1 kW average power, with 25.4% optical-to-optical
efficiency. The laser was operated at this level for over 45 minutes (~3 x 10° shots)
in two separate runs with a rms energy stability of 1%. The laser was also operated
at 7 J, 100 Hz for four hours (1.44 x 10° shots) with a rms long-term energy stability
of 1% and no need for user intervention. To the best of our knowledge, this is the
first time that long-term reliable amplification of a kW-class high energy nanosecond
pulsed DPSSL at 100 Hz has been demonstrated.

(a) Schematic of the DiPOLE-100Hz laser chain showing typical output
performance after each stage: YDFO / YDFA = Yb-silica fiber oscillator / amplifier;
PA = room-temperature pre-amplifier (1 = Yb:YAG regenerative, 2 = Yb:YAG multi-
pass); MA = main cryogenic amplifier (Yb:YAG multi-slab). (b) 3D rendering of

the DiIPOLE 100 Hz system: DP = diode pump; VSF = vacuum spatial filter; AO =
adaptive optic mirror. Inset: Schematic of main cryogenic amplifier head, showing
pump and extraction geometry.

Reproduced from M. De Vido et al., "Demonstration of stable, long-term operation of
a nanosecond pulsed DPSSL at 10 J, 100 Hz," Opt. Express 32, 11907-11915 (2024),
published by Optica Publishing Group under the terms of the CC-BY-4.0 license.
doi: 10.1364/0E.521049
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Progress on Laser Development at the Extreme

Photonics Applications Centre

The Extreme Photonics Applications Centre (EPAC) is a new state-of-the-art laser
facility being built at the Central Laser Facility (CLF) to study applications of laser-
driven sources in industry, medicine, and security. The first laser system to be built
in the facility is a petawatt laser delivering 30 J, 30 fs pulses at 10 Hz pulse rate
that will be used to drive plasma accelerators. This petawatt laser will be housed
on the second floor of a new dedicated building that was completed in April 2022.

Layout and schematic of the EPAC 30 J, 30 fs, 10 Hz petawatt laser.

Presented at Conference on Lasers and Electro-Optics/Europe (CLEO/Europe
2023) and European Quantum Electronics Conference (EQEC 2023), Technical
Digest Series (Optica Publishing Group, 2023), paper ca_8_2.
https://opg.optica.org/abstract.cfm?URI=CLEO_Europe-2023-ca_8_2

Authors: PD. Mason ¥, N.H. Stuart, PJ. Phillips, R. Heathcote, S. Buck,
A. Woijtusiak, M. Galimberti, T. de Faria Pinto, S. Hawkes, S. Tomlinson, R. Pattathil,
T.J. Butcher, C. Hernandez-Gomez, J.L. Collier
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Design of a High Energy Ti:Sapphire Amplifier for
the Extreme Photonics Applications Centre

This paper presents details of a high energy Ti:Sapphire amplifier, capable of
delivering up to 50 J broadband pulses at 10 Hz for a state-of-the-art petawatt
laser-driver at the Extreme Photonics Applications Centre (EPAC).

Layout of EPAC high energy Ti:Sa ampilifier, highlighting key system components.

Presented at the 12t Advanced Lasers and Photon Sources Conference
(ALPS2023), Japan, 18 - 21 April 2023

Authors: PD. Mason ¥, R. Heathcote, P.J. Phillips, T. de Faria Pinto,

0. Chekhlov, Y. Tang, H. Schmitz, M. Harman, A. Wojtusiak, S. Hawkes, S.
Tomlinson, T.J. Butcher, C. Hernandez-Gomes, J.L. Collier
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Modelling the energetics of a potential new-look
10 Hz, 100 J class DiPOLE amplifier

This paper describes an investigation to identify possible modifications of the
existing 100 J DiPOLE amplifier design, looking ahead to future systems with a
particular focus on the second EPAC Pump Laser that will be used to pump a
high energy Ti:Sa amplifier. Standard amplifier design rules are reviewed, and
a 1D energetics model is used in tandem with previous experimental results to
investigate the impact of relaxing previous design constraints.

Pump laser

( EEE— T %
I I 10 Hz Ti:Sa

I 4ns Amplifier 4N 3
I

Ti:Sa Amplifier Pulse compressor

A simplified version of the 10 Hz Petawatt laser currently under construction
in EPAC. A second DiPOLE100 system will be added in parallel to nearly double
the available green pump energy and enable petawatt (30 J, 30 fs) operation.

Presented at Laser Congress 2023 (ASSL, LAC), Technical Digest Series (Optica
Publishing Group, 2023), paper JM4A.5. doi: 10.1364/ASSL.2023.JM4A.5

Authors: L. McHugh &, P.D. Mason, P.J. Phillips, T.J. Butcher, C. Hernandez-Gomez
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Kilowatt-class high-energy frequency conversion to
95 J at 10 Hz at 515 nm

We report on frequency doubling of high-energy, high repetition rate nanosecond pulses
from a cryogenically gas cooled multi-slab ytterbium-doped yttrium aluminium garnet
laser system, Bivoj/DiPOLE, using a type-I phase matched lithium triborate crystal. We
achieved conversion to 515 nm with energy of 95 J at repetition rate of 10 Hz

and conversion efficiency of 79%. High conversion efficiency was achieved due to
successful depolarization compensation of the fundamental input beam.

Dependence of the second harmonic frequency output energy and conversion
efficiency on the input energy during the energy ramp at the beginning of the
experiment.

Reproduced from M. Divoky et al. (2023) ‘Kilowatt-class high-energy frequency
conversion to 95 J at 10 Hz at 515 nm’, High Power Laser Science and Engineering,
11, p. €65, published by Cambridge University Press in association with Chinese
Laser Press under the terms of the CC-BY-4.0 license. doi:10.1017/hpl.2023.60.

Authors: m. Divoky, P.J. Phillips, J. Pilar, M. Hanus, P. Navratil, O. Denk,
T. Paliesek, P. Severova, D. Clarke &, M. Smrz, T.J. Butcher, C.B. Edwards,
J.L. Collier, T. Mocek
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Pathway for experiments for a DiPOLE D100-X
100 J amplifier synchronised to the European XFEL

A 100 J DiPOLE amplifier, with the capability to have arbitrary pulse shaping,
has been successful installed at the European XFEL in Hamburg for High Energy
Density Physics.

We have demonstrated 70 J at 1 Hz, which has been delivered to the target
chamber for an experiment using frequency doubled energy at 60% efficiency.
During the experimental period, the system was run for 24 hours over a period of
seven days.

Laser room

Rack room

Figure 1: Schematic of the
D100-X ampilifier in the laser
hutch at the European XFEL
in Hamburg.

Figure 2: Image of the system
installed in the Laser Hutch at
the European XFEL.

Presented at Photonics West 2024: PJ. Phillips et al., "Pathway for experiments for
a DiIiPOLE D100-X 100 J Amplifier synchronized to the European XFEL," Proc. SPIE
PC12864, Solid State Lasers XXXIII: Technology and Devices, PC128640C

(13 March 2024). doi: 10.1117/12.3005649.
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Overview of optical characterisation capabilities for
assessing suitability of optics for high-energy, high
repetition rate lasers

We present an overview of the optical characterisation capabilities available at the
Central Laser Facility and describe how they are used to assess the suitability of
optics and coatings for high-energy, high repetition rate laser.

Figure 1: Layout of the setup used for measuring the transmittance
and reflection of optical coatings over a range of angles.

Figure 2: Experimental results of the angle-resolved scatter (ARS)
from a number of HR mirror samples from different suppliers, with
reflection optimised for 45°.

Presented at Laser Congress 2023 (ASSL, LAC), Technical Digest Series (Optica
Publishing Group, 2023), paper JM4A 3. doi: 10.1364/ASSL.2023.JM4A 3.

Authors: G. Quinn ¥, D.L. Clarke, M. De Vido
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Pump laser for the EPAC petawatt amplifier

The Extreme Photonics Applications Centre (EPAC) is a world-class research facility
currently under development at the STFC Rutherford Appleton Laboratory in the
United Kingdom. It will house a titanium-doped sapphire (Ti:Sa) amplifier, which will
be capable of delivering petawatt-level pulses at an unprecedented repetition rate of
10 Hz. Such combination of high peak power and repetition rate will be achieved by
pumping the Ti:Sa amplifier with a Diode-Pumped Solid State Laser (DPSSL) based
on the Central Laser Facility’s DiPOLE technology.

Pump Laser Layout 100 J Amplifier

Front-End

”

Potential room for a “Phase 2
100 J Amplifier upgrade

Schematic of the EPAC pump amplifier.

Presented at Photonics West 2024: A. Wojtusiak et al., "Pump laser for the EPAC
petawatt amplifier," Proc. SPIE PC12864, Solid State Lasers XXXIII: Technology and
Devices, PC128640D (13 March 2024). doi: 10.1117/12.3005639

Authors: A. Wojtusiak &, P.J. Phillips, J. Smith, P.D. Mason, M. De Vido,
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Design of an electron energy spectrometer and energy

selector for laser-plasma driven beams at EPAC

The Extreme Photonics Applications Centre (EPAC) is a new national facility currently
under construction at the Rutherford Appleton Laboratory, UK. EPAC is designed

to enable a wide variety of user experiments with a state-of-the-art petawatt-class
laser system. It is anticipated that early experiments will include laser-plasma
acceleration of electrons to energies ranging from 100 MeV to 5 GeV or higher, with
later experiments using these electrons as a beam once stable generation is achieved.
EPAC is designed to be flexible, allowing users to select the relevant central electron
energy for their experiment. To achieve this goal, EPAC and the Accelerator Science
and Technology Centre (ASTeC) at STFC Daresbury Laboratory have developed a
beamline design to capture laser-plasma driven electrons with broad energy spread,
measure their energy spectrum, perform selection of specific energies if necessary,
and deliver these electrons to a user interaction point. We present here the conceptual
design of the proposed spectrometer and energy selection system.

Figure 1: Overview of the basic layout of the proposed energy spectrometer
chicane and energy selector, showing the spectrometer concept, energy
selection, and proposed surrounding components. (Dimensions not to scale.)

Figure 2: Simulated electron
trajectories through the dipoles
(shaded) showing the relation
between electrons of the target
energy and electrons of certain
percentages above and below
the target, assuming the field

is chosen such that the central
energy is displaced by 120 mm.

