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                                                                                       This annual report for the Central Laser Facility (CLF) is an account of work
carried out by its users in collaboration with facility staff during the financial
year 2000-01.

The Vulcan laser has continued to provide a world-leading facility for the
study of the interaction of very intense radiation with matter.  The intensities
available from the CPA beamline are now approaching 1020 W/cm2 and this
has enabled an extensive programme to be carried out on the study of matter
under extreme conditions which is relevant to both microscopic and
astronomical objects.  Short pulses of energetic electrons and protons
produced from laser-irradiated targets have enabled new studies of processes
important to particle acceleration and the fast ignition scheme for Inertial
Fusion Energy to take place.  This has included exciting progress in the
development of high-resolution proton radiography, which can detect highly
transient electric and magnetic fields in laser-produced plasmas.  In addition,
the measurement of the highest magnetic fields ever produced in the
laboratory have been achieved in laser-plasma interactions at > 1019 W/cm2.
On a different scale, an accurate knowledge of the equation of state (EOS) for
planetary constituents under extreme conditions of temperature and pressure is
important in developing models of planetary cores and, using the long pulse
facility of Vulcan and precompressed samples for the first time, the EOS of
water has been studied from the propagation of laser-driven shock waves.

The Astra laser continues to provide a complementary source to Vulcan for the study of high intensity interactions.  These have
included the dynamics of ionisation and dissociation of atoms and small molecules at high irradiances. The demonstration of efficient
guiding of high-intensity pulses in waveguides, by increasing the laser-plasma interaction lengths at high intensities, is a significant
contribution to a wide range of processes including harmonic generation, laser wakefield accelerators and x-ray lasers.

A broadly based programme in chemistry, physics and biology has been carried out within the Lasers for Science Facility.  These
have exploited the sub-picosecond capabilities of the ultra-fast laboratory and the use of Kerr gated transient Raman scattering for the
study of photochemical dynamics.  In addition, the technique of two-photon fluorescence correlation microscopy has enabled the
study of the kinetics of drug distribution and action in situ.  The Laser Loan Pool has continued to benefit from the EPSRC-funded
capital investment programme in making available advanced laser systems to university users in their own laboratories.

A marked feature of the past year has been the growth of demand from UK and other scientists for access to the Central Laser
Facility and this has outstripped the amount of time which can currently be made available.

The quality of the science being carried out within the CLF continues to be of very high quality and has been identified as being
world-leading in the EPSRC “Forward Look at Atomic and Molecular Physics” research in the UK.  With the commissioning of the
Vulcan PetaWatt laser in 2002, I believe we can look forward with confidence to the continuing success of the CLF and its many
users.

Foreword

M H R Hutchinson

Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX, UK

Email address H.Hutchinson@rl.ac.uk
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Laser Facilities for Users

The Central Laser Facility (CLF) is a world leading centre for
research using lasers.  Facilities available to users include the
Vulcan Nd: glass laser which delivers multi- TW beams to two
target areas, the Astra ultra- short pulse interaction facility
based on titanium sapphire laser technology, a range of state of
the art table top laser systems and specialised diagnostic
instruments within the Lasers for Science Facility and the Laser
Loan Pool.

Vulcan

Vulcan is a highly versatile large scale Nd: glass laser
installation which delivers a maximum of 2.5kJ of energy in its
six 10cm and two 15cm beamlines to two target areas, each of
which is equipped with frequency conversion optics to enable
ERWK�� P�DQG���� P�RSHUDWLRQ�RI�DOO�EHDPV���$�UDQJH�RI�SXOVH
durations are available from 100ps to 20ns in various
geometries.

A short pulse (700fs) high irradiance (~10 20 Wcm -2) chirped
pulse amplification (CPA) capability is available, with vacuum
propagation to target and reflective beam focusing optics.
Additional low energy beams, including sub- picosecond CPA
probes, are provided for diagnostics with high temporal
resolution. The system is fully characterised and equipped with
advanced diagnostics.

Vulcan Petawatt Project

A 3 year development of Vulcan’s CPA beamline to the
Petawatt level began in April 1999.  The project involves the
addition of an additional stage of disc amplifiers, the
construction of a large aperture vacuum beam compressor and a
new target chamber within a new target area building.

The new building was completed, on schedule, in December
2000.  The vacuum compressor and target chamber amplifiers
will be installed during the summer.  Following vacuum tests
and thorough cleaning, the beam optics will be installed ready
for the alignment tests and beamline commissioning which will
take place early in 2002.  Demonstration of Petawatt output is
scheduled for the end of June, 2002.  The development is
funded through an EPSRC research grant.

Lasers for Science Facility (LSF)

The LSF operates a suite of state of the art table- top laser
systems and associated instrumentation giving users access to
highly tuneable (vuv - ir) and variable pulse width (ns to fs)
laser radiation. This includes lasers for ns and ps time- resolved
resonance Raman spectroscopy (TR3), a unique dual
wavelength kHz femtosecond synchronised pump- probe
apparatus based on OPA technology, a high average power laser
plasma x- ray source and a fast gated (100ps) confocal
microscopy laboratory.

The Ultrafast Spectroscopy Laboratory has recently developed
the high brightness PIRATE source (Picosecond Infrared
Absorption and Transient Excitation).  The Ultrafast Laboratory
is heavily subscribed by users for a wide range of experiments
in chemistry, physics, biological and material sciences.
Demand for beam time is so high that funding is being sought
from EPSRC for a second system.

Laser Loan Pool

Compact laser systems are made available to UK researchers
for periods of up to 6 months at the user’s home institution.
Systems available include: nanosecond tunable YAG pumped
dye lasers (with frequency up-conversion and down-conversion
covering from 205 to 4500 nm), an excimer laser (operating
down to 157 nm), a CW frequency doubled argon ion laser and
an all solid state femtosecond Titanium Sapphire
(680-1020 nm).  To complement the lasers, a wide range of
ancillary and diagnostic equipment is available.

Astra

The Astra facility is based on titanium sapphire laser
technology which gives users access to high intensity laser
pulses at 10Hz. Repetition rate.

The facility supplies laser pulses to two target areas
simultaneously.  Target Area I provides pulses of 50fs duration
with an energy of 10mJ, producing irradiance on target in
excess of 1016 Wcm -2.  The Target Area II currently delivers
300 mJ in 50fs with target irradiance in the 1018 Wcm-2 regime.

Engineering Services

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

Access to Facilities

The primary funding source of the Central Laser Facility are the
UK Research Councils, who make beam time available for UK
University researchers and their overseas collaborators through
the responsive mode grant mechanism.

A small proportion of access is available for "Direct Access", to
enable rapid access for urgent, topical and proof of principle
experiments. Bids for Direct Access beam time are peer
reviewed by an expert panel who advise the Director of the CLF
on scientific priority, etc.  Calls for Direct Access are publicised
in scientific journals and on the CLF Web site.

Beamtime is available for European researchers and their
collaborators through the EU Access to Large Scale
Infrastructure programme organised under the Improving
Human Potential (IHP) theme within the Fifth Framework
Programme.  Calls for Proposals are publicised in Physics
Today and on the CLF Web site.

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

The Laser Loan Pool is funded directly by an EPSRC rolling
programme. These facilities are available to all UK researchers
performing work falling within the EPSRC science programme.

CLF Web site

Further information on the CLF, its facilities, and the scientific
programmes is available on the CLF Web site at
http://www.clf.rl.ac.uk/

Overview of the Central Laser Facility

C B Edwards

Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX, UK

Main contact email address: c.b.edwards@rl.ac.uk
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High Power Laser Programme

1) Short Pulse Plasma Physics

2) Long Pulse Plasma Physics and X-Ray Laser Physics

3) Theory and Computation
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Introduction

In a number of experiments, performed with different laser
systems and in different interaction conditions, protons with
energies up to several tens of MeV have been detected behind
thin foils irradiated with high intensity pulses1,2). In these
experiments it was seen that the particle beams are directed
along the normal to the back surface of the target, and have a
small angular aperture at the highest energies. As proton beams
are observed even using targets which nominally do not contain
hydrogen, protons are thought to originate from hydro-carbon
impurities located on the target surfaces or from bulk
contamination of the target. Proposed theoretical models
indicate that the protons gain their energy from the enormous
HOHFWULF� ILHOG� �a0H9� P�� VHW� XS� E\� ODVHU� DFFHOHUDWHG� IDVW
electrons via space-charge at the back target surface3-5). In
particular, Particle-in-Cell simulations suggest that the proton
beam charge will be globally neutralized by a co-moving cloud
of MeV electrons 5). The particular properties of these beams
make them of great interest for application as a probe in high-
density matter investigations. The use of protons as a
radiographic source is an idea which has circulated for many
years 6). Applications of proton radiography have been proposed
in the biomedical area or in testing of thick systems. Linear or
cyclotron accelerators are used to obtain the proton energies
required for these applications. Laser-produced proton beams
represent a feasible alternative with enormous potential when
high spatial/temporal resolution is required.

A particularly interesting application of laser-produced proton
beams is the detection of electric and magnetic fields generated
during the interaction of intense laser pulses with high density
plasmas. In this context, proton imaging can be developed as a
diagnostic with great potential for Inertial Confinement Fusion
(ICF) studies. For example, the possibility of accessing directly
electric field distributions in dense plasmas may shed new light
on issues such as hydrodynamic and electromagnetic
instabilities highly detrimental for ICF. The technique also has
great potential for studying the complex and yet unexplored
electric and magnetic field distributions in indirect drive target
assemblies. In the Fast Ignitor context, it will contribute to the
study of the large transient electric and magnetic fields
generated in high-intensity laser-matter interactions. The
magnitude and characteristics of these fields are currently the
subject of much conjecture in the short pulse, high-intensity
plasma physics community.

In this paper the principles of the technique and the results of a
series of experimental tests, in which the proton source has been

applied for the first time as a particle probe in a range of laser-
plasma interaction conditions, will be presented and discussed.

Mylar (1.4 g/cc)

Adhesive (1.4 g/cc)

Active gel (1 g/cc)

Al filter

Stack of RC film layersA B

(a) (b)
 270 µm

Proton
beam

Figure1.  Schematic of (a) a layer of Radiochromic film;
(b) set-up for spectrally resolved proton beam detection.

Diagnostic set-up

The Vulcan Nd:glass laser operating in the Chirped Pulse
Amplification mode (CPA) was used in the experiment. The
main targets  (used for the production of the proton beams)
were Al foils, 1-2 mm wide and 3 - 25 µm thick. The 1.054 mm
CPA interaction pulse, 1 ps in duration, with energy up to 100 J
was focused by an F/3.5 off-axis parabola (OAP) onto the
centre of the main target.  The incidence was about 15° off
normal. The focal spot varied between 8 and 10 µm in diameter
at full width at half maximum (FWHM), containing 30-40 % of
the energy, and giving  intensities up to 5-7x1019 W/cm2.

The detector employed in the experimental tests consisted of a
stack of several layers of radiochromic (RC) film. As shown in
Figure 1(a) the film consists of 270 µm thick plastic containing
a double layer of organic dye, which reacts to ionizing
radiation7). The equivalent dose of energetic protons stopped in
the film can be measured from the changes in optical density
undergone by the film, yielding information on the number and
energy of the protons. By using them in a stack, each layer of
film acts as a filter for the following layers. In fact protons
deposit energy mainly in the Bragg peak at the end of their
range8). Due to this, the contribution on each RC film layer will
be mainly due to protons within a narrow energy range. The
proton energies detectable as a function of the detector's depths
are shown in Figure 2. Plastic track detectors were also used on
some occasions to confirm that the structures observed were
due to protons and not to electrons or x-rays to which the RC
film is also sensitive. A 25 µm Al filter was placed in front of
the first layer of film giving a minimum detectable proton
energy of about 3 MeV.
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Figure 2. Proton energy detectable as a function of the RC film
layer number.

Proton imaging

The laser-produced proton beam was characterized in view of
its application as a particle beam probe. The protons were
produced by focusing the CPA pulse onto the Al foil, and
detected by placing the RC film stack at the back of the target,
typically at a distance of about 2 cm. It was found that the
proton beams have high brightness, typically with 1012 protons
with energy above 3 MeV per shot and cutoff energy around
20 MeV (at a laser irradiance of the order of 5.1019 Wcm-2). As
observed in previous experiments, the beams were highly
directional, propagating along the normal to the back surface of
the target with small angular divergence (about 15° for 10 MeV
protons). The energy deposited within each film layer can be
extracted from the absolutely calibrated film. By doing this for
each film layer and fitting an exponential energy spectrum, an
estimate of the proton energy spectrum and total energy can be
extracted from the film data8). The mean proton energy of the
exponential fit is 3.75 MeV ± 0.3 MeV with a total energy of
2.2 J in an equivalent Maxwellian with a temperature of
2.5 MeV. During the experiments the source size of the proton
beam was estimated using a penumbral edge method, setting an
upper limit of 15-20 µm diameter for the source of 10 MeV
protons.

The proton probe was used in a simple projection scheme, with
the object placed between the proton source (i.e. the back side
of the primary target) and the detector. With this arrangement
some of the advantageous properties of the proton beam were
successfully exploited, namely: the small source size, leading to
high spatial resolution in imaging applications; the short pulse
duration; the low divergence and high brightness of the beam.
In addition, spatial and spectral resolution is guaranteed by an

appropriate choice of detector (e.g. RC film stacks), and the
proton beam characteristics can be tuned by suitably changing
the laser and target parameters. The temporal resolution
obtainable with these beams is far beyond the possibilities of
beams provided by conventional accelerators. Further, as it will
be seen in the following sections, the fact that the beams have a
broad spectrum is far from being a disadvantage when probing
transient fields. Finally their ease of use and synchronization is
a clear advantage in laser-plasma and Inertial Confinement
Fusion related experiments; the fact that, being charged, protons
can be used for diagnosing electric and magnetic fields, makes
proton beam probing a powerful, novel diagnostic method,
complementary to techniques such as x-ray radiography.

In general, the intensity distribution cross-section of a proton
beam propagating through matter is modified both by
collisional stopping/scattering, and by deflections due to electric
and magnetic fields. In situations in which scattering/stopping
are unimportant (e.g. thin targets) and there are no fields, there
is a one-to-one correspondence between the object and detector
planes (point projection imaging), as an effect of the small
source size. The magnification of the image is simply
determined by the ratio of the detector-to-object and object-to-
source distances. Deflection due to electric or magnetic fields
present in and around the object will introduce perturbations to
this projection image. From such distortions, the electric and
magnetic fields distribution at the object can be inferred.
Depending on the target and irradiation geometry employed, the
technique can be made more sensitive to the detection of
electric rather than magnetic fields. 3D Particle-In-Cell
simulations performed by Dr.H.Ruhl (MBI-Berlin) have studied
the propagation of proton beams through plasmas. These
simulations have confirmed that electric field structures present
in the plasma (as for example those associated with small-scale
density non-uniformities) can indeed be imprinted on the proton
beam intensity profile. PIC/hydrodynamic simulations, coupled
to post-processing via particle ray-tracing, will be fundamental
for the retrieval of the field distribution in the more complex
situations.

Imaging of cold solid objects

When thick solid obstacles were placed in the beam a shadow
of the object was observed in the proton images, due to
collisional stopping in the target. However, a shadow was
observed even when objects with a thickness much smaller than
the proton penetration depth were used, e.g. a mesh formed by
10 µm Cu wires with 25 or 100 µm spacing. The set-up for this
particular test is depicted in Figure 3(a). The mesh was parallel
to the main target, i.e. perpendicular to the proton beam. The
distance between the proton source and the mesh was 1 mm,
while the first of the radiochromic film layers was positioned at
22 mm from the source.

Target
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(a)
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(c)
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Figure 3. (a) Set up for proton imaging of a mesh; (b) image of a mesh with 25 µm spacing  (10 µm Cu wires) obtained with 15 MeV
protons; (c) Lineout across image of a mesh with 100 µm obtained with 20 MeV protons.
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A shadow of the mesh was observed on the radiochromic film,
as shown in Figure 3(b). The image shown in the picture has
been obtained with 15 MeV protons and the 25 µm spacing
mesh.  The shadow of the wires can be observed clearly, the
contrast of the picture being quite sharp. Figure 3(c) shows the
optical density lineout across the shadow of a different mesh,
with 100 µm spacing, obtained with 20 MeV protons. The
magnification is consistent with the geometry of the imaging
system. The optical density modulation observed is of the order
of 0.2. It should be noted that the stopping range of 20 MeV
protons in Cu is about 900 µm, and the collisional energy loss
for such energetic protons in 10 µm of Cu is just ∆E/E ~ 5.10-3.
Taking into account the film response, this would lead only to a
variation in optical density ∆D ~ 5.10-5. Therefore the shadow
observed must be due to some different effect. Our present
explanation is that the mesh charges up positively, due, for
example, to hot electrons preceding the proton beam and
expelling a small number of cold electrons from the target via
collisions. The deflection of the protons due to the electric field
in the proximity of the wires is then responsible for the creation
of the mesh shadow on the detector, where pile-up of the
deflected protons is observed beside the regions of minimum
transmission. An estimate of the linear charge on the mesh can
be obtained via particle tracing, giving λ~ 10-6 C/m.

Imprinting of the electric field structures on the proton beam is
indeed possible even if the beam is globally neutral, as
predicted by PIC models. In fact, due to the low density of the
proton beam when it reaches the object, and the high
temperature of the electrons of the cloud, the Debye length of
the ion-electron cloud will be several hundreds of microns (i.e.
significantly larger than the spatial scale of the electric field
structures).
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Figure 4.  Time of arrival on target versus RC film layer
number (data for both active layers A and B of each RC film is
plotted).

Imaging of fast-evolving objects

When probing an object undergoing fast changes, the fact that
the proton beams are not monochromatic is actually an
advantage, as it can be exploited to obtain, in a single shot,
information on the temporal history of the object to be probed.
In fact, if the object to be probed is situated at a finite distance
from the source, protons with different energies will reach the
object at different times. By employing a detector that performs
spectral selection, the information on the temporal evolution of
the target can be retained. This is explained in Figure 4, where
the calculated time of arrival on target of the protons produced
on the Al foil is plotted versus the RC film layer number (i.e.
versus their energy).  As can be seen, the presence of the double
active layer in each RC film causes a temporal indetermination

which is larger for the first RC layers, but can be removed by
mechanically separating the two gel layers after data collection.