Reproduced from A.R. Bainbridge et al. Design of an electron energy spectrometer
and energy selector for laser-plasma driven beams at EPAC, in Proc. 14th Int. Particle
Accelerator Conf. (IPAC'23), paper THPL063, pp 4568-4571, under the terms of the
CC-BY-4.0 license. doi: 10.18429/JACoW-IPAC2023-THPL063

Authors: AR. Bainbridge ¥, J. Crone, J.K. Jones, B.D. Muratori, H.L. Owen,
T.H. Pacey, B.J.A. Shepherd, D. Angal-Kalinin, D.R. Symes, N. Bourgeois
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The EPAC electron transport beamline—physics
considerations and design

The Extreme Photonics Applications Centre (EPAC) is a planned UK national facility,
intended to use a 1 PW, 1 Hz laser system to drive laser-plasma acceleration with
output energies ranging from 100 MeV up to at least 5 GeV. A design is presented in
this paper for the capture and transport of the initially very divergent plasma-source
electrons. We propose a unique, modular beam capture optics based on a FODO
channel of Halbach permanent-magnet quadrupoles, which flexibly allows different-
energy electron bunches to be captured and conditioned for experimental use. We
show an engineering concept for the beamline that incorporates diagnostics and
drive laser removal, and describe the effect of field errors and misalignments and
their mitigation.

Figure 1: Beam stay clear as a function
of distance in both planes for the 1 GeV
permanent-magnet quadrupole (PMQ)
array. IP position (orange) at ~1 m.

Figure 2: Engineering illustration
of a 10 quadrupole capture
array that may bring a 1 GeV
electron bunch to a focus within
around 1 m distance. Individual
quadrupoles will be pre-aligned
to around 50 pm relative
accuracy (to the plasma source
and to each other). One possible
location for the tape drive

beam dump is shown (between
the first and second PMQs);
also shown are the separately-
mounted diagnostic screens and
mounting mechanisms.

Reproduced from B.D. Muratori et al. The EPAC electron transport beamline —
physics considerations and design, in Proc. 14th Int. Particle Accelerator Conf.
(IPAC'23), paper TUPA105, pp 1553-1556, under the terms of the CC-BY-4.0 license.
doi: 10.18429/JACoW-IPAC2023-TUPA105
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Upgrade to the Astra amplifier 3 optical

pumping scheme

This report details an upgrade to the Gemini Astra amplifier 3 optical pumping
scheme, which resulted in a doubling of the available pump energy from 3.5 J to
7 J and a smoother pump beam profile. This will be followed in the future by the
installation of a larger-aperture Ti:Sa crystal, which will allow Astra amplifier 3 to
double its output from 1 Jto 2 J at 10 Hz.

Figure 1: Astra amplifier 3 optical pumping layout. DH: diffractive homogeniser;
FL: field lens.

Figure 2: Left: Typical TA2 input near-field when pumped with Spectra Physics
Quanta-Ray lasers. Right: Typical TA2 near-field when pumped with Lumibird
Q-Smart HE 1500 lasers. Pulse energy of 1 J in both cases.

Authors: T. de Faria Pinto &%, 0. Chekhlov, Y. Tang, S. Hawkes
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Neutral gas interferometry in Gemini TA1

An important step to achieving stable, controlled laser wakefield acceleration
is thorough design and characterisation of the gas targetry used. This is

the remit of the EPAC gas target development programme, which includes
fluid simulation, manufacturing and experimental testing of targets. An
interferometry rig has been established in Gemini TA1 for experimental
measurement of neutral gas density profiles generated by targets. An overview
of the setup and the developments made in the last year are presented here.
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Figure 1: 2D density profile of the nozzle in the end-on geometry (left) and line
outs at a number of heights above the nozzle (right).
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Figure 2: 2D density profile of the nozzle in the side-on geometry (left) and line
outs at a number of heights above the nozzle (right).
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Development of an optical probe for a laser wakefield

accelerator in Gemini Target Area 2

A high repetition rate laser-wakefield accelerator will be established in Gemini TA2.
This will allow for testing of optimisation, automation and stabilisation techniques
that will be implemented at the Extreme Photonics Applications Centre (EPAC).
This report details the commissioning of the optical probe that will allow us to
monitor the plasma formed during accelerator operation.

Figure 1: An interferometry image captured by the probe diagnostics showing
a phase shift caused by the plasma during laser wakefield operation.

Figure 2: A screenshot of the phase and density retrieval software performing
analysis on the data shown in Figure 1.

Authors: z. Athawes-Phelps, T. Dzelzainis, K. Fedorov, O. Finlay ¥&, D. Symes

55 Laser Science and Development



mailto:oliver.finlay%40stfc.ac.uk?subject=

Software developments in Gemini

Part of the commissioning process for the EPAC (Extreme Photonics Applications
Centre) laser facility requires the development and testing of new laser diagnostics
and characterisation of various optics to test their resilience to laser-induced
damage. It is desirable to be able to do this with a laser operating at a repetition rate
close to that of EPAC and as independently as possible from the rest of the facility
so that long testing runs do not interfere with on-going experiments and other
development work.

The original Astra laser Target Area, next to what is now Gemini TA2, was ideally
suited for this purpose and so was brought back into service as TA1 (Target Area 1).

Various adjustments were made to the fabric of the room, including reopening the
wall shutter between TA1 and the laser area, re-routing part of the beam through it,
installing cabling for the laser network and updating the safety interlock system.

A new TA1 Control System was also developed (see figure) and integrated with
the existing main Gemini Control System.

8 HOME:TA1CS:TAT Control System = [ X
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o

_02 20240530 Stop on W

Screenshot of TA1 control system.

Authors: v. Marshall ¥, N. Bourgeois
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Control systems and data management for

high-power laser facilities

The next generation of high-power lasers enables repetition of experiments at
orders of magnitude higher frequency than what was possible using the prior
generation. Facilities requiring human intervention between laser repetitions need to
adapt in order to keep pace with the new laser technology. A distributed networked
control system can enable laboratory-wide automation and feedback control loops.
These higher-repetition-rate experiments will create enormous quantities of data.

A consistent approach to managing data can increase data accessibility, reduce
repetitive data-software development and mitigate poorly organized metadata.

An opportunity arises to share knowledge of improvements to control and data
infrastructure currently being undertaken. We compare platforms and approaches to
state-of-the-art control systems and data management at high-power laser facilities,
and we illustrate these topics with case studies from our community.
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Architecture of the Gemini Control System. EPICS input/output controllers (IOCs)
are software + hardware layers providing an abstraction between low-level device
hardware and high-level control system software. Legacy hardware is connected
into the system through a legacy interface, Control Interface #2. A differentiation
is made between EPICS-interfacing components and connections (in blue) and
bespoke components and connections (in orange). Clients for device data include
human control interfaces, informational laboratory displays, automation software
and archival data collectors.

Reproduced from S. Feister et al. (2023) ‘Control systems and data management for
high-power laser facilities’, High Power Laser Science and Engineering, 11, p. €56,
published by Cambridge University Press in association with Chinese Laser Press
under the terms of the CC-BY-4.0 license. doi: 10.1017/hpl.2023.49

Authors: s. Feister &, K. Cassou, S.J.D. Dann, A. Dopp, P. Gauron, A.J. Gonsalves,
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Super-resolution radial fluctuations microscopy for

optimal resolution and fidelity

Fluorescence fluctuations super-resolution microscopy (FF-SRM) has emerged
as a promising method for fast, low-cost and uncomplicated imaging of
biological specimens beyond the diffraction limit. Amongst the FF-SRM
techniques, super-resolution radial fluctuations (SRRF) microscopy is a popular
technique, but is prone to artefacts, resulting in low fidelity, especially under
conditions of high-density fluorophores.

In this paper, we developed a novel combinatory computational super-resolution
microscopy method, namely VeSRRF, that demonstrated superior performance in
SRRF microscopy. VeSRRF combined intensity and gradient variance reweighted
radial fluctuations (VRRF) and enhanced-SRRF (eSRRF) algorithms, leveraging the
enhanced resolution achieved through intensity and gradient variance analysis

in VRRF and the improved fidelity obtained from the radial gradient convergence
transform in eSRRF. Our method was validated using microtubules in mammalian
cells as a standard biological model system. Our results demonstrated that
VeSRRF consistently achieved the highest resolution and exceptional fidelity
compared to those obtained from other algorithms in FF-SRM.

Figure 1: SRRF microscopy

image reconstruction algorithm
schematic. (a) Raw image
sequence and wide-field image
of microtubules. (b) SRRF
reconstruction steps. (c) VRRF
reconstruction steps. The
reconstruction is then completed
using the SRRF algorithm. (d)
eSRRF reconstruction steps. The
VeSRRF algorithm first processes
the image sequence through
VRRF, and then completes the
image reconstruction using the
eSRRF algorithm.

Figure 2: Comparison of the
reconstructed images of
Tubulin- AF488 in fixed COS7
cells. (a) Wide-field images. (b-€)
Reconstructed images from the
SRRF, eSRRF, VRRF, and VeSRRF
algorithms. (f-i) Corresponding
FRC maps. (j-m) Corresponding
error maps. Scale bar in the
enlarged image of the region
indicated by the yellow border
box: 2 um.

1) | \ieSRRF . (e}

ERROR Maps (RSE)  FRC Maps (nm)
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Drift-free single molecule localization microscopy

provides artefact-free super-resolution imaging

Single-molecule localization microscopy (SMLM) has the power to unravel intricate
cellular structures and functions at the nanometre scale. However, the spatial resolution
and image fidelity of SMLM may be hindered by the drift of samples during its long
image acquisition. In this paper, we present SMLM based on innovative reinforced
optical cage systems (ROCS) for proactively preventing sample drift. The ROCS features
custom-designed optomechanical components and reinforced mechanical construction
that uses tungsten steel rods to seamlessly connect and support optomechanical
components holistically. We demonstrated that, owing to the implementation of ROCS,
the sample drift was 29 nm over 30 minutes in SMLM, which has a negligible impact on
the resolution. The ROCS offers a straightforward, inexpensive, open-source, and state-
of-the-art solution that not only allows biomedical scientists to gain easy access to
high-performance super-resolution microscopy, but also empowers the wider scientific
community to achieve reliable precision instrumentation.
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Figure 1 (above): (A) Schematic
of the optical setup. (B) 3D CAD
rendering of the microscope and
(C) the sample stage sub-system.

Figure 2 (left): (A) Wide-field image of
Alexa Fluor 647-labelled microtubules
in COS-7 cells. (B) Super-resolution
STORM image of the microtubules.
Scale bar: 5 um. (C) Localization
precision histogram of the STORM
image. (D) Enlarged image of the
region enclosed by the orange box
in (B). (E) Drift-corrected STORM
image following cross-correlation drift
correction of (D). Scale bar: 2 pm. (F)
FRC curve of the region shown in (D);
resolution 75.57 nm at a correlation
threshold of 0.143. (G) FRC curve of
the region shown in (E); resolution 72.5
nm at a correlation threshold of 0.143.
e : (H) Scatterplots of the drift from 10
PolaEp AF647 molecules in the STORM image
) e sequence. () Box plot of the standard
deviations of the drift of the AF647
molecules along the x- and y-axes.
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Characterisation of tape-drive targets using X-Ray

Fluorescence Spectroscopy

Tape-drive targets are commonly used in high-repetition rate experiments, as they
provide a simple but robust method of delivering 2.5D laser targets to the interaction
point of the laser, while remaining as close to the focal spot position as possible.
This removes the time-costly need to refocus the laser on each shot. The demand for
these targets is increasing to support the future demands of the Extreme Photonics
Applications Centre (EPAC) facility, which will be operational by 2027, and it is critical
to know the parameters of these targets, including any coatings that are applied.