By doing so, we were able to confirm the short duration of the
proton burst. Figure 5 shows a scan of the two parts of an RC
film layer after separation. The object being probed was a solid
target (50 µm Ta wire) irradiated with a second CPA pulse.
More details about the experimental arrangement for this
experiment are given elsewhere in this Annual Report 10). The
target charges up following the interaction, and the proton beam
probes a fast evolving electric field pattern. The RC film layer
of Figure 5 was the second in the film stack, and the signal of
the A and B active layers is mainly due, respectively, to
6 and 7 MeV protons. The temporal difference on target
between protons with this energy is about 5 ps.  As is clearly
visible, the patterns observed in the two layers differ
significantly, meaning that the protons producing the pattern
have experienced different electric field configuration. From
this it can be inferred that the duration of the proton burst at the
source is smaller than 5 ps.

7 MeV 6 MeV 
100 µm 

Laser 

Figure 5. Proton images of a 50 µm Ta wire irradiated by a
1019 W/cm2 pulse, obtained in the same event with  6 and
7 MeV protons. The spatial scale refers to the target plane.

Conclusion

Proton imaging is a diagnostic with great potential in laser-
plasma interaction studies, which can allow diagnostic access to
previously inaccessible phenomena. Some applications of the
technique are detailed elsewhere in this report 10). The work was
supported by an ESPRC grant. We acknowledge the invaluable
contribution to the work provided by the CLF staff.
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Introduction

We present here the first application of laser-produced protons
as a particle probe in high-density matter investigations.  By
using the recently developed proton imaging technique1) the
first direct demonstration of highly transient electric fields
following ultra-intense laser-pulse interaction with plasmas has
been obtained. The possibility (previously unavailable) of
measuring transient electric fields with high temporal resolution
permits the investigation of a range of important phenomena
related to the generation and transport of hot electron currents.
These issues are of enormous topical interest in view of the
development of Fast Ignitor driven Inertial Confinement Fusion.
They can now be accessed with a completely different
approach, which allows study of the electron current dynamics
with an unprecedented resolution in a direct and simple way.

Experimental arrangement

The proton beams were produced by focusing a high-intensity
pulse (typically 20 J in 1 picosecond, focused at an intensity of
1019 Wcm-2) onto the surface of Al foils. The protons were
emitted normal to the back surface of the target with small
angular divergence (about 10°), cut-off energy of 10 MeV,
temperature of ~ 1 MeV (obtained by fitting a Boltzmann
exponential to the proton spectrum), from a source with
diameter smaller than 10-15 µm.

According to the models, the protons are accelerated for a time
of the order of the laser pulse duration, as confirmed by our
experimental tests1). This provides very high temporal
resolution for our particle probe, allowing the detection of
highly transient phenomena. It should be remembered here that
proton beams produced with conventional accelerators have a
duration of several nanoseconds at best.

The detector employed consisted of a stack of several layers of
radiochromic film (RCF)1). By employing this technique, we
have detected the onset of electric fields in various target
configurations2). We will discuss here the detection of highly
transient fields following the irradiation of a solid target with an
ultraintense, picosecond laser pulse. The experimental
arrangement for these measurements is shown in Figure 1.

Two 1µm, 1 ps pulses (CPA1 and CPA2) produced by the
Vulcan laser were focused onto separate targets at an intensity
of 1019 W/cm2. The CPA2 pulse was focused onto an Al foil to
produce a beam of protons, while the CPA1 pulse was focused
onto solid targets. The delay between the two pulses could be

varied optically. The angle between proton beam direction and
CPA1 propagation directions was approximately 75°. The
distances involved were: 2 mm (Al foil to main target), and
2.7 cm (main target to detector). As explained in Reference 1,
the proton probe is used in a point-projection imaging
arrangement with the magnification determined by the ratio of
detector-to-object and object-to-source distances. The
advantages of using an RCF-based detector are also discussed
in Reference 1.

CPA1

CPA2

Al foil
Proton beam

Target

RC  film stack

Figure 1. Experimental arrangement for proton probing of
ultraintense laser-target interaction.

Experimental results

In Figure 2 proton images taken (in a single shot) after
ultraintense irradiation of a 150 µm glass micro-balloon are
shown. It can be seen (Figure 2(a)) that in coincidence with the
interaction, a circular shadow, much larger than the projected
target image, is observed in the detector.  Here by shadow we
mean a region of film unexposed to the proton flux. This
shadow is consistent with protons that are deflected away from
the target surface by an outwardly directed electric field.  As a
matter of fact, during the CPA1 interaction, fast electrons are
accelerated in the forward direction by the laser pulse in the
interaction region at the front of the target. The energy of these
electrons, in the MeV range, is large enough for them to reach
the back of the target. Some of the electrons can actually escape
from the target, before it charges up, preventing further loss of
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electrons. The proton deflection we observe is due to this
charge.

An analytical expression for the position in the image plane of a
proton of the beam can be easily obtained, taking account of the
deflection experienced by the proton in the Coulomb field of the
charged sphere3) :

x = d tan α + L tan (α + 2 tan-1(Q/8πε0Vdsinα))

where V is the energy of the proton in eV, α is the angle formed
by the proton with the beam propagation axis, ε0 is the
permittivity of vacuum and Q is the charge of the target (SI
units). By supposing, for simplicity, uniform proton emission
within a cone of aperture α0, the proton density distribution in
the detector plane can be calculated for an arbitrary Q.

Q+

θ

α

p+

x
:

L

d

0

10

20

30

40

50

0 1 2 3 4 5 6 7 8 9 10

P
ro

to
n 

de
ns

ity
[a

.u
.]

x [mm]

(a) (b)

Figure 3. (a) Schematic of proton deflection in presence of a
charge Q. (b) Calculated radial proton distribution at the
detector plane (for V = 8 MeV, Q= 2.10-8 C), reproducing the
experimental data of Figure 2(a).

The radial distribution shows a pronounced peak due to proton
pile-up. Matching the peak position with the experimental one
yields the value of Q (Figure 3).  In this way, the charge at t = 0
was estimated to be Q ~ 2.10-8 C, corresponding to 1011

electrons leaving the target during the interaction.

As visible from Figure 2, a rapid discharge of the target was
observed following the interaction. By applying the method
described above to the different layers, and using data taken
with different CPA1-CPA2 delays, the temporal evolution of the
target’s charge could be reconstructed, as shown in Figure 3.
The charge decays exponentially, with a time constant of
approximately 25 ps. We believe that the observation is
consistent with the expelled electrons flowing back into the
target. As a matter of fact, the electrons leaving the target will
also move in the potential of the positively charged

microballoon. They will reach a maximum distance from the
target, after which they will be called back into the target. This
is the most likely mechanism able to explain the discharge
considering its short timescale.
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Figure 4.  Temporal evolution of the charge of the laser-
irradiated microballoon. The solid line represents an
exponential fit of the data.

This assumption is supported by another phenomenon clearly
visible in the data shown in Figure 2. Simultaneously with the
discharge, the onset of filamentary structures at the target
surface after the interaction was observed. The filamentary
structures are first seen 10-20 ps after the interaction, and
appear as striations extending outwards along the normal to the
target surface, even far away from the interaction region. This is
clear in Figure 2(b) where the filaments start to appear, and in
Figure 2(c), where they have fully grown. In Figure 2(c) the
filaments are seen both side-on and face-on (as a speckled
pattern inside the shadow). The transverse wavelength of the
modulation is about 10 µm and is more or less constant over the
whole field of observation.

The observations are consistent with the growth, at the surface
of the target, of an electromagnetic heat-flow instability4),
arising in presence of two counterstreaming currents. This takes
place when the returning current of hot electrons flows back
into the target, and draws an opposite current of cold electrons
from the target in order to preserve charge neutrality.
Filamentary structures similar to the ones of Figure 2 were
observed via optical probing in long pulse experiments about
20 years ago5). However, optical probing could only detect
density perturbations in the coronal plasma with limited

Laser

100 µm

(c)(b)(a)

Layer 1Layer2Layer3

Figure 2.  Proton images taken following CPA-irradiation of a 150 µm glass micro-balloon. The original size and position of the target
are indicated by the black circle in (c). Each picture refers to subsequent RCF layers (i.e. different proton energy Ep and different
probing delay ∆t from the interaction): (a) Ep~ 8 MeV, ∆t~ 0; (b) Ep~ 6-7 MeV, ∆t~10 ps; (c) Ep~ 3-5 MeV, ∆t~20-35 ps. The spatial
scale indicated refers to the target plane: distances in the image plane are M times larger (M~13 is the geometric magnification).
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temporal resolution, and only speculations could be made on the
origin and nature of the filaments in that experimental setting.

Heat-flow instabilities have been studied theoretically for a long
time due to their potentially detrimental effect on compression
in conventional Inertial Confinement Fusion (ICF), and, more
recently, due to the renewed interest in fast electron transport
associated with the Fast Ignitor Scheme for ICF. The
electrothermal instability6), which takes place in presence of
counter-streaming flows of collisionless hot electrons and cold
collisional electrons is particularly relevant to our experimental
conditions. As the instability causes magnetized filamentation
of both hot and cold currents, the effect is imprinted on the
diagnostic proton beam via the associated electric fields,
transverse to the filaments. The instability grows at the target
surface and the perturbations are transported out by the
expanding plasma. Essentially the magnetic fields are frozen
into the ablating plasma. Reference 6 provides order of
magnitude scaling laws (which are independent from the
intensity of the hot electron flux) for the growth rate α and the
transverse wavelength λ of the modulation, i.e.
α[s

−1
] = 2.8⋅10

−8
n0 Z / ATe

3 2
, λ[m]= 2.41⋅10

10
Te

2
A n0 Z .

n0 and Te are density and temperature of the cold electrons, Z
and A charge and atomic number of the target material. For
example, by using the density of solid glass (n0~ 5.1028 m-3), Z
and A for Si (main constituent of the glass target) and
Te= 500 eV, one obtains α-1 ~ 15 ps and λ ~ 5 µm, of the order
of the observations. It should be noted that a 500 eV
temperature is consistent with the upper bound imposed by the
validity condition of the model (cold mean-free path less than
collisionless skin depth). Once the magnetic field of the
instability has grown sufficiently (Ω0τc>1), the thermal
conduction reduces, the condition no longer applies, but the
filaments become frozen-in.

Features similar to the ones discussed up to now were observed
during the interaction with a range of solid targets. Particularly
dramatic effects were observed probing the interaction of the
CPA1 pulse with small diameter metal wires. Figure 5 shows
proton images of the interaction with a 50 µm Ta wire. The
RCF layers shown (second layers of the RCF stacks,
corresponding to proton energies of 6-7 MeV) have been
obtained in separate shots for different CPA1-CPA2 delays.
When the proton probe arrived on target before the CPA2

interaction pulse (e.g., t=-10 ps, 1st  image in Figure 5), only the
shadow of the Ta wire, thick enough to slow down the protons
is visible, with some small effect visible in the interaction
region due to preplasma present ahead of the interaction.
However when the probe is incident with the interaction a
dramatic effect is observed, with the protons being deflected
away from the wire surface, which again charges up due to hot
electron expulsion. Even in this case the charge is seen to decay
in a few tens of picoseconds, and filamentary structures are seen
to appear. In this case the onset of pronounced horizontal
features above and below the interaction axis is also detected.
This data is still being analysed. However we think this

structure may be related to the radial expansion of shocks
following the interaction, likely presenting non-neutral regions
at their leading front. The complex pattern observed with RCF
was reproduced when CR39, a nuclear track detector was used.
The data of Figure 6 was obtained with a layer of CR39 film
placed immediately behind one of the RCF layers shown in
Figure 5 (the third from the left). Allowing for the time
difference and the lower spatial resolution of CR39, the features
are all reproduced, providing further confirmation that all the
features observed are due to protons within the estimated
energy range.

 

500 µm 

(6.25 mm)

Figure 6.  Proton image obtained with CR39 (8MeV protons).
The detector was placed immediately after the central layer of
Figure 5.

Conclusion

Proton imaging has enormous potential for the diagnosis of
fundamental physical problems, which were impossible to
explore up to now. By using this diagnostic, for the first time
the measurement of very large, highly transient electric fields in
plasmas has been obtained, determining their evolution on a
picosecond scale with micrometric spatial resolution. In
particular, global charge-up of a microscopic target irradiated
by a high-intensity laser has been observed for the first time.
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Introduction

Experiments studying the interaction of ultraintense, ultrashort
laser pulses with plasmas provide unique laboratory conditions
for the study of the collective nonlinear dynamics of a
macroscopic system in the relativistic regime. In addition,
investigating the structure of the nonlinear coherent modes in
the  wake of a short laser pulse is  of great practical  interest  as
it shows how the laser pulse  energy can be transferred  to the
electromagnetic fields in the plasma  and to fast  particles.
Coherent structures, such as solitons and vortices are
fundamental features of this nonlinear interaction. Indeed,
analytical and numerical results1-2) have shown that low-
frequency, slowly propagating, sub-cycle solitons can be
generated in the interaction of ultra short ultraintense laser
pulses with  underdense plasmas.

A significant fraction of the laser pulse energy can be trapped in
these structures in the form of electromagnetic energy
oscillating at a frequency smaller than the Langmuir frequency

pe of the surrounding plasma.  The typical size of these
solitons is of the order of the collisionless electron skin depth
de F� pe. The fields inside the solitons consist of synchronously
oscillating electric and magnetic fields plus a steady
electrostatic field which arises from the charge separation as
electrons are pushed outwards by the ponderomotive force of
the oscillating fields.

As yet no direct experimental proof of soliton generation in the
laser plasma interaction has been obtained. Indeed the
experimental detection of such structures poses phenomenal
challenges due to their microscopic scale and to their transient
nature.

Here we report the experimental observation of bubble-like
structures in proton images3) of laser-produced plasmas, which
we interpret as the macroscopic remnants of solitons formed
during the  interaction with the ultra-intense pulse. The
observed structures correspond to localized depletion regions in
the cross section of a transverse-propagating proton probe
beam. We believe that these are the first experimental
observations of quasi-neutral cavitated post-solitons.  The
bubbles appear as the protons are deflected away by the
localized electric field at the edges of the cavitated areas. This

interpretation is supported by computational and analytical
results.

Experimental arrangement

The experiment was carried out employing the VULCAN
Nd:glass laser operating in the Chirped Pulse Amplification
mode (CPA). The VULCAN CPA pulse was split in two
separate 1 ps, 1 µm, 20 J pulses (CPA1 and CPA2) which were
focussed onto separate targets in a 10-15 µm FWHM focal spot
giving an average intensity of about 1019 W/cm2.  The
experimental arrangement is shown schematically in Figure 1.
The CPA1 pulse was used as the main interaction pulse and
focused into a preformed plasma. The plasmas were produced
by exploding thin plastic foils (0.3 µm thick) with two 1 ns,
0.527 µm laser pulses at a total irradiance of about
5.1014 W/cm2. The delay between plasma formation and
interaction was typically 1 ns. The CPA2 pulse was focussed
onto a 3 µm Al foil in order to produce a beam of multi-MeV
protons, which were used as a transverse particle probe of the
interaction region. This is a diagnostic scheme for detection of
electric fields in plasmas recently proposed as proton imaging.
The delay between the two CPA pulses could be varied
optically.

CPA1

CPA2

Proton
beam

Preformed
plasma

Detector

Al foil

Figure 1. Experimental arrangement.
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As the proton source is small, the proton probe could be used in
a point-projection imaging arrangement with the magnification
determined by the ratio of detector-to-object and object-to-
source distances. In our experiment these distances were
respectively 2.5 and 22 mm, giving a magnification of about 9.

The proton detector employed consisted of a stack of several
layers of radiochromic film (RCF), namely MD-55
GafChromic. The diagnostic use of stacks of RCF for obtaining
spectrally selected information on the equivalent dose of the
protons stopped is described in Reference 3.

A further, low energy fraction of the CPA pulse was frequency
quadrupled and used as a transverse optical probe, alternatively
to the particle probe. Interferometry was performed along this
line using a modified Nomarsky interferometer, which allowed
density characterization of the preformed plasma. The peak
density of the plasma was inferred to be 0.1-0.2 nc @ 1 µm
from self-consistent plasma expansion models4) and its
longitudinal extension was of the order of a mm. By adjusting
the delay between the CPA1 and CPA2 pulses, it was possible to
probe the plasma with the proton beam at different times
following the interaction.

Experimental results

The main feature observed in the proton images  (i.e. the proton
beam intensity cross section after propagation through the
plasma) was the onset of several bubble-like structures closely
following the interaction. A proton image of the plasma
recorded 20 ps after the CPA1 interaction, and obtained with
8 MeV protons, is shown in Figure 2. Bubble-like structures are
clearly visible at the centre of the plasma. In particular, a large
structure with radius of approximately 50 µm is seen at the
centre of the picture, with five other  smaller structures tightly
packed around it. The structures are first observed in
coincidence with the interaction and appear to survive until
about 50 ps after the interaction. At this time the contrast of the
bubble structures is much worse than in Figure 2a), and after
this time no such structures are clearly observed. The "bubbles"
correspond to unexposed regions of the RCF, i.e. regions of the
proton beam cross section from which protons have been
evacuated. The area density of the matter crossed by the beam is
insignificant compared to the stopping range of the protons
employed. Therefore it is reasonable to assume that the bubbles
are observed in correspondence with plasma regions where
localized electric fields, with a component transverse to the
proton propagation direction, are present. The region where the
bubbles are present extends for about 300 µm in the transverse
direction and for about 150 µm in the longitudinal direction.

They are therefore observed even far away from the interaction
axis and the vacuum focal spot region. It should be noted that,
in similar interaction conditions, break-up of the laser beam in
several filaments diverging at wide angles has been observed5).
This causes fractions of the laser energy to be spread  as far as
150 µm (radially) from the propagation axis in the plasma
central plane. In presence of this filamentary behaviour, no
efficient channel formation process via Coulomb explosion6)

following the interaction was observed. It is therefore
reasonable to assume that the spatial scale of the area occupied
by the bubbles in the proton images is consistent with the
dimension of the turbulent region left by the laser pulse in the
central part of the plasma.

Data interpretation and modelling

We believe that the observations are consistent with structures
(post-solitons) deriving by merging of several solitons, and we
have supported this assumption with analytical and
computational modelling. Detection of solitary structures on
time scales longer than the ion motion time brings into play
their dynamics under the action of the electrostatic field due to
charge separation.  As shown in Reference 2, on time scales
longer than mi meω pe

−1  the nature of the slow propagating

subcycle solitons changes because ions start to expand. As a
consequence, a void forms in the ion density and the soliton is
changed into a radially expanding post-soliton structure that is
largely quasineutral. The void in the plasma forms a resonator
for the trapped electromagnetic field with frequency ω s

inversely proportional to the post-soliton radius R. As the hole
expands, the amplitude and the frequency of the
electromagnetic field decrease adiabatically.