We have investigated X-Ray Fluorescence Spectroscopy as a method to measure the
coating thickness on the tapes, and the use of machine learning models to predict
the thickness of the coating on the tape from the XRF data.

Figure 1: Hitachi
FT110A XRF machine.

Figure 2: XRF spectra
for copper samples.

Authors: J. Fields & , P Ariyathilaka, S. Astbury, M. Tolley, C. Spindloe ¥,
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Development of experimental target platforms for
Rayleigh-Taylor and jetting experiments at LLE

This report looks at the development of two examples of targets that Scitech
Precision were tasked with delivering for high power laser experiments at The
University of Rochester’s Laboratory for Laser Energetics (LLE). LLE hosts the
Omega laser facility and the Omega laser!" where the following targets were fielded
over a period of two years. Working closely with the Target Fabrication group in

the Central Laser Facility (CLF) and the target fabrication team at the University of
Michigan, Scitech Precision were able to bring together expanded capabilities and
technologies to fabricate ever increasing complex targets and to characterise them
in the high detail required to benchmark them for the experimental campaigns.

Mlle.rochester.edu

Figure 1: X-ray radiography
showing the foam quality
of a completed target.

Figure 2: Optical image
of the complete target

Authors: J. Robinson ¥, C. Spindloe, S. Klein, J. Schnell, S. Irving, D. Wyatt,
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A stop-flow sample delivery system for TRMPS
experiments

Developing new sample delivery solutions, to keep up with the new technologies
in time-resolved spectroscopy, is an essential part of enabling the spreading

and ease of use of such technologies to the academic community. Since time-
resolved spectroscopy averages many samples to improve the signal-to-noise in
the data, there is a need for systems that can advance the sample in a controlled
manner during analysis. We are presenting improvements on a stop-flow sample
system, which uses custom designed electronics and microvalves attached to a
microfluid channel to move liquid samples in a step-like manner. This allows the
synchronisation of the sample movement to a laser trigger, leading to a system
that is easy to use and reliable.

Transient IR response at three valve opening frequencies, showing the signal
dropping, in line with excitation by the pump pulse and creation of the water
adduct, and staying at around -3mOD until the valves are open, where the signal
recovers to zero, showing the full replacement of the sample. This behaviour is
seen to be consistent across different frequencies.

Authors: s. bragomir %, P. Malakar %
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Multi-amplifier laser system for time-resolved
spectroscopy at HiLUX-Ultra

HiLUX is a UKRI Infrastructure Fund project, to deliver the next generation of
ultrafast laser spectroscopy facilities. The facility will provide a range of capabilities
in ultrafast XUV - IR spectroscopy, photoelectron and photoion spectroscopy, and
non-linear spectroscopies. The facilities will be accessible to academia and industry
in the UK and internationally.

We present an outline of the HiLUX-Ultra laser system, currently under construction.
It will supply a broad range of multi-kilohertz, femtosecond to picosecond pulsed
laser outputs, in a multiamplifier format, enabling pump-probe spectroscopy
measurements across femtoseconds to seconds timescales.

2x Broadbaud Mfd-m {hybnd NOPA/OPA}, 50 f:, > 1000 cm™!

Supermntmuum UV-NIR

Narrowband UV - MIR OPA, 2 ps
UV~ IR OPA < 200 fs

UV~-NIR OPA, < 200 fs

UV — NIR Hybrid NOPA/OPA, < 50 fs
UV - NIR Custom NOPA, < 10 fs
Supercontinuum UV - NIR

Figure 2: The HiLUX-Ultra laser laboratory, under construction. End-stations
are labelled with the associated laser systems.
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Theory and Computation

Laser harmonic generation with independent
control of frequency and orbital angular momentum

The non-linear optical process of laser harmonic generation (HG) enables the
creation of high-quality pulses of UV or even X-ray radiation, which have many
potential uses at the frontiers of experimental science, ranging from lensless
microscopy to ultrafast metrology and chiral science. Although many of the
promising applications are enabled by generating harmonic modes with orbital
angular momentum (OAM), independent control of the harmonic frequency

and OAM level remains elusive. Here we show, through a theoretical approach,
validated with 3D simulations, how unique 2-D harmonic progressions can be
obtained, with both frequency and OAM level tuned independently, from tailored
structured targets in both reflective and transmissive configurations. Through
preferential selection of a subset of harmonic modes with a specific OAM value, a
controlled frequency comb of circularly polarised harmonics can be produced. Our
approach to describe HG, which simplifies both the theoretical predictions and the
analysis of the harmonic spectrum, is directly applicable across the full range of
HG mechanisms and can be readily applied to investigations of OAM harmonics in
other processes, such as OAM cascades in Raman amplification, or the analysis of
harmonic progressions in nonlinear optics.

Schematic illustrating the
generation of higher-order
harmonics: shown are the LCP
(0=1, blue) and RCP (o=-1, green)
harmonics of an incoming CP
pump pulse (red) in a reflection and
b transmissive configurations, from
a threefold structured target. c—e
Expected 2D harmonic spectrum
from: c a flat target driven by

an LP pump pulse with £=1;d a
circular aperture or dent target
driven by a CP pump pulse of £=0;
and, e a threefold reflective or
transmissive target with a CP pump
pulse of £=0. The blue shaded
area indicates the potential for a
frequency comb at £=0.

Reproduced from R. Trines, H. Schmitz, M. King, et al. Laser harmonic generation
with independent control of frequency and orbital angular momentum. Nat
Commun 15, 6878 (2024), published by Springer Nature under the terms of the
CC-BY-4.0 license. doi: 10.1038/s41467-024-51311-y
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Plasma Diagnostics

An active ion spectrometer for laser-driven ion beams

We present the development of an active Thomson parabola spectrometer capable of
operation at a high repetition rate.

The response of different scintillating screens, such as phosphor screen (P43), glass
scintillators (LYSO) and plastic scintillators (EJ260 and BC430), to multi-species ion
beams driven by intense lasers, has been studied.

Two optical setups were compared, involving direct imaging of the scintillating
screen and transporting the light via a fibre bundle, to reveal their efficiencies when
transporting light from the detector to the camera. Experimental data showed that
Gadox-based phosphor P43 was the brightest image for a given proton energy,
compared to other scintillating materials, allowing a more distinguishable detection
of other species present in the laser-driven ion beams.

The response of P43 was calibrated against a BAS-TR image plate (IP) to determine
the absolute particle number for the proton and carbon ion beams produced. The cut-
off energy found for the P43 proton trace was 21.9 MeV, a value close to the figure

of 22 + 1 MeV from BAS-TR, making it a potential alternative, with the advantage

of its capability to operate laser-driven ion beams at rates commensurate with the
upcoming petawatt-class lasers, including EPAC.

P43

Il

e
of |

BAS-TR

a) Raw image of the ion traces seen when using a P43 detector. The direction of
the magnetic (B) and electric (E) fields are shown, and the proton, C* and C®* ion
beams have been successfully distinguished. b) Schematic of the setup used to
calibrate P43 scintillating screens against the image plate (IP). c) Raw image for
P43 (I) with a slotted IP placed in front of it and the image plate scan (ll). d) The
calibration curve applied over P43 proton trace spectra.
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Implementation of an optical probe with anamorphic
imaging in Gemini TA3

Optical probing diagnostics are key for laser plasma experiments to determine
fundamental plasma properties and to characterise the interaction. In laser
wakefield acceleration experiments with petawatt class lasers, the plasma channel
can be greater than a centimetre in length, yet ~100 ym in radius. This extreme
aspect ratio means that imaging transversely with sufficient field of view (in the
drive laser direction) and spatial resolution (in the plasma radial direction) is
challenging with spherical imaging optics. With higher power laser facilities such
as EPAC coming online, this aspect ratio will only increase. Here, a 3:1 anamorphic
imaging system has been demonstrated on Gemini.

Figure 1: Measured plasma density assuming cylindrical symmetry
of the plasma channel.

Figure 2: On-axis plasma density seen by the drive laser.

Authors: o. Finlay &, Z. Athawes-Phelps, C. McAnespie. M. Streeter

Plasma Diagnostics



mailto:oliver.finlay%40stfc.ac.uk?subject=

A high-angular-coverage optical diagnhostic to
measure scattered light directionality on Vulcan
Target Area West

Direct-drive approach to Inertial Confinement Fusion is prone to several laser-plasma
instabilities (LPI). Recently, stimulated Raman side-scattering (SRSS) predominance
was observed on several experiments. However, due to its particular geometry,

this instability leads to a complex emission over a very large range of directions.
Therefore, experimental characterisation has been quite limited, and assessing the
total energy loss driven by SRSS is not achievable with current diagnostic methods.
A dedicated diagnostic has been developed to answer these limitations, by
collecting the light emitted from the plasma over a large solid angle. This fibre-based
diagnostic collects the light emitted in 55 directions over a it surface and provides a
spectral and energy measurement resolved in angle. This enables reconstruction of
the SRSS emission profile and estimation of the total reflectivity.

The High Angular Coverage Side-scattering Station or HACSS. At the
front is the 400 mm radius aluminium structure holding 55 fibres while
maintaining clear aperture for the incident laser beams. The fibres are
multiplexed in a single line bundle, with a total length of 14m, and coupled
to an imaging spectrometer visible at the back.

Authors: K. Glize &, X. Zhao, X.H. Yuan, J. Zhang, Y.H. Zhang, Y.F. Dong, Y.Y. Wang,
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67 Plasma Diagnostics



mailto:kevin.glize%40stfc.ac.uk?subject=

Imaging and Dynamics for

Physical and Life Sciences

Ultrafast carrier dynamics throughout the three-
dimensional Brillouin zone of the Weyl semimetal PtBi,

Using time- and angle-resolved photoemission spectroscopy, we examine the
unoccupied electronic structure and electron dynamics of the type-l Weyl semimetal
P1tBi,. Using the ability to change the probe photon energy over a wide range, we
identify the predicted Weyl points in the unoccupied three-dimensional band structure
and we discuss the effect of k broadening in the normally unoccupied states. We
characterise the electron dynamics close to the Weyl point and in other parts of
three-dimensional Brillouin zone using k-means, an unsupervised machine learning
technique. This reveals distinct differences-in particular, dynamics that are faster in
the parts of the Brillouin zone that host most of the bulk Fermi surface than in parts
close to the Weyl points.