From the adiabatic invariant E
2

∫ dV /ω s = constant we see that

the electromagnetic field amplitude decreases as E∝1/R2. Using
a snow-plough model of the ion expansion the characteristic
expansion time of the post-soliton is found to be given by
� ��� 52

onomi /<Eo
2>)0.5 with n0 the plasma density and R0~de

and <Eo
2!��  the initial soliton radius and electromagnetic

energy density.  For t/τ >>1, the post-soliton radius increases
asR ≈ R0 2t / τ( )1/3

, and the amplitude of the electromagnetic

fields and its frequency decrease as E~t-2/3 and ωs~t-1/3. Their
expansion2) makes the  post-solitons merge after a certain time,
and eventually they form a bubble much larger than the
individual solitons. The bubble can even be larger than the
volume traced by the laser pulse due to the soliton motion and
to the expansion of the plasma as a whole.
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Figure 2. a) Proton image of the preformed plasma taken 20 ps after the CPA1 interaction with 8 MeV protons. b) Sketch
explaining the main features of a).
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Figure 3. 2-D PIC simulation results: ion density distribution in
a cloud of merging post-solitons at t = 140.

A laser pulse, wider than a few times d e, generates a cloud of
solitons with conversion efficiency as high as 20% according to
the Particle-In-Cell (PIC) results presented in Reference 1. The
number Ns of post-solitons depends both on the laser and on the
plasma parameters. Figure 3 shows 2-D PIC simulation results,
in which a cloud of merging solitons is seen in the wake of a
laser pulse. Distances are measured in  laser wavelengths λ  and
times in laser periods 2π/ω. The laser parameters for these
simulations are: dimensionless amplitude a = 3, pulse length
l// =15λ  and width l⊥ = 7.5λ . The laser propagates in an
underdense plasma with n=0.3ncr. The figure shows a snapshot
of the ion density at t=140. About 30 post-solitons can be seen
formed following laser pulse filamentation.

This is a result typically observed in PIC simulations: where the
density is not too small compared to the critical density, clouds
of solitons are formed, evolve into expanding post-solitons and
eventually merge into bigger structures. This process can occur
separately at different locations leading to separate
macrobubbles. In other words, bubbles appear around each
filament if the laser pulse undergoes filamentation inside the
plasma.  The process of soliton merging is presented in Figure
4, where predictions for an s-polarized pulse with a = 3, length
l// =15λ and width 7.5λ in a plasma with density n = 0.3ncr.
The pulse was initialized in such a way as to produce two
spatially close solitons, as shown in Figure 4a in the ion density
distribution at t = 80. As the ions start to move and the two
post-solitons expand, their walls intersect going through a
transient merging phase that leads to the formation of a new
almost circular shell on a time scale of the order of t = 480, as
shown in Figure 4b.

Similar results appear in the evolution of the ion density patter
shown in Figure 3. At later times than shown in Figure 3, a
macrobubble starts to form with a size of the order of the pulse
depletion length i.e., of the order of the size of the region inside
which the solitons originally formed.

Conclusion

In conclusion the stability, persistence and geometric structure
of the "bubbles" observed in the experiment lead naturally to
their interpretation in terms of long lived remnants of coherent
structures such as solitons, as supported by analytical and PIC
modelling.  Their ’’macroscopic’’ size however is much bigger
than the electron skin depth and the time scale over which they
are observed implies that the ion dynamics must be accounted
for. Post-solitons, and the bubbles formed by their merging, can
indeed account for scales much larger than the skin depth and
for long expansion times, compatible with the observation time.
In addition the values of the electric field that is required in
order to account for the proton beam deflection seems to be
consistent with the relatively weak electrostatic fields that are
expected to occur in the almost quasineutral post-solitons. This
field is of the order of the oscillating electromagnetic fields

inside the cavity, E// ≈ E0 a0 de R( )4
 and the thickness of the

non-quasineutral shell δR is δR /R ~ a0 (de/R)5.

Figure 4. Ion density distributions of two merging post-solitons
during (a) and after (b) the merging process, as obtained from
2-D PIC simulations, at t=80 and t=480.

Further modelling is underway in order to support our
interpretation, which will include proton tracing through the
electric field structures produced by the PIC simulation.

Finally we would like to thank the staff of the CLF for their
help and assistance during the experiment.
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Introduction

In a previous experiment 1) on the propagation of an intense
short pulse (50J, 1ps) in a preformed channel created by a
precursor pulse (25J, 1ps) clear evidence was found of a
correlation between fast electrons generated by the interaction
and the “age” of the channel, i.e. the delay between the channel
forming pulse and the interaction pulse. An important issue to
be addressed in that experiment was the correlation of those
measurements with angular and spectral features of high energy
electrons. To this purpose we have designed a multilayer
radiochromic-based detector for energetic charged particles
(SHEEBA). When exposed to such high energy particles, the
active layers within the film absorb energy and change optical
density. The exposure to high energy protons also results in
nuclear activation of the film, which is monitored using a
Geiger counter.  The absence of activation in the results shown
here is additional evidence that our signal was entirely due to
electrons.

Here we report on the first SHEEBA measurements of the
spectral and angular distribution of fast electrons generated in
the case of interactions of intense CPA pulses with underdense
plasmas. Our measurements demonstrate that this simple
detector, in combination with appropriate numerical analysis
tools, provides a powerful diagnostic technique for this class of
experiments.

Experimental setup

The plasma was generated by irradiating a 0.3 µm thick plastic
foil (FORMAVAR) with two heating beams ( λ = 527 nm,

τ = 1 ns, 100J per beam) at I=5.1014 W cm-2. A CPA laser beam
(λ =1053 nm, ∆t=1 ps, up to 120 J) was focused (off-axis
parabola f/3.5) on this plasma 1.3 ns after the heating beams.
The peak density at the time of interaction was estimated to be
nc/10. The density was characterized by Nomansky
interferometry using a UV laser pulse (λ=267 nm, ∆t=1 ps).
Finally, the detector (SHEEBA) was placed at 2 cm from
(behind) the target on the main laser pulse propagation axis.
The layer set-up used for SHEEBA is shown in Figure 1.

6

7 8 9 10 11 12 13 145

4

3

2

1

e-

Layer Number

Radiochromic FilmsAl 25 µ m

Al 1.5 m m Fe 1.5 m m

Figure 1. Set-up used for the fast electrons detectors SHEEBA.

Experimental results and discussion

Figure 2 shows the optical density distribution for the various
layers of the detector due to exposure to energetic electrons
generated by the interaction of a 120 J CPA pulse focused on
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Figure 2. Optical density distribution for the various layers of the detector due to exposure to energetic electrons.
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the preformed plasma.

These images clearly show that the electrons are confined in a
cone of small aperture, less than 10 degrees. As we proceed
from layer 1 to layer 14, the overall optical density decreases
and the small scale structures are smoothed out as a result of
electron propagation/diffusion through the layers.
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Figure 3. Overall reconstructed spectrum of the electrons from
radiochromic films data.

A quantitative analysis of these images has been carried out
using a Montecarlo simulation code based on the library
GEANT 4.2.0 (2) in order to obtain the spectral distribution of
the electrons. Our analysis shows that two populations of
electrons exist, which are well characterised by two different
temperatures of 133±23 keV and 5.23±0.84 MeV, respectively
(see Figure 3). Several physical mechanisms can account for the
generation of high energy electrons including direct laser
acceleration 3) and  acceleration in the plasma waves generated
by forward Raman scattering 4). In fact, many experiments have
been reported in which high energy electrons have been
observed where, depending on the interaction conditions, each
of these mechanisms is claimed to play a dominant role.

It is interesting to observe that in one of these experiments 5) a
two-temperature hot-electron energy distribution was already
observed in conditions similar to those of our experiment and
was ultimately attributed to direct laser acceleration. In that
experiment fast electrons were detected using a magnetic
spectrometer with a small angular acceptance looking at 45°
from the laser axis in the forward direction. In contrast, in our
experiment most of the fast electrons were found to be emitted
in a narrow cone in the forward direction. This measurement
was possible thanks to the large angular acceptance and high
angular resolution of our detector.  Although the analysis of
these data is still in progress, it is clear that our measurements
provide basic information for the identification of the physical
mechanisms at the origin of high energy electrons and, in
particular, of the two-temperature distribution.

Conclusions

We used a detector based on radiochromic film to measure the
properties of high-energy electrons generated during ultra-
intense laser-plasma interactions. The detector could be placed
very close to the target and allowed the angular distribution of
the electrons to be measured directly. The spectrum of the
electrons was also obtained with the aid of simulations. Our
results show that this detection system offers a good alternative
to conventional high energy electron spectrometers, usually
heavy and bulky and characterised by a small angular
acceptance. Also, the angular distribution of high energy
electrons can be measuresd directly in a single shot.
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Introduction

The Fast Ignitor scheme1) for ICF relies on the transport of laser
energy to the core of a compressed fuel pellet.  It is necessary
for an ultra intense laser pulse to propagate through plasma
reaching many times critical density via hole boring and
induced transparency.  In the final stage of energy transport, the
laser pulse is converted into relativistic electrons, which then
must propagate to the core to ignite the fuel.  Studies of
propagation of laser pulses and relativistic electrons through
hundreds of microns of overdense plasma are of great
importance to the realisation of the Fast Ignitor Scheme.

An experimental campaign performed on the Vulcan Laser at
the Rutherford Appleton Laboratory, UK has studied the
interaction of ultra-intense laser pulses with plasmas several
times critical.  In previous experimental work2), novel use was
made of pre-ionised foam targets in an attempt to measure laser
propagation through overdense plasma.  Here, in an extension
of this work, we present observations of the propagation of
relativistic electrons through up to 200µm of overdense
plasmas.

Experimental Arrangement

The set-up is shown in Figure 1.  Overdense plasmas were
preformed using soft x-ray heating of low-density foam targets.
The target composition was triacrylate, doped 10% by weight
with chlorine. Washer supported, parylene backed foams with
density 20mg/cc and length 50 µm were used in addition to
200 µm long, freestanding foams with density 30 mg/cc.  The
Foams were placed 50 µm behind a pair of 700 Å gold burn-
through foils. Two 600 ps heating beams of the Vulcan laser
were frequency doubled to 527 nm and focused onto the foils
with an intensity of 2×1014 W/cm2.  The soft x-ray emission
from the rear of the foils caused volumetric ionisation of the
foam within a nanosecond, producing a uniform, overdense

plasma.  A picosecond CPA pulse was subsequently focused
into the plasma with an off-axis parabola producing an intensity
on-target of 5×1019

 W/cm2.

Several diagnostics were employed in the experiment.  Soft
x-ray pinhole cameras, filtered for radiation below 500eV, were
positioned at the front and rear of the target.  The rear of the
target was imaged at 1054 nm onto a CCD camera using a lens
positioned behind the target.  In addition, a picosecond UV
probe pulse was used to produce a shadowgram of the target at
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Figure 1.  Beam and diagnostic arrangement.

Figure 2. Soft x-ray images of a 30mg/cc, 200µm long foam.
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varying stages following the interaction.

Results

Figure 2 presents x-ray images recorded by the front and rear
pinhole cameras.  The overlay shows the position of the inner
edges of the two gold foils.  The two large dark spots
correspond to the x-ray emission from the laser heating of the
foils.  Between the foils, a dark feature can be seen.  This
corresponds to the laser direction and appears to extend
throughout the target.

Figure 3 presents images from the CCD camera behind the
target.  In the case of the thinner foams, a compact, bright spot
is seen.  This corresponds to the position of the laser focal spot
when no target is present and is of similar size being less than
20µm in diameter.  The energy from this emissive spot is very
low, representing less than 10-5 of the incident laser energy.
Figure 3 b) shows an image of the rear of a 200 µm foam. On
this longer foam the spot is broken up and spread over an area
roughly 50µm in diameter.  This breaking-up was not seen in
earlier experiments when only the compact emission spot was
observed from thinner foams.

Plasma Simulations

The plasma conditions were simulated with the 1D Lagrangian
hydrocode, MEDUSA.  Figure 4 presents the simulated density
profiles at the time of interaction from foams of density
20mg/cc and 30mg/cc.  The plasma density is similar for the
two targets, reaching 6-8 times the critical density.  The 0.1 µm
plastic foil on the rear of the 20 mg/cc foam leads to higher
density than would otherwise be the case.  This suggests that the
CPA interacts with plasmas of similar density when the two
target types are used.

Discussion

The emission from the target rear is unlikely to be due to direct
laser propagation.  In order to propagate, the laser intensity
must remain above the threshold for induced transparency
throughout the target.  This would have resulted in a significant
amount of the incident energy being transmitted.  It is more
likely therefore, that the laser energy is converted into
relativistic electrons, which propagate through the target.  As
the electrons pass through the rear surface, they emit visible
radiation, either as transition radiation as they leave the plasma
or via synchrotron emission as charge separation accelerates
them back onto the target.  These processes have been

introduced to explain  similar observations in other experiments
with solid density targets3).

In thinner foams, 50 µm long, the electron transport appears to
be collimated whilst filamentation takes place over longer
propagation distances, up to 200 µm. This lends support to
computational studies that predict that the electron stream is
unstable as it interacts with the opposing cold return current4, 5).
This return current of background electrons is highly
collisional, unlike the relativistic current, which it balances, and
it is likely that this produces the x-ray signal on the pinhole
cameras.

In addition, previous work2) presented shadowgraphs showing
localised expansion of the rear of the target attributable to a hot
electron current propagating to the rear side6).

Conclusion

These observations represent the first measurements of electron
transport in a plasma below solid density and as such are of
great relevance to fast ignition studies.  We have observed
filamentation and break-up of a relativistic electron beam over a
200 µm length in plasma with 6 to 8 times the critical density
for 1 µm radiation.  This effect may have significant impact on
the Fast Ignitor where it is desirable for highly collimated
electron beams to propagate through high-density plasma. PIC
simulations are underway to investigate the electron transport
parameters in this density regime.
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Figure 4.  1D simulation results showing electron density at
the time of CPA interaction for two target types.
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Introduction

Charge displacement and currents generate electromagnetic
fields in plasmas via a wide range of mechanisms. These fields
cannot be directly observed by optical probing or X-ray
radiography techniques, which are sensitive to plasma density
and temperature variations. A more direct measurement could
be obtained by using charged particles. MeV protons have a
long stopping range in matter, therefore when probing plasmas
with small area densities, these particles are not sensitive to
plasma density modulations, and their propagation is primarily
affected by the presence of electromagnetic fields.

Over the last two years we have been developing a new
diagnostic based on laser produced proton beams. Protons with
energies of up to several tens of MeV were generated by
irradiating thin solid targets at laser intensities in the order of
1019 W cm-2 and above. Preliminary experiments were
conducted to characterise this proton source1-3). The proton
sources have been employed as a particle probe in the
development of a novel diagnostic scheme named proton
imaging4).

Here we report on a series of experiments carried out on the
Vulcan laser at the Rutherford Appleton Laboratory, where
different plasma conditions of interest to Inertial Confinement
Fusion were diagnosed using the laser-produced proton beam as
a probe.

Experimental set-up

The proton beam used for imaging was produced by focusing
the CPA beam of the Vulcan laser onto a 25 µm Aluminium
foil. The pulse had a wavelength of 1 µm and a gaussian
temporal profile with duration of 1 ps. A 12 µm FWHM focal
spot was obtained by using an f/3.5 off-axis parabolic mirror.
The intensity generated on target was typically of the order of
5.1019 W cm-2.

A layered stack of radiochromic film (RCF)5) was placed along
the normal to the rear surface of the Al foil to collect the
protons generated by the CPA interaction. A 25 µm Al filter in
front of the RCF stack stopped UV and X-ray radiation below
10 keV.

The plasma to be probed was produced by irradiating 25 µm Al
foil targets. These were placed in the propagation cone of the
proton beam. The surface of the foils was oriented along or
normal to the propagation of the protons to obtain side-on
(Figure 1) and face-on images of the plasma. The plasma
forming laser beam was a 600ps flat-top pulse. It had a
wavelength of 527 nm and was focused with an f/10 lens to
intensities in the range 1014 - 1015 W cm-2. The focal spot size
was changed from shot to shot by defocusing the lens. Focal
spots from 100 µm to 300 µm in diameter were produced to
provide different irradiation regimes. On some shots Phase
Zone Plates were inserted in the heating beam just after the
focusing lens and the focal spot produced had a nominal
diameter of 250 µm.

The distance from the proton source to the centre of the plasma
was set to 2 mm, and the distance from the source to the
detector stack was about 22 mm. The corresponding
geometrical magnification was around 10 - 12 times, depending
on the RCF layer considered.

In the face-on set-up a 4ω probe was used to measure by
transverse interferometry the plasma density at the time of
interaction of the proton beam with the plasma. The probe had a
266 nm wavelength (nc ~ 17.1021 electrons/cc) and was 2-3 ps
in duration.

Figure 1. Set-up for side-on probing (top view).

Proton images

Figure 2 presents two RCF layers corresponding to a proton
energy of 17.6 MeV.

Panel a) shows the cross section of the proton beam after the
propagation through a 25 µm Al foil, as in the face-on set-up. In
this laser shot, no plasma was formed on the foil target. The
folding structures are caused by inhomogeneities in the
electrostatic sheath that accelerate the protons at the rear side of
the source foil. The presence of the target in the line of sight is
not detected because the area density of a 25 µm Al foil is too
low to affect significantly protons with energy of  17 MeV.

Figure 2b presents a face-on image taken at the peak of the
plasma-forming laser pulse: in this case the protons going
through the plasma are displaced, scattered or stopped by the
e.m. fields generated during the laser interaction.

Figure 2. Face-on proton images (a) without plasma and
(b) with plasma.

Evolution in time

The temporal evolution of the observed structures was recorded
by changing the delay between the plasma forming pulse and
the CPA pulse. Images taken at the early stages of the laser
interaction show the formation of these structures, which grow
and become fully developed towards the end of the pulse
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(Figure 3). Just after the end of the laser pulse, the structures
disappear and the pattern is almost indistinguishable from the
one observed in absence of plasma. This observation suggests
that the e.m. fields in the plasma are set up and sustained by
energy input coming from the laser. The time scale for the
relaxation of the e.m. fields is less than a few 100 ps.

Figure 4 shows an overlay of a side-on proton image with the
density profile obtained from transverse interferometry. The
detected structures extend from solid density far out into the
coronal region.