(a) Bulk Brillouin zone and Fermi surface of PtBi,. The k, values for the photon
energies in our experiment are marked, as well as the planes containing the Weyl
points. (b) Two-dimensional cuts through the Brillouin zone at k, indicated by

the corresponding colours in panel (a). The dashed line shows the approximate
location of the reported ARPES measurements. The markers represent the
location of the Weyl points and the colour their chirality. (c) Dispersion along this
dashed line in panel (b) for different probe photon energies following pumping by
a 1.46 eV laser pulse at peak excitation. A different grey scale is chosen for the
states below and above the Fermi energy, as indicated by insets. Teal (purple)
arrows point to the metallic bulk (surface) states.

Subsequently published by the American Physical Society in Machine-learning
approach to understanding ultrafast carrier dynamics in the three-dimensional
Brillouin zone of PtBi,, Phys. Rev. Research 7, 013025 (2025) under the terms
of the CC-BY-4.0 license. doi: 10.1103/PhysRevResearch.7.013025
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Time-resolved photoelectron spectroscopy study
of halothiophene photochemistry

Halothiophenes are heterocyclic rings containing a sulphur (S) atom, with a
pendular halogen attached. The photochemistry is highly dependent on the
character of both the halogen attached, and the character of the initially excited
state. We have compared the photochemistry of bromo and iodothiophene at two
pump wavelengths and see wavelength and halogen dependent changes in the
photochemistry. In this article we report on the iodothiophene photochemistry
occurring upon excitation of the mrt* or (n/m)o* states.

Time-resolved photoelectron spectra of UV (245 nm) pumped 2-iodothiophene.
Structural changes are seen as shifts in binding energy as a function of time
with iodine and thiophenyl radical product formation seen with a few hundred
femtoseconds.
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Ultrafast dynamics in the 1,2-dichloroethenes

Isomerisation is a crucial process that occurs following absorption of a photon,
it is especially prevalent for C=C double bonds. Isomerisation around a carbon
double bond being at the root of vision. It is therefore important to look at how
different isomers of different molecules behave. Using a 200 nm pump and an
XUV (22 eV probe) we looked at the time resolved photoelectron signals from
trans and cis-1,2-dichloroethene. The position of the signals in the photoelectron
spectrum indicates what products are being formed. We observe an ultrafast
decay from the initially formed molecular excited state to the ground state. This
decay is slower in the trans isomer compared to the cis. This shows the effect of
the relative position of the chlorine atoms. Rapid formation of fragments was also
observed on an ultrafast timescale, showing how quickly dissociation can occur.

Pump-Probe photoelectron spectrum of trans-1,2-dichloroethene with 200 nm
pump, 22 eV probe.

Subsequently published in Phys. Chem. Chem. Phys., 26, 28406 (2024) under the
terms of the CC-BY-3.0 license. doi: 10.1039/d4cp02952f
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Ring-opening dynamics of a cyclic disulfide captured
by time-resolved Coulomb explosion imaging

We used Coulomb explosion imaging, an ultrafast time resolved structure
determination technique, to show how the molecular structure of 1,2-dithaine, a
model cyclic disulfide, evolves when the disulfide bond is broken with ultraviolet light.
Our preliminary analysis reveals that breaking the disulfide bond on the first excited
state creates a vibrational wavepacket that represents a torsional motion of the
molecular structure, oscillating between a closed and linear biradical structure on a
period of approximately 400 femtoseconds. This is in direct agreement with quantum
dynamics simulations and this vibrational wavepacket dynamics is observable in our
experimental fragment ion yields. We rationalise our observation by calculating how
the first, second and third ionisation potentials of 1,2-dithaine vary as the molecular
geometry evolves along this vibrational motion. Our work shows how disulfide bonds
respond to ultraviolet radiation. They provide an empirical validation of theoretical
quantum dynamics calculations and demonstrate the suitability of 1,2-dithiane as a
powerful benchmark molecule for ultrafast structural dynamics techniques.

Figure 1: The molecular structure of 1,2-dithaine.

Figure 2: Time-dependent S**
ion yield from the Coulomb
explosion of 1,2-dithaine
following UV photoexcitation.

Subsequently published in Chemical Physical Letters, 871, 142095 (2025) under the
terms of the CC-BY-4.0 license. doi: 10.1016/j.cplett.2025.142095
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Compositional evolution of individual CoNPs on
Co/TiO, during CO and syngas treatment resolved
through soft XAS/X-PEEM

The nanoparticle (NP) redox state is an important parameter in the performance of
cobalt-based Fischer—Tropsch synthesis (FTS) catalysts. Here, the compositional
evolution of individual CoNPs (6—24 nm) in terms of the oxide vs metallic state

was investigated in situ during CO/syngas treatment using spatially resolved X-ray
absorption spectroscopy (XAS)/X-ray photoemission electron microscopy (X-PEEM).
It was observed that in the presence of CO, smaller CoNPs (i.e., <12 nm in size)
remained in the metallic state, whereas NPs = 15 nm became partially oxidized,
suggesting that the latter were more readily able to dissociate CO. In contrast, in the
presence of syngas, the oxide content of NPs > 15 nm reduced, while it increased

in quantity in the smaller NPs; this reoxidation that occurs primarily at the surface
proved to be temporary, reforming the reduced state during subsequent UHV
annealing. O K-edge measurements revealed that a key parameter mitigating the
redox behaviour of the CoNPs were proximate oxygen vacancies (O _ ). These results
demonstrate the differences in the reducibility and the reactivity of Co NP size on a
Co/TiO, catalyst and the effect O ,_have on these properties, therefore yielding

a better understanding of the physicochemical properties of this popular choice

of FTS catalysts.

Reproduced from ACS Catal. 2023, 13, 15956-15966, under the terms of the
CC-BY-4.0 license. doi: 10.1021/acscatal.3c03214
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The use of NADH anisotropy to investigate

mitochondrial cristae alighment

Life may be expressed as the flow of electrons, protons, and other ions, resulting in
large potential difference. It is also highly photo-sensitive, as a large proportion of
the redox capable molecules it relies on are chromophoric. It is thus suggestive that
a key organelle in eukaryotes, the mitochondrion, constantly adapt their morphology
as part of the homeostatic process. Studying unstained in vivo nano-scale structure
in live cells is technically very challenging.

One option is to study a central electron carrier in metabolism, reduced nicotinamide
adenine dinucleotide (NADH), which is fluorescent and mostly located within
mitochondria. The studies we describe present a novel avenue for exploring a
possible fixed and ordered nature of NADH molecule particularly in mitochondria
towards the beginning of understanding the other properties of the mitochondria, as
well as the potential involvement of NADH in quantum biology.

Two-photon fluorescence images of natural NADH in mitochondria from MCF7
cells. Time resolved decay profiles confirm NADH. Representative images from
three repeat experiments. (A) is vertical excitation and vertical emission, (B)

is vertical excitation, horizontal emission, (C) is horizontal excitation, vertical
emission, (D) is horizontal excitation and horizontal emission. A1—D1 are the
equivalent count profile plots where difference in intensities are reflected. Red
circles also represent polarisation specific emissions, (E) is an anisotropy map of
and pixel distributions. FoV 50 pm.

Taken from H.E. Smith, A.M. Mackenzie, C. Seddon, et al. The use of NADH
anisotropy to investigate mitochondrial cristae alignment. Sci Rep 14, 5980 (2024)
under the CC-BY-4.0 license. doi: 10.1038/s41598-024-55780-5
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Ultra-small air-stable triplet-triplet annihilation
upconversion nanoparticles for anti-Stokes time-

resolved imaging

Image contrast is often limited by background autofluorescence in steady-state
bioimaging microscopy. Upconversion bioimaging can overcome this by shifting the
emission lifetime and wavelength beyond the autofluorescence window. Here we
demonstrate the first example of triplet-triplet annihilation upconversion (TTA-UC)
based lifetime imaging microscopy. A new class of ultra-small nanoparticle (NP)
probes based on TTA-UC chromophores encapsulated in an organic— inorganic
host has been synthesised. The NPs exhibit bright UC emission (400—500 nm) in
aerated aqueous media with a UC lifetime of = 1 us, excellent colloidal stability and
little cytotoxicity. Proof-of-concept demonstration of TTA-UC lifetime imaging using
these NPs shows that the long-lived anti-Stokes emission is easily discriminable
from typical autofluorescence. Moreover, fluctuations in the UC lifetime can be used
to map local oxygen diffusion across the subcellular structure. Our TTA-UC NPs are
highly promising stains for lifetime imaging microscopy, affording excellent image
contrast and potential for oxygen mapping that is ripe for further exploitation.

A new class of ultra-small nanoparticle (NP) probes based on triplet-triplet
annihilation upconversion (TTA-UC) chromophores in an organic—inorganic ureasil
host have been prepared and used to stain living cells as a proof-of-concept
demonstration of TTA-UC lifetime imaging for the first time. Fluctuations of the
UC lifetime in the stained cells indicate the NPs can be used to map local oxygen
diffusion across the subcellular structure.

Reproduced from Angew. Chem. Int. Ed. 2023, 62, €202308602, under the terms
of the CC-BY-4.0 license. doi:10.1002/anie.202308602

Authors: B. Zhang, K.D. Richards, B.E. Jones, A.R. Collins, R. Sanders, S.R.

Needham, P. Qian, A. Mahadevegowda, C. Ducati. S.W. Botchway, R.C. Evans &
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Rooting out ultraweak photon emission a-mung bean

sprouts

It is well known that life has evolved to use and generate light, for instance,
photosynthesis, vision and bioluminescence. What is less well known is that during
normal metabolism, it can generate 1-100 photons s™' cm~2 known as ultra-weak
photon emission (UPE), biophoton emission or biological autoluminescence.

We have established a highly sensitive experimental setup using opposing single
photon detectors to study spontaneous and induced UPE in germinating mung
beans, at stages from beans to leafy plants. Using this method, we observed a
steady state photonic emission directly related to plant size, a temporary increase in
emission in relation to dehydration and then rehydration, and an increase in photonic
emission related to secondary root growth, possibly caused by increased cell
division.

Our data therefore adds to the investigation of UPE which originates from the
studies of the mitogenic effect first observed almost exactly a hundred years ago by
Alexander Gurwitsch.

Taken from A.M. Mackenzie et al. Journal of Photochemistry and Photobiology
19 (2024) 100224 under the terms of the CC-BY-4.0 license. doi: 10.1016/j.
jpap.2023.100224

Authors: A.M. Mackenzie ¥, H.E. Smith, R.R. Mould, J.D. Bell, A.V. Nunn,
S.W. Botchway &
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Drug-resistant EGFR mutations promote lung
cancer by stabilizing interfaces in ligand-free
kinase-active EGFR oligomers

The Epidermal Growth Factor Receptor (EGFR) is frequently found to be mutated
in non-small cell lung cancer. Oncogenic EGFR has been successfully targeted by
tyrosine kinase inhibitors, but acquired drug resistance eventually overcomes the
efficacy of these treatments. Attempts to surmount this therapeutic challenge
are hindered by a poor understanding of how and why cancer mutations
specifically amplify ligand-independent EGFR auto-phosphorylation signals to
enhance cell survival and how this amplification is related to ligand-dependent
cell proliferation. Here we show that drug-resistant EGFR mutations manipulate
the assembly of ligand-free, kinase-active oligomers to promote and stabilize
the assembly of oligomer-obligate active dimer sub-units and circumvent the
need for ligand binding. We reveal the structure and assembly mechanisms of
these ligand-free, kinase-active oligomers, uncovering oncogenic functions for
hitherto orphan transmembrane and kinase interfaces, and for the ectodomain
tethered conformation of EGFR. Importantly, we find that the active dimer sub-
units within ligand-free oligomers are the high affinity binding sites competent to
bind physiological ligand concentrations and thus drive tumour growth, revealing
a link with tumour proliferation. Our findings provide a framework for future drug
discovery directed at tackling oncogenic EGFR mutations by disabling oligomer-
assembling interactions.

(a) Cartoon dimer conformers assembling a
heteroconf-hexamer. Separations between bound
fluorophores (red circles) are: two 1st-order
interfaces (D1, D2), short and long diagonals (O1, O2),
and 2nd-order vertical (O3).

(b) FLIMP analysis of 100 synthetic pairwise
heteroconf-hexamer separations (inset)
(Supplementary Note 3). Sum of posteriors of
individual separations between fluorophores

(gray background) and abundance-weighted
probability distributions of individual components of
decomposed separation distribution (colored peaks).
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(d) Top, map of mutations and (f) Wasserstein MDS analysis of FLImP
treatments superimposed on the decompositions. This measures
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conformers they inhibit or disrupt. and differences between whole FLImP
Bottom, EGFR sequence diagram. separation decompositions.

Reproduced from R.S. lyer, S.R. Needham, I. Galdadas et al. Drug-resistant EGFR
mutations promote lung cancer by stabilizing interfaces in ligand-free kinase-active
EGFR oligomers. Nat Commun 15, 2130 (2024) under the terms of the CC-BY-4.0
license. doi: 10.1038/s41467-024-46284-x

Authors: RrRS. lyer, S.R. Needham, I. Gladadas, B.M. Davis, S.K. Roberts, R.C.H. Man,
L.C. Zanetti-Domingues, D.T. Clarke, G.0O. Fruhwirth, P.J. Parker, D.J. Rolfe &,
F.L. Gervasio ¥, M.L. Martin-Fernandez &
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Molecular self-organization in surfactant
atmospheric aerosol proxies

Aerosols are ubiquitous in the atmosphere, both outdoors and indoors.
Surfactants make significant contributions to aerosol emissions, with sources
ranging from cooking to sea spray. These molecules alter the cloud droplet
formation potential by changing the surface tension of aqueous droplets and
thus increasing their ability to grow. They can also coat solid surfaces such as
windows (“window grime”) and dust particles.

A common cooking and marine emission, oleic acid, is known to self-organise
into a range of 3-D nanostructures, which are highly viscous and as such can
impact the kinetics of aerosol and film ageing.

Most literature studies on oleic acid oxidation have focused on pure liquid

oleic acid in its native form either as particles, deposited films, or monolayers,
occasionally mixed with cosurfactants. Our work represents a new avenue,
focusing on how the surfactant itself is organised and how this self-organisation
could impact the key aerosol processes of water uptake and chemical reaction
outdoors and indoors.

We created a body of experimental and modelling work to study self-organised
proxies as nanometre-to-micrometre films, levitated droplets, and bulk mixtures.
Our findings suggest that hazardous, reactive materials may be protected

in aerosol matrices underneath a highly viscous shell, thus extending the
atmospheric residence times of otherwise short-lived species.

Taken from Acc. Chem. Res. 2023, 56, 19, 2555-2568 published by the American
Chemical Society under the terms of the CC-BY-4.0 license. doi: 10.1021/acs.
accounts.3c00194

Authors: A. Milsom, A.M. Squires, A.D. Ward, C. Pfrang &
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Autophagy receptor NDP52 alters DNA conformation

to modulate RNA polymerase Il transcription

NDP52 is an autophagy receptor involved in the recognition and degradation of
invading pathogens and damaged organelles. Although NDP52 was first identified
in the nucleus and is expressed throughout the cell, to date, there is no clear nuclear
functions for NDP52. Here, we use a multidisciplinary approach to characterise

the biochemical properties and nuclear roles of NDP52. We find that NDP52
clusters with RNA Polymerase Il (RNAPII) at transcription initiation sites and that

its overexpression promotes the formation of additional transcriptional clusters.
We also show that depletion of NDP52 impacts overall gene expression levels in
two model mammalian cells, and that transcription inhibition affects the spatial
organisation and molecular dynamics ofNDP52 in the nucleus. This directly links
NDP52 to a role in RNAPII-dependent transcription. Furthermore, we also show that
NDP52 binds specifically and with high affinity to double-stranded DNA (dsDNA)
and that this interaction leads to changes in DNA structure in vitro. This, together
with our proteomics data indicating enrichment for interactions with nucleosome
remodelling proteins and DNA structure regulators, suggests a possible function for
NDP52 in chromatin regulation. Overall, here we uncover nuclear roles for NDP52 in
gene expression and DNA structure regulation.

Model of possible mechanism for NDP52’s activity in transcription. NDP52

could directly interact with DNA in the nucleus, or with chromatin modifiers (e.g.
histone modifiers), to cause local changes to chromatin structure. Conversely,
interactions with transcription factors/coactivators and transcription machinery
could also modulate transcription activity of genes. Created with BioRender.com.

Reproduced from dos A Santos, D.E. Rollins, Y. Hari-Gupta, et al. Autophagy
receptor NDP52 alters DNA conformation to modulate RNA polymerase Il
transcription. Nat Commun 14, 2855 (2023) under the terms of the CC-BY-4.0
license. doi: 10.1038/s41467-023-38572-9

Authors: A. dos Santos, D.E. Rollins, Y. Hari-Gupta, H. McArthur, M. Du, S. Yong
Zi Ry, K. Pidlisna, A. Stranger, F. Lorgat, D. Lambert, I. Brown, K. Howland, J. Aaron,
L. Wang, P.J.1. Ellis, T.-L. Chew, M. Martin-Fernandez, A.L.B. Pyne, C.P. Toseland &%
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Methanol-to-olefins studied by UV Raman
spectroscopy as compared to visible wavelength:

Capitalization on resonance enhancement

Resonance Raman spectroscopy can provide insights into complex reaction
mechanisms by selectively enhancing the signals of specific molecular species.
In this work, we demonstrate that, by changing the excitation wavelength, Raman
bands of different intermediates in the methanol-to-hydrocarbons reactions

can be identified. We show in particular how UV excitation enhances signals
from short-chain olefins and cyclopentadienyl cations during the induction
period, while visible excitation better detects later-stage aromatics. However,
visible excitation is prone to fluorescence that can obscure Raman signals,

and hence, we show how fast fluorescence rejection techniques like Kerr

gating are necessary for extracting useful information from visible excitation
measurements.

Reproduced from J. Phys. Chem. Lett. 2024, 15, 26, 6826—-6834, published by
the American Chemical Society under the terms of the CC-BY-4.0 license. doi:
10.1021/acs.jpclett.4c00865

Authors: E. Campbell, I.V. Sazanovich, M. Towrie, M.J. Watson,
I. Lezcano-Gonzalez %, A.M. Beale &
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Potential dependent reorientation controlling

activity of a molecular electrocatalyst

The activity of molecular electrocatalysts depends on the interplay of electrolyte
composition near the electrode surface, the composition and morphology of the
electrode surface, and the electric field at the electrode--electrolyte interface. This
interplay is challenging to study and often overlooked when assessing molecular
catalyst activity. Here, we use surface specific vibrational sum frequency
generation (VSFG) spectroscopy to study the solvent and potential dependent
activation of Mo(bpy)(CO),, a CO, reduction catalyst, at a polycrystalline Au
electrode. We find that the parent complex undergoes potential dependent
reorientation at the electrode surface when a small amount of N-methyl-2-
pyrrolidone (NMP) is present. This preactivates the complex, resulting in greater
yields at less negative potentials, of the active electrocatalyst for CO, reduction.

The large increase in electrocatalytic activity of Mo(bpy)(CO), when a small
(10% vol.) amount of NMP is added to an electrolyte solution is shown to be
due to a potential dependent solvent restructuring of the double layer that
leads to reorientation of Mo(bpy)(CO), at the electrode surface.

Reproduced from J. Am. Chem. Soc. 2024, 146, 11, 7130-7134 published by
American Chemical Society under the terms of the CC-BY-4.0 license. doi:
10.1021/jacs.3¢c13076

Authors: A.M. Gardner, G. Neri. B. Siritanaratkul, H. Jang, K.H. Saeed,
P.M. Donaldson, A.J.Cowan &
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Ultrafast spectroscopy at the Central Laser Facility:
Applications to the study of commercially relevant

materials

In this article, we will examine ultrafast spectroscopy techniques and applications,
covering time-resolved infrared (TR-IR) spectroscopy, time resolved visible (TA)
spectroscopy, two-dimensional infrared (2D-IR) spectroscopy, Kerr-gated Raman
spectroscopy, time-resolved Raman and surface sum-frequency generation (SSFG)
spectroscopy. In addition to introducing each technique, we will cover some basics,
such as what kinds of lasers are used and discuss how these techniques are applied
to study a diversity of chemical problems such as photocatalysis, photochemistry,
electrocatalysis, battery electrode characterisation, zeolite characterisation and
protein structural dynamics.