Dependence on irradiation parameters

When the irradiation conditions of the target were changed,
distinct modifications on the recorded ion pattern were
observed.  This fact confirms that the fields experienced by the
protons are closely related to the interaction of the laser pulse
with the plasma.

Face-on images show a fine structure made of cells, the size of
which is changing with the properties of the focal spot. In our
experiments, tight focus conditions lead to a uniform pattern of
small cells about 60 µm in diameter. Larger focal spots
correspond to a reduced number of bigger cells (~100 µm).

The presence of a PZP introduces a fine-scale regular
modulation on the laser profile, which is transferred to the e.m.
field structures inside the plasma, and subsequently detected by
the ion beam. Side-on shots reveal a regular modulation in
image intensity when PZPs are used.

Simulations

Present day PIC codes can be used to investigate the proton
acceleration mechanism in ultra-intense laser interaction with
solid targets6,7). However these codes cannot follow the
propagation of a proton beam on the centimetre scale of our
experiments, due to computational constraints. Therefore we are
presently developing a 3D ray-tracing code especially tailored
to the parameters of our experiments. We intend to use this code
to obtain the order of magnitude of the e.m. fields inside the
plasma. Assuming different configurations for the fields, we can
investigate the processes potentially accountable for the
observed structures, and we could in principle discriminate
between the several processes that lead to the formation of the
e.m. fields. The basic assumption is that protons propagate
inside the plasma as test-particles. Interaction between the
different parts of the ion beam is neglected: to support this
assumption, we point out that the number density of the proton
beam is at least a factor 105 smaller than critical density of the
plasma, when the protons interact with the target.

Preliminary simulations with a 2D version of the ray-tracing
code were carried out assuming tubular E-field structures, like
the ones that could be induced by density modulations caused
by laser hot spots. We assumed that the tubes had a 60  µm
diameter and were 100  µm long. The radial E-field inside the
tubes was varied in intensity until the formation of the tubular
pattern was observed (Figure 5, next page). This sets a lower
limit for the intensity of the electric field. We found that the E-
field that could explain the experimentally observed pattern is
of the order of 5.108 V/m.

At intensities of  1010 V/m the protons are deflected so much
that the proton beam starts focusing into beamlets (Figure 5c).
This invalidates the assumption that the protons propagate
independently as test-particles, and sets an upper limit for the
E-field under our hypotheses.

Conclusions

For the first time a laser-produced proton beam was used to
diagnose a preformed plasma. Direct information about the e.m.
field distribution inside the plasma was stored in the ion beam
and subsequently recorded on a detector. Maps of the angular
distribution of the beam were obtained at selected proton energy
ranges. The temporal evolution of the observed structures and
the modifications caused by different irradiation conditions
were also investigated. Many concurrent phenomena could lead
to the observed ion patterns, and therefore extensive modelling
and interpretative work is needed in order to identify the

Figure 3. Face-on proton probing at different times;
arrows show the time of proton interaction with respect
to the plasma-forming pulse.

Figure 4. Side-on structures extending into the low density
region of the plasma plume.



High Power Laser Programme – Short Pulse Plasma Physics

19                        Central Laser Facility  Annual Report 2000/2001

fundamental processes that affect the propagation of the proton
beam through the plasma.

Figure 5.  2D ray-tracing maps for 13MeV protons propagating
through tubular structures 100µm long and 60 µm in diameter.
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Introduction

Recent advances in laser technology have enabled experiments
using laser pulses focused to extreme intensities – thus making
possible the exploration of new regimes in both atomic and
plasma physics1).  For example, when an ultra-high power laser
pulse is focused into dense plasma, the generation of magnetic
fields up to 109 Gauss has been predicted 2-5).  Here we report
measurements of the highest ever magnetic fields produced in a
laboratory, which were achieved during ultra-high intensity
(I >1019 Wcm-2) laser-plasma interaction experiments.  We
show that polarisation measurements of self-generated
harmonics of the laser provides a convenient method for
diagnosing the magnetic field in these interactions – and that
our experimental measurements indicate the existence of fields
in excess of 300 MegaGauss.  Measurements of these fields are
important for evaluating the use of intense lasers in various
potential applications and perhaps for understanding the
complex physics of exotic astrophysical objects such as neutron
stars 6).

Very large magnetic fields (up to 1 GigaGauss) have been
predicted by both computer simulations 2-4) and analytical
calculations 5) to exist in the high density region of the plasmas
produced during ultra high intensity laser-matter interactions.
These fields are predicted to be localised near the critical
density surface, i.e., the region where the laser frequency equals
the plasma frequency and where most of the laser absorption
takes place.  Spontaneous magnetic fields can be generated by
electron temperature and density gradients7)

(i.e. ∂ B
∂ t

∝ ∇ n e × ∇ T e
), by the radiation pressure

associated with the laser pulse itself 5), as well as by the current
of fast electrons generated during the interaction 3).  The
generation of fields by the above sources becomes similar in
magnitude at very high laser intensity.

Existing diagnostic techniques for magnetic fields are
inadequate for measurements where the plasma density is very
high (ne ~ 1021 cm-3) since the steep plasma density gradients in
these regions cause unacceptable refraction of external laser
probe beams.  Until now only the outer low-density plasma
(ne ~1019-1020 cm-3) magnetic field (less than 10 MegaGauss)
has been measured 8,9) – which is far lower than that predicted
to exist near the critical surface.  Thus, the development of new
diagnostic techniques is required for detecting the highest
magnetic fields which may exist only in a very small volume of
very high density material and may only last for picosecond
durations.

In this article we describe the first observations of the huge
magnetic fields near the critical density surface during high
intensity (I > 1019 Wcm-2) short pulse (τ ~ 1 ps) laser-plasma
interactions using polarimetry measurements of self-generated
harmonics of the laser frequency.  High order laser harmonics
(up to the 75th) have been previously observed from similar
experiments10) and are produced by the current of hot electrons
which is driven by the laser field across the critical surface
during the interaction.  Since these harmonics propagate out of
the high density region isotropically and are generated at the
critical surface with the same polarisation as the incident laser
beam, we have found that the measurement of the final
polarisation of these harmonics is a powerful technique which

can be used to infer the magnitude of magnetic fields through
which they travel.  In particular, use of self-generated laser
harmonics is convenient since they are produced at precisely the
same time as the large magnetic fields are generated and
propagate so that their k-vectors are perpendicular to azimuthal
magnetic fields in the plasma – which greatly simplifies data
interpretation (see Figure 1).

Figure 1.  Schematic of experimental set-up.

All of the previous theoretical work 2-5) implies that the largest
magnetic fields are in the azimuthal direction about the laser
axis of propagation – which is also what is observed here.

Experimental work

In our experiments, we use lower order harmonics (i.e., the 2nd,
3rd, 4th harmonics) generated at the critical surface as well as the
3/2 harmonic generated at the quarter-critical density surface as
diagnostic tools to measure the self generated magnetic fields.
This measurement is possible since the plasma in the presence
of a magnetic field is birefringent and/or optically active
depending on the propagation direction of the electromagnetic
wave.  The former is known as linear anisotropy and produces
the Cotton-Mouton effect (an induced ellipticity) and the latter
as circular plasma anisotropy which produces the Faraday effect
(or rotation of the polarisation vector).  An important difference
between these two effects at lower field strengths is that the
Cotton Mouton effect scales like λ3 while the Faraday effect
scales like λ2 (where λ is the radiation wavelength).
Consequently, comparison of the polarisation states of different
harmonics can determine the relative importance of these
effects, and measurements of the polarisation parameters of the
scattered harmonics (i.e. the Stokes vectors) can precisely
determine the transition matrix and hence the magnetic field
distribution which connects the initial Stokes vector of the
electromagnetic wave (before the plasma) and the final Stokes
vector (after the plasma)11).

The results presented here were obtained using the high
intensity Vulcan laser system at the Rutherford Appleton
Laboratory.  This laser delivers pulses at a wavelength of
1.054 µm, with an energy up to 60 J and a duration of
0.8 – 1 picoseconds.  The beam was p-polarised and was
focused to a 12 µm diameter spot producing a maximum
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intensity of about 8 x 1019 Wcm-2 on a thin solid target.  In
order to measure the self-generated magnetic field during the
interaction the Stokes parameters of the 4th, 3rd and 2nd

harmonics are measured with polarimeters which use high
dynamic range CCD arrays as detectors.  At the entrance to the
polarimeters, interference filters are placed in order to select the
desired harmonic.  Each polarimeter has four channels
consisting of one reference channel, two channels with
polarisers set at 0o and 45o respectively and a channel with a
polariser at 45o followed by a λ/4 waveplate.  The results of
these measurements can thus completely determine the
polarisation state of the incident radiation.  Calibration shots,
i.e. shots without polarisers, are used to measure the efficiency
of each channel.

The initial polarisation of the harmonics is linear and is the
same as that of the main interaction beam (p-polarised).  This
was verified experimentally from very low energy shots (less
than 1 J).  The angle that the harmonics enter the magnetic field
(15 degrees) can be determined from the collection optics but
can also be calculated experimentally from the initial Stokes
parameter from shots at low laser intensity.  The uncertainty in
this angle is the principal source of error in the measured
magnetic field.

Consequently, from each of these measurements we can
determine the magnitude of the magnetic field using only a
single assumption, i.e. that for the plasma density scalelength –
which was estimated from computational simulations of the
interaction.  It should be emphasised that no other theoretical
assumptions or simplifications were used to calculate the field.