Example laser beam
configurations for ultrafast
spectroscopy: (a) TR-IR
with UV-visible-IR pumping

(b) 2D-IR

(c) TA (transient visible
absorption spectroscopy)

Imaging and Dynamics for Physical and Life Sciences




(d) FSRS

(e) Kerr-gated TR3

(f) IR-visible SSFG

Reproduced from Johnson Matthey Technol. Rev., 2024, 68, (4), 503-520, published
by Johnson Matthey under the terms of the CC-BY-4.0 license. doi: 10.1595/205651
324X17092043851525

Authors: PM. Donaldson 8%, I.V. Sazanovich, P. Malakar, S. Maiti, M. Towrie,
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The 2D-IR spectrum of hydrogen-bonded silanol
groups in pyrogenic silica

Pyrogenic silica is a form of amorphous silica with a high surface area and a
heterogeneous distribution of silanol hydroxyl terminations and defects. In this work,
the interesting and unusual form of the hydroxyl-stretch 2D-IR spectrum of pyrogenic
silica is presented and explored in the deuterated (deuteroxyl) form. Transition dipole
couplings between hydrogen-bonded and non-hydrogen-bonded silanol groups

give a distinct cross-peak in the 2D-IR spectrum, displaying interstate coherence
oscillations during the 2D-IR experimental waiting time. The strong asymmetry about
the diagonal is proposed to be the result of both the relatively small transition dipole
coupling strength and the extreme differences in the width of the hydrogen-bonded
and non-hydrogen-bonded silanol bands. The resulting interference of negative and
positive cross-peaks has minimal intensity in the below-diagonal w3 < w1 region of
the spectrum. An additional strong positive cross-peak is observed at a position in
the 2D-IR spectrum inconsistent with transition dipole coupling. An assignment as a
fifth order effect is proposed.
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The 2D-IR spectrum of deuterated pyrogenic silica held at 175 °C. The diagonal
of the spectrum is indicated by a solid black line. The dotted line parallel to
the diagonal is offset by the non-hydrogen-bonded SiOD anharmonicity A,
revealing the increase in anharmonicity with decreasing wavenumber. The
waiting time (t2) is 600 fs and polarization (XXYY ). The first five contour lines
reach an amplitude of 5 x 10> mOD/vVcm™.

Reproduced from J. Chem. Phys. 160, 104204 (2024) under the CC-BY-4.0 license.
doi: 10.1063/5.0193551

Author: PM. Donaldson %
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Breaking barriers in ultrafast spectroscopy and
imaging using 100 kHz amplified Yb-laser systems

There is now a technology shift occurring in ultrafast spectroscopy, made possible
by new Yb-based lasers, that is opening exciting new experiments in the chemical
and physical sciences. Amplified Yb-based lasers are not only more compact and
efficient than their predecessors but also, most importantly, operate at many times
the repetition rate with improved noise characteristics in comparison to the previous
generation of Ti:sapphire amplifier technologies. Taken together, these attributes are
enabling new experiments, generating improvements to long-standing techniques,
and affording the transformation of spectroscopies to microscopies. This Account
aims to show that the shift to 100 kHz lasers is a transformative step in nonlinear
spectroscopy and imaging. We are convinced that Yb-based 100 kHz laser systems
will soon become a standard of femtosecond laser technology, replacing many
Ti:Sapphire lasers applications. Their improved parameters will not only make
already existing experiments easier, better, and faster, but also allow for conceptually
new experiments and lower barriers to starting an ultrafast spectroscopy laboratory.

Taken from Acc. Chem. Res. 2023, 56, 15, 2062-2071, published by American
Chemical Society under the terms of the CC-BY-4.0 license. doi: 10.1021/acs.
accounts.3c00152

Authors: PM. Donaldson ¥, G.M. Greetham, C.T. Middleton, B.M. Luther,
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Unravelling the ultrafast photochemical dynamics

of nitrobenzene in aqueous solution

Nitroaromatic compounds are major constituents of the brown carbon aerosol
particles in the troposphere that absorb near-ultraviolet (UV) and visible solar
radiation and have a profound effect on the Earth’s climate. The primary sources
of brown carbon include biomass burning, forest fires, and residential burning of
biofuels, and an important secondary source is photochemistry in aqueous cloud
and fog droplets. Nitrobenzene is the smallest nitroaromatic molecule and a model
for the photochemical behavior of larger nitroaromatic compounds. Despite the
obvious importance of its droplet photochemistry to the atmospheric environment,
there have not been any detailed studies of the ultrafast photochemical dynamics
of nitrobenzene in aqueous solution. Here, we combine femtosecond transient
absorption spectroscopy, time-resolved infrared spectroscopy, and quantum
chemistry calculations to investigate the primary steps following the near-Uv

(A = 340 nm) photoexcitation of aqueous nitrobenzene. To understand the role of
the surrounding water molecules in the photochemical dynamics of nitrobenzene,
we compare the results of these investigations with analogous measurements

in solutions of methanol, acetonitrile, and cyclohexane. We find that vibrational
energy transfer to the aqueous environment quenches internal excitation, and
therefore, unlike the gas phase, we do not observe any evidence for formation of
photoproducts on timescales up to 500 ns. We also find that hydrogen bonding
between nitrobenzene and surrounding water molecules slows the S./S internal
conversion process.

2.5
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On the left: the calculated microsolvated structure of nitrobenzene in water
environment. On the right: 2D-plot representation of the Transient Absorption
data for nitrobenzene in water.

Reproduced from J. Am. Chem. Soc. 2024, 146, 15, 10407-10417, published by
American Chemical Society under the terms of the CC-BY-4.0 license. doi: 10.1021/
jacs.3c13826

Authors: N.A. Lau, D. Ghosh, S. Bourne-Worster, R. Kumar, W.A. Whitaker,
J. Heitland, J.A. Davies, G. Karras, |.P. Clark, G.M. Greetham, G.A. Worth,
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86 Imaging and Dynamics for Physical and Life Sciences


https://creativecommons.org/licenses/by/4.0/
mailto:h.h.fielding%40ucl.ac.uk?subject=

Background correction of time-resolved infrared
spectroscopy data for the ‘tricky’ transcriptional

regulator protein, B _-dependent CarH

Time-resolved infrared (TRIR) spectroscopy is a powerful method providing
information on excited state dynamics, conformational changes, intermolecular
interactions and solvation. However, TRIR measurements on biological samples

can be challenging, particularly when working close to the detection limit due to low
sample concentration. This article will discuss how we correct for a delay-dependent
step-like background pattern attributed to the detectors from the Central Laser
Facilities LIFETIME instrument. TRIR data were collected for wildtype and variant
chromophore binding domains of the photoreceptor protein B, ,-dependent CarH, in
addition to the full-length protein bound to DNA. This work may be of use to those
who study challenging biological samples that are limited in quantity and/or produce
low signals where background signal hinders a meaningful kinetic analysis. It also
builds on our previous study, where we introduced a new method for handling/
measuring light sensitive proteins in small volumes.
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Progress in the 2D-IR characterisation of

hydrogenases at Ultra

Hydrogenases are metalloenzymes that catalyse the cleavage and evolution

of molecular hydrogen (H,), a perfectly clean fuel. Due to the presence of
biologically uncommon CO and CN- ligands at the catalytic metal sites of
hydrogenases, infrared (IR) spectroscopy is an ideal technique for studying these
enzymes. 2D-IRand IR, -IR . experiments performed at Ultra have previously
gained detailed insights into the structure and dynamics of [NiFe] hydrogenases
that cannot be obtained by linear IR absorption spectroscopy. Here we report
on a twofold extension of this approach. On the one hand, we have obtained,
for the first time, nonlinear IR spectra of more complex [FeFe] hydrogenases
(see Figure). On the other hand, preliminary in vivo 2D-IR spectra of a [NiFe]
hydrogenase within live cells were obtained by using an approach for probing
highly scattering samples that was recently established at Ultra.

IRpump—IRprobe spectrum of reduced [FeFe] hydrogenase. Signals reflect

stretching vibrations of CO ligands bound to the active site (see inset).

Authors: c.c.wm. Bernitzky, M. Horch & , D.M. Vaithiyanathan, P. Donaldson,
G.M. Greetham, I. Sazanovich, O. Lenz, J. Schoknecht, J.A. Birrell,

P. Rodriguez Macia
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Using 2D-IR Spectroscopy to Measure the
Structure, Dynamics, and Intermolecular

Interactions of Proteins in H,O

Infrared (IR) spectroscopy probes molecular structure at the level of the chemical
bond or functional group. In this Account, a series of studies applying 2D-IR to
study the spectroscopy and dynamics of proteins in H,O-rich solvents is reviewed.
A comparison of IR absorption spectroscopy and 2D-IR spectroscopy of protein-
containing fluids is used to demonstrate the basis of the approach before a series
of applications is presented. These range from measurements of fundamental
protein biophysics to recent applications of machine learning to gain insight into
protein—-drug binding in complex mixtures. An outlook is presented, considering
the potential for 2D-IR measurements to contribute to our understanding of
protein behaviour under near-physiological conditions, along with an evaluation of
the obstacles that still need to be overcome.

2D-IR spectroscopy can provide the ability to measure protein amide | spectra
in H,O-rich solutions without the need for isotopic substitution or complex
data processing.

Taken from Acc. Chem. Res. 2024, 57, 5, 685-692 published by the American
Chemical Society under the terms of the CC-BY-4.0 license. doi: 10.1021/acs.
accounts.3c00682
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The importance of understanding (pre)catalyst
activation in versatile C—H bond functionalisations
catalysed by [Mn,(CO), ]

Mn-catalysed reactions offer great potential in synthetic organic and
organometallic chemistry and the success of Mn carbonyl complexes as (pre)
catalysts hinges on their stabilisation by strong field ligands enabling Mn(l)-
based, redox neutral, catalytic cycles. The mechanistic processes underpinning
the activation of the ubiquitous Mn(0) (pre)catalyst [Mn,(CO), ] in C—H bond
functionalisation reactions is now reported for the first time. By combining
time-resolved infra-red (TRIR) spectroscopy on a ps—ms timescale and in
operando studies using in situ infra-red spectroscopy, insight into the microscopic
bond activation processes which lead to the catalytic activity of [Mn,(CO), ]

has been gained. Using an exemplar system, based on the annulation between

an imine, 1, and Ph,C,, 2, TRIR spectroscopy enabled the key intermediate
[Mn,(CO),(1)], formed by CO loss from [Mn,(CO), ], to be identified. In

operando studies demonstrate that [Mn,(CO),(1)] is also formed from [Mn,(CO), |
under the catalytic conditions and is converted into a mononuclear manganacycle,
[Mn(CO),(C"N)] (CAN = cyclometallated imine), a second molecule of 1 acts as
the oxidant which is, in turn, reduced to an amine. As [Mn(CO),(C*N)] complexes
are catalytically competent, a direct route from [Mn_(CO), ] into the Mn(l) catalytic
reaction coordinate has been determined. Critically, the mechanistic differences
between [Mn,(CO), ] and Mn(l) (pre)catalysts have been delineated, informing
future catalyst screening studies.

Reproduced from Chem. Sci., 2024, 15, 9183 published by the Royal Society of
Chemistry under the terms of the CC-BY-3.0 license. doi: 10.1039/d4sc01215a

Authors: J.B. Eastwood, T.J. Burden, L. Anders Hammarback, C. Horbaczewskyi.
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Nile Red fluorescence: Where's the twist?

Nile Red is a fluorescent dye used extensively in bioimaging due to its strong
solvatochromism. The photophysics underpinning Nile Red'’s fluorescence has
been disputed for decades, with some studies claiming that the dye fluoresces
from two excited states and/or that the main emissive state is twisted and
intramolecular charge-transfer (ICT) in character as opposed to planar ICT
(PICT). To resolve these long-standing questions, a combined experimental and
theoretical study was used to unravel the mechanism of Nile Red’s fluorescence.
Time-resolved fluorescence measurements indicated that Nile Red emission
occurs from a single excited state. Theoretical calculations revealed no evidence
for a low-lying TICT state, with the S, minimum corresponding to a PICT state.
Ultrafast pump—probe spectroscopic data contained no signatures associated
with an additional excited state involved in the fluorescence decay of Nile Red.
Collectively, these data in polar and nonpolar solvents refute dual fluorescence in
Nile Red and definitively demonstrate that emission occurs from a PICT state.

Reproduced from J. Phys. Chem. B 2024, 128, 47,11768-11775, published by the
American Chemical Society under the terms of the CC-BY-4.0 license. doi: 10.1021/

acs.jpcb.4c06048
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Operational Statistics

Gemini

During the reporting year, April 2023-April 2024, a total of six complete
experiments were delivered in the Astra-Gemini Target Area. In total, 31 high power
laser experimental weeks were delivered to the Gemini Target Area. The delivered

Gemini schedule is presented in Table 1.

Table 1: Gemini 2023/24 operational schedule.

Week

Week

Commencing Activity Commencing Activity

7 January 7 July N/A

14 January Hooker 14 July N/A

21 January 2221009 21 July N/A

28 January 28 July

4 Feburary Extension 4 August )

11 February N/A 11 August gg;fo(ggz

18 February Pump laser service 18 August

25 February Gas alarm 25 August
replacement 1 September | N/A

3 March N/A 8 September | N/A

10 March 15 September | N/A

17 March 22 September

24 March Kettle i
292210012 29 September | Christmas break

31 March 6 October

7 April 13 October N/A

14 April N/A 20 October | N/A

21 April PoC experiment 27 October N/A

28 April 23315000 3 November | N/A

S May N/A 10 November

12 May N/A 17 November .

19 May 24 November | S
Beamline set-up 23210006

26 May 1 December

2 June 8 December

) June Jaroszynski 15 December fi '

16 June y 29 Decermber Configuration
22210025 Changes

23 June 29 December e

Beam stabilisation
30 June
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The availability of the Gemini laser system (delivery to the Gemini Target Area)
was 85% 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 89%.
An individual breakdown of the availability and reliability for the TA3 experiments
conducted is presented in Figure 1.

Sarri

Doria

Jaroszynski

PoC imaging

Kettle

Hooker

0% 50% 100% 150%

W4 Reliability
- Total Availability

m Availability during normal hours

Figure 1: 2023/24 TA3 Operational statistics.

The high levels of total availability were made possible by the continued unique
operational model employed on Gemini, which involves running the laser late into
the evening. In addition, frequent weekend operational days were made available.

Author: s. Hawkes %
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Lasers for Science Facility

Artemis facility

During this reporting period, the UK User Community applied for 74.5 weeks of
peer-reviewed access to the Artemis facility, of which 29 weeks were awarded,
representing an over-subscription ratio of 2.57. A total of five unique user groups
performed six scheduled experiments. Figure 2 shows that atomic, molecular and
optical were the most popular experiment subjects conducted.

4.08 weeks of downtime and 22.36 of additional weeks of access were reported for
the scheduled experiments, corresponding to a total of 35.17 weeks access time
delivered to the User Community. A total of two formal reviewed publications were
recorded throughout the year.

Atomic/Molecular/

Optical: 71% Condensed Matter: 29%
|

Figure 2: Artemis experiments by subject

Octopus facility

During this reporting period, the UK User Community applied for 167 weeks of
peer-reviewed access to the Octopus facility, of which 90 weeks were awarded,
representing an over-subscription ratio of 1.86. A total of 22 unique user groups
performed 27 scheduled experiments. In addition, 16 days proof of concept
experiments, 1 day of development and 49 days of commercial access were
delivered. Figure 3 shows that Biology and Bio-materials were the most popular
experiment subject conducted.

27 hours of downtime were reported. A total of 13 formal reviewed publications
were recorded throughout the year.

jijij.:IjIjj- Chemistry: 14%
\ R A\\\ Environment: 12%
74 7 <N/ |
Technical ”\\“\
Development: 12% \\\ \ Materials: 6%
L ]
Physics: 4% \ \ Medicine: 15%
. AN .

Figure 3: Octopus experiments by subject

Biology and
Biomaterials: 35%

Engineering: 2%
|
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Ultra facility

During this reporting period, the UK User Community applied for 76 weeks of peer-
reviewed access to the Ultra facility, of which 50 weeks were awarded, representing
an over-subscription ratio of 1.52. A total of 15 unique user groups performed 20
scheduled experiments. In addition, seven days proof of concept experiments and
six weeks of commercial access were delivered. Figure 4 shows that Chemistry was
the most popular experiment subject conducted.

145 hours of downtime and 587 additional hours of access were reported. A total of
22 formal reviewed publications were recorded throughout the year.

Technical Development: 8%

Chemistry: 64%

Physics: 8%
L

Energy: 12%
|

Materials: 4%
|

Environment: 4%
|

Figure 4: Ultra experiments by subject

User satisfaction feedback

Surveys completed by user groups after their experimental time indicate an average
satisfaction rating of 91.6% over the five specified categories.
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90%
80%
70%
60%
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Equipment Assistance  Accomodation  Transport Catering

Figure 5: Average user satisfaction

Authors: B.c. Bateman ¥, M. Szynkiewicz, S.K. Roberts, E. Springate, A.D. Ward
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Target Fabrication

This report details the target delivery of the Target Fabrication group for High Power
Laser (HPL) experiments at the Central Laser Facility over the period spanning

April 2023—March 2024, as well as showing historic target supply trends for
reference. The Target Fabrication group provides a multitude of target components,
technologies and characterisation services crucial to the success of the HPL
programme. Following the shutdown of the Vulcan target areas in October 2023

in preparation for the Vulcan 20-20 upgrade, the group is offering “Vulcan Dark
Period” support and is tasked with the manufacture of targets for Vulcan-aligned
experiments conducted at other facilities.

Over the 2023/24 operating period, the Target Fabrication group provided targets for
12 experimental campaigns—five based on the Gemini laser, three on Vulcan TAW
and one on Vulcan TAP at the CLF, along with two Vulcan Dark Period experiments
at ZEUS-Michigan and ELI-NP, and one External Access campaign at Orion, AWE.

The vast majority of targets that the group manufactures are solid targets, although
multi-component gas cell targets are regularly delivered. With the EPAC facility
being commissioned in 2025, ultimately requiring 1-10 Hz target solutions, a liquid
targetry system is in development giving the ability to create sub-micron films of
deionized water as a high repetition rate target or plasma mirror solution. As such,
the Target Fabrication group will be equipped to deliver targets comprising solid,
liquid or gaseous media.

A solid target comprises virtually any material (metals, polymers and ceramics),
coated to nanometrically precise thicknesses in a range of geometries and
characterised to micron-scale precision to ensure they fall within tight tolerances.
There is generally a difference between the type of target requested for Vulcan

and those for Gemini experiments. Vulcan targets are typically more complex (for
example single target assemblies on posts) with a focus on precision-assembly 3D
microstructures and mass-limited targets. Gemini targets are typically less complex
and more mass-manufacturable to accommodate the higher repetition rate of the
laser. Typical Gemini targets include multi-layer or ultra-thin foils on arrays or tape
substrates.

Supported Experiments

The 12 experimental campaigns supported over this operating period, along with

a summary of the main target types requested, are shown in Table 2. Gemini TA2
experiments are not covered in the scope of this report. It is also worth noting that
there is often significant variation in target numbers across each campaign; gas jet
experiments for example may only request a few tens of targets such as alignment
wires or filter packs whereas other experiments may request thousands of array or
tape-based targets.
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Table 2: Experimental campaigns supported by the Target Fabrication group
and the types of targets requested over the 2023/24 operating period.

Experiment Area Main target types

0523 Kettle (22210012) Gemini TA3 Multi-layer tapes, filter packs
0823 Jaroszynski (22210025) | Gemini TA3 Gas jet, alignment

1023 Doria (22210024) Gemini TA3 Ultra-thin foil—arrays

0224 Sarri (23210006) Gemini TA3 Gas jet, alignment

0324 Najmudin (23210013) | Gemini TA3 Gas cells

0523 McKenna (22210005) | Vulcan TAP Ultra-thin foils—single posts

Thick foils—single posts, 3D

0523 Oliver (22210011) Vulcan TAW : .
microstructures, alignment

0623 Woolsey (22210003) | Vulcan TAW Thick foils=single posts,
filter packs

0623 Keenan External: AWE Thick foils=single posts,
gas cells

0823 Fuchs (22210006) Vulcan TAW Thick foils—single posts

0224 Lancaster Vulcan Dark Period: Michigan | Thick foils—arrays

1123 Ahmed Vulcan Dark Period: ELI-NP Ultra-thin foil—arrays

Target Complexity and Classification

Targets are classified as Class 1, Class 2 and Class 3, depending on their level of
complexity or the level of research and planning required for their manufacture. While
the definitions can be somewhat subjective, they are generally defined as follows:

+ Class 1: require fewer specialist resources to manufacture. Materials are typically
procured ‘off-the-shelf’ and minimal specialist equipment is required for assembly.
Typical targets include several-micron-thick foils or alignment wires glued to posts.

+ Class 2: require the use of specialist manufacturing equipment and knowledge,
which would be a very involved process for a non-Target Fabrication specialist to
replicate. Examples include multi-nanometre thin-films and multilayer coatings.

+ Class 3: require long-term R&D projects to establish and perfect, often referred
to as “high-specification targets”. Such targets include complex 3D assemblies,
MEMS-components, low-density foams and multi-step/ etched tape targets. If the
complexity of a Class 3 target derives from the development of an initial process or
building/procuring specialist apparatus, then it may be downgraded from a Class 3
for subsequent experiments (such as multi-layer tape targets).

It is important to note that for the scope of this report there is a distinction between

a “target” and a “component”. A component is any single item that is fabricated and
issued for experimental delivery from the laboratory, which can include components
with multiple individual targets on it. Thus, an array is a single component, which
typically holds 25 targets. Similarly, a spool of tape is considered a single component,
which contains many hundreds of targets per spool.
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Target Supply

Over the 12 experiments supported over the 2023/24 operating period, a total of
7887 targets were issued.

79.8% (6291) of these targets were supplied to Vulcan-based experiments, and
the remaining 20.2% (1596) were supplied to Gemini. Although Gemini is a higher
repetition rate laser and typically commands larger target quantities compared to
Vulcan, there are two reasons leading to this year’s supply inversion:

+ During this operating period there were a high number of gas jet/refillable gas cell
shots on Gemini, which are not tracked for the scope of this report.

+ Of the 6291 targets supplied to Vulcan-based experiments, 1241 targets were
supplied to Vulcan TAW and TAP—the remaining 5050 were supplied to Dark
Period supporting facilities, which were able to shoot array-based targets.

Figures 6 and 7 below shows the complexity breakdown of targets delivered to both
Gemini and Vulcan-based experiments over the 2023/24 operating period.

Class 2: 93.4% (1491) Class 1: 6.5% (104)
| |

— —————————

1
Class 3:0.1% (1)

Figure 6: Target complexity breakdown (Class 1, 2 and 3 targets) delivered
to Gemini experiments in 2023/24.

Figure 7: Target complexity breakdown (Class 1, 2 and 3 targets) delivered
to Vulcan-based experiments in 2023/24.

Class 3:2.1% (130)
]

Class 3:31.8% (1998)I
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Comparing Figures 6 and 7 shows that while Vulcan experiments generally
requested a much higher percentage of simpler Class 1 targets, it also commanded
a much higher (130 vs 1) quantity of the highest complexity of targets. This is due
to the fact that as Vulcan operates on a lower repetition rate, and typically with only
a few targets mounted in a single pumpdown cycle, precise alignment is crucial and
thus a larger proportion of alignment (i.e. Class 1 targets) are necessary.

Gemini experiment requirements over the operating period comprised mainly of
multi-layer tapes or ultra-thin foil arrays, and thus the vast majority of target requests
are classified as Class 2 complexity. The fact that a much larger quantity of targets
(i.e. in tape or array form) can be installed in a single pumpdown cycle means that a
lower proportion of alignment targets are required.

Table 3: A detailed breakdown of target types supplied to each facility over the
reporting period.

Target Type Gemini Vulcan-based
Alignment 16 156

Thick foils 88 4007

Ultra-thin foils 571 1993

Multi-layer foils 920 5

3D micro-structures 1 130

Foams 0 0

MEMS/Mass limited 0 0

Total 1596 6291
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Target Supply Trends

Over the last 13 years (over which detailed target records have been tracked), there
has been a steady, year-over-year increase on the number of targets requested. With
the exception of 2021/22, which had no Gemini TA3 solid target experiments, there
has been a significant increase in target supply over the last five years—-especially
evident between 2022 and 2024. This is driven by the development of both tape
targetry technology and also the TAAS automated assembly robotic system within
Target Fabrication, enabling much larger quantities of targets to be manufactured.

Figure 8 shows the total targets supplied in each operating period since 2011-2012.
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Figure 8: Total number of targets supplied to CLF HPL experiments over each
operating period since 2011.

The number of targets supplied in a given year is dependent on experimental
proposals, however, and depending on the target types necessary for each
experiment this gives rise to fairly significant variability in target numbers
year-on-year (e.g. gas jet vs arrays). The sharp supply increase over the last two
years is expected to continue to rise, due to the commissioning of EPAC. As this is

an applications-based facility, with 10 Hz repetition rate, it is likely that within the next
few years solid target requests will be into the tens of thousands.

Quality Assurance

All materials, thin-film coatings, assembly components and characterisation for
targets that are issued for HPL experiments are tracked wherever possible. This
ensures there is traceability for any target defects if an anomalous result from the
dataset following interaction is discovered. Although not currently certified to the
ISO9001 QA standard, many of its processes are followed.

Some of the metrics that are tracked are target returns and modifications. This
shows how many targets are: a) issued although not requested officially during the
planning cycle of the experiment; b) modified during the course of an experiment;
and c) returned during/after the experiment due to being out of specification or
unable to be shot.
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Figure 9: Total issued targets compared to the targets returned unshot
or out of specification.
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Figure 10: Total issued targets vs those that deviated from their signed-off
specification in the planning cycle of the experiment.

As can be seen in Figure 9, the percentage of returned targets has significantly fallen
over the last year—the primary reason for this is that a large proportion of the year’s
targets were issued to off-site experiments to support the Vulcan Dark Period, making
target return very difficult or impossible in the scope of a limited time experiment.
Further, due to the time-expense of manufacture of tape targets, and the fact that a
single spool of tape contains several hundred targets, these are often not returned,
somewhat skewing this metric.

Figure 10 shows the number of targets that did not match the specification that was
signed off during the experimental planning cycle. Target requests are typically signed
off 6—8 weeks prior to the beginning of the experiment, but Target Fabrication try

to accommodate day-to-day changes in target design as the scientific aims of the
experiment evolve. This is a significant benefit of having an in-house target fabrication
capability. The decrease in modified target numbers is for a similar reason to that for
target returns; as target requests become either more complex or there is an increase
in shot numbers, sign-off has to be more absolute.
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Future Targetry Supply

In collaboration with Queen’s University Belfast and SLAC, the Target Fabrication
group is developing a liquid targetry system capable of injecting nanometre-thick
sheets of de-ionised water in vacuo, for both future Gemini experiments as well
as a plasma mirror and potential ion acceleration source for EPAC EA2. The first
experiment using this system is scheduled for July 2025.

The group continues to develop ultra-stable tape drive systems®® as well improving
the method for fabrication of multi-layered complex tape targets on spools. A Reel-to-
Reel system, allowing a two order of magnitude increase in tape target manufacture,
is due for commissioning in 2025 and will integrate the Target Fabrication group’s
extensive knowledge and in-house technologies to further advance its capability in
this field for EPAC delivery.

External Contracts

In the reporting period 2023/24, the operations of Scitech Precision Limited (SPL),
the target fabrication commercial spin out, supported the user community on external
facilities and continued to expand its capabilities in high repetition rate target
manufacture with the delivery of tape drive systems to high power laser facilities
around the world. The expansion of the user community across Europe and in the US
drove sales of targets to a wider array of customers.

A total of 33 (slightly down from 36 in 2022/23) institutions engaged with SPL over
this period for 113 individual contracts (down from 115 last year). However, the
turnover increased to a record value of £407k, which is a 35% increase and represents
a change in focus of the business from small value contracts to larger value national
laboratory lab support, particularly in the US. In the reporting period, SPL delivered
contracts where it utilised the wide range of capabilities that are available on the

RAL campus, including the combination of single point diamond turning and micro-
assembly to deliver highly complex targets as well as the delivery of complete
targetry systems to complement its capabilities in individual target supply. This work
is underpinned by the licensing agreements SPL has with STFC to market and sell the
tape drive technology, delivering royalties into the CLF and to its inventors.
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Vulcan

Vulcan has completed its final experimental period (April to September 2023)
ahead of the Vulcan 20-20 upgrade, with 37 full experimental weeks allocated
between target areas West (TAW) and Petawatt (TAP). Overall, the laser statistics
show an operational standard consistent with that achieved last year, with an
overall reliability percentage of 92%.

The experiments dependent on the long pulses continued to present less than 5%
rms values, resulting in a reliability of 99% for the M Oliver experiment. The short
pulse beamlines had a lower than expected reliability for the Woolsey experiment,
due to alignment sensitivity issues. On all other experiments, reliability was above
the 92% baseline.

Table 5 (next page) shows the operational schedule and statistics for 2023/24.
Information on the number of shots, energy-on-target success rate and availability
hours is also provided in the table. 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 were fired to target this year was
860. Table 4 shows how this figure compares with that for the four previous years.
69 shots failed to meet user requirements. The overall shot success rate to target
for the year is 92%, compared to 84%, 80%, 88% and 92% in the previous four years.

Table 4: Shot totals and proportion of failed shots for the past five years.

Total number of | Number of

shots failed shots stallellliyy
2019-2020 653 102 84%
2020-2021 325 64 80%
2021-2022 604 73 88%
2022-2023 601 51 92%
2023-2024 860 69 92%
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Table 5: Experimental schedule for the period April to September 2023.

Period TAW TAP
C Armstrong
Direct Laser Acceleration of Electrons to
6 March — Superponderqmotive E.ner.g.ies
15 April (Shots 72, Failed 4, Reliability 94.4%) N/A
(Availability 83.8%, w extra hours 91.3%)
(5+ 1 weeks)
22110016
M Borghesi
Ultra-high dose rate effects in cellular
a response to proton irradiation
]2 /'l/';rrifh N/A (Shots 122, Failed 9, Reliability 92.6%)
(Availability 75.9%, w extra hours 88.0%)
(5 weeks)
22210020
M Oliver Em(—:l:(:er;r:%ompton scattering from
Direct Imaging of the Inelastic Response |. : : :
S . intense laser pulse interactions with
1 May - ?g:(;l,:g?%;og;ﬁa%kfgggsﬁi?ogg 0%) near-critical-density plasma
3 June (Availabilin'/ 89.4%, W extra ho)tlJrs §7.(;3%) (Sho.ts 88 Failedo4, Reliability 95.5%) 0
(5 weeks) (Availability 90.6%, w extra hours 99.0%)
22210011 (5 weeks)
22210005
N Woolsey
Characterisation of stimulated Raman
sidescattering and its competition with
26 June — backscattering in the context of Direct
29 July Drive Laser Fusion N/A
(Shots 141, Failed 28, Reliability 80.1%)
(Availability 90.3%, w extra hours 109.0%)
(5 weeks)
22210003
Commercial Beam Time
3 July - (Shots 208, Failed 15, Reliability 92.8%)
13 August N/A (Availability 88.8%, w extra hours 94.4%)
(6 weeks)
23510000
J Fuchs
Investigating particle acceleration
21 August dynamics in interpenetrating magnetized
_ 93 collisionless super-critical shocks N/A
September (Shots 125, Failed 8, Reliability 93.6%)

(Availability 97.6%, w extra hours 107.2%)
(5 weeks)
22210006
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Figure 11 shows the reliability of the Vulcan laser to all target areas over the past
five years. The shot reliability in 2023/24 to TAW was 91.8%, down 1.2% from the
previous year. The shot reliability to TAP was 93.6%, up 7.6% from 86% in 2022/23.

93%
®
88%
83%
78%
19/20 20/21 21/22 22/23 23/24

Figure 11: All areas shot reliability for each year 2019 to 2023.

Availability was affected by a single event for Woolsey and commercial access
campaigns that took two days out of the operational campaigns.

Availability was reduced by problems with the high voltage part of the system,
in rod or disk amplifier elements. Throughout the year, there were 11 failures

on elements on the disk amplification chain/capacitor bank, and two on the rod
amplification chain. Each time there was a problem with these elements, it took
between three hours and one-and-a-half days to resolve.

There is a requirement (originally instigated for the EPSRC FAA) that the laser
system be available from 09:00 to 17:00 hours, Monday to Thursday, and from
09:00 to 16:00 hours on Fridays, during the five-week periods of experimental data
collection (a total of 195 hours over the five-week experimental period). The laser
has mainly 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 88%
of the time during contracted hours, compared with 95.7% for the previous year.
The overall availability to all target areas was over 98%%, compared with 113.2% in
2022/23, with an average reliability of 92.6%.

Authors: s.E.J. Chapman ¥, J. Morse, P. Oliveira
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