Figure 2. Measured magnetic field vs. incident laser intensity
as determined from polarimetry of 2nd (diamonds), 3rd (squares)
and 4th harmonics (filled circles).

Figure 2 shows the magnetic field strength versus laser intensity
as measured using the 4ω, 3ω and 2ω harmonics of the laser.
The peak density used is the relativistically corrected critical
density value (e.g. ne = 2.4 x 1021 cm-3 for I ~ 2 x 1019 W/cm-2)
which is assumed to decrease exponentially with a scalelength
of 1 µm.  At low intensities (I ~ 1017 W/cm2) measurements of
all three harmonics give similar results (Bmax ~ 80 MegaGauss)
while as the intensity increases, the results diverge.  It can be
seen that fields in excess of 300 MG are suggested by the
measurements of the 4th harmonic.

Plasma density gradients can also produce depolarisation of
light12,13). However we estimate that this effect is small since in
our experiments the measured radiation is propagating on
average along the direction of the density gradient.  This effect
is also much less important for harmonic (higher frequency)
radiation.

It is important to note that there is no change of the state of the
polarisation of the 3/2 harmonic (i.e. the 3/2 harmonic was

p-polarised for an incident p-polarised laser beam) which
implies that the magnetic field which affects the polarisation of
the scattered harmonics is localised between the critical density
surface and the quarter critical density surfaces where the 3/2
emission is produced14).  The measured magnetic field is
therefore that produced in the very highest density regions.  In
addition, no significant change of the magnetic field strength
was observed when observations were made at different angles.
Analysis was also performed to determine the relative
importance of magnetic field components parallel to the
propagation direction of the harmonics (i.e. the Faraday effect)
and these measurements indicated that that the B ||  component
is negligible – confirming that the magnetic field produced
during the interaction is azimuthal.

Figure 2 can be understood if one considers the effects of
extreme magnetic fields on harmonic propagation.  When an
electromagnetic wave propagates in a plasma with its k vector
perpendicular to B, the extraordinary wave (X-wave), i.e. with
an electric field vector perpendicular to the magnetic field, can
experience cutoffs and resonances, see Figure 3.

Cutoffs occur when the index of refraction is equal to zero and
resonances when the index approaches infinity.  The X-wave is
reflected when it encounters a cutoff and is absorbed in a
resonance (at the upper hybrid frequency).  For example, the
cutoffs for the 4ω, 3ω and 2ω harmonics occur at
341 MegaGauss, 224 MegaGauss and 81 MegaGauss
respectively for a density of ne = 2.4 x 1021cm-3.  It is
consequently impossible to measure fields higher than this
using the Cotton Mouton effect – so Figure 2 simply indicates
that the harmonics measured are those produced in an extended
region of plasma just beyond the extent of the region in which
the magnetic field exceeds the cutoff value.

The ordinary wave (with E parallel to B) is unaffected by these
cutoffs and resonances.  This means that if a field larger than
the cutoff field exists in the plasma and if this field extends over
a region larger than the location where that particular harmonic
is generated – only the ordinary wave will be able to propagate
to the detector and consequently only the s-polarised wave can
be observed.

This is precisely what is measured in our experiments for the
very highest intensity shots.  Figure 4 presents data from two
high intensity shots (I ~ 8 x 1019 W/cm2) for the 4ω harmonic.
Figure 4(A) is a calibration shot where no polarisers were used

Figure 3. Plot of lower cut-offs for various harmonics of
1.054 µm radiation (in terms of plasma electron density
and magnetic field).  Harmonics produced at high electron
density will only exhibit a cut-off if a very large magnetic
field exists in the plasma (i.e. the X-wave cannot propagate
across the curve indicated).  This plot indicates that this
technique may be suitable for measurements of field
strengths up to 1 GigaGauss.
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and Figure 4(B) is a shot with the polarisers present.  There is
no signal on the detector on the p-channel in 4(B) (polariser at
0 degrees).  This is a clear indication of the 4ω cutoff, implying
the existence of a minimum magnetic field of 340 MegaGauss
in the plasma – in good agreement with the above analysis.
Such fields are more than an order of magnitude larger than any
previous observations15).  No assumptions for determination of
the magnetic field are required for this technique and these
observed cutoffs were clearly reproducible in our experiments –
but only at the very highest laser intensities.

In Reference 16 it has been shown that there is a fundamental
limit to the maximum field which can be generated in the
ablated plasma during such interactions.  If one takes
Te= 106 eV, ne = 2.4 x 1021 cm-3 we obtain from this model
Bmax ~ 250 MegaGauss which is in reasonable agreement with
the measured fields.  This Bmax will occur at the marginal onset
of micro-turbulence and will grow approximately in a time
given 16) by 4.2 x 10-13 sec-1 – which is about the laser pulse
duration and which can also limit the maximum field.

The magnetic fields which can be produced in these
experiments are only an order of magnitude less than that of the
oscillating magnetic field of the focused laser pulse itself and
begin to approach those required to generate Landau
quantisation of electron motion in hydrogen6).  As the intensity
is increased further even higher magnetic fields may be
possible, and under such conditions the equation of state and the
opacities in the plasma may be affected.  Consequently,
astrophysical models developed for extreme conditions such as
those on the surface of neutron stars and white dwarfs may soon
become testable in the laboratory.
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Introduction

When a high intensity laser pulse is focused onto a plasma, very
energetic electrons and ions can be observed from  interactions
with either gaseous or solid density plasma targets 1-3).  The
onset of this regime is roughly Iλ2 = 1.3 x 1018 Wcm-2µm2,
where the average kinetic energy of an electron oscillating in
the laser field becomes equivalent to its rest mass.  Currently,
the most powerful lasers have been able to achieve focused
intensities in excess of 1020 Wcm-2 with laser pulses containing
up to several hundred Joules of energy 4), indicating that
relativistic plasmas can now be easily achieved in the
laboratory.

One of the most exciting potential applications for these exotic
laser-produced plasmas is in the context of the Fast Ignition
scheme5) for inertial confinement fusion (ICF).  In this scheme,
a high power laser pulse generates an intense electron beam at
the edge of a cold, highly compressed plasma of deuterium and
tritium (DT).  This electron beam can then locally heat a region
of the DT core to fusion temperatures, which subsequently
sparks a burn wave able to propagate throughout the remainder
of the pellet.  The separation of compression and heating stages
in ICF greatly reduces the total energy requirements for the
driving beams – and also reduces the symmetry constraints for
the initial compression.   However, much of the physics
involved in this scheme is unknown at present.

In fact, there is a significant difference in scale between the
parameters of hot electron “beams” currently produced in
experiments and those envisaged for the full Fast Ignitor.
Clearly only large-scale experiments will answer all of the
questions concerning electron beam generation efficiency,
propagation, and energy deposition in such high density
plasmas – however, it is possible to estimate the parameters of
the electron beams required to heat the necessary hotspot of
ρr = 0.3gcm-2 to achieve ignition.  For ρ = 300 gcm-3, one
requires ~ 10 kJ of energy with Eaverage= 1.5 MeV – which
implies 4 x 1016 electrons.  The ρr of the hot spot requires a
beam diameter of 20 µm and implies a beam density of
3 x 1023 electrons/cm3 – in the case of a 1 ps pulse.  This
corresponds to the electron density in a ~ 3 gcm-3 DT
(deuterium-tritium) plasma.

The electron beams currently generated in experiments have
beam currents significantly above the Alfvén current:

 IA = 1.7 x 104 βγ = 54 kA for γ = 3,

This is the limiting electron beam current in vacuum.  In
previous experiments, bremsstrahlung measurements at 50 J
incident laser energy suggest that 4 x 1012 – 2 x 1013 hot
electrons are produced (10 - 50% conversion efficiency).  The
large uncertainty is a result of the uncertainty in the temperature
measurement, which indicates hot electron temperatures around
1.5 - 2 MeV 2).  The electron current in present experiments is
therefore 10 – 50 times IA and the electron beam density is
~ 1020 cm-3.

Electron beams greater than the Alfvén current can only
propagate in a plasma if they are almost perfectly compensated
by a cold return current produced by the background electrons.
In present experiments, the forward current density is typically
less than 10-3 of the target electron plasma density and is easily
compensated.  However, as the electron beam density increases
and approaches the background electron density, it will become
much more difficult to compensate for the beam current.
Consequently, stable propagation of these beams will be more
difficult – especially in the fast ignition regime.  Indeed, there
are many questions associated with electron beam propagation
in this regime which have yet to be studied.

One avenue for investigating these electron beams with present
laser systems is to allow the beam generated from a relativistic
laser interaction with a solid target to propagate from the solid
target into a lower density gas.  The electron beam density is
then comparable to the density of the cold background
electrons.  It is also much easier to diagnose low density
plasmas than high density ones.  Note that the electron beam
temperature in our experiments is similar to that envisaged for
the Fast Ignitor.

Experiment

These experiments were carried out using the CPA beam of the
Vulcan Nd:Glass laser system.6).  The laser has a wavelength of
1.054 µm, a pulse-length of 0.9 – 1.2 ps and a pulse energy of
50 – 70 J.  The laser beam (111 mm x 200 mm) was focused
onto the target surface using an f.l.= 600 mm off-axis parabolic
mirror.  The laser beam was p-polarised and was incident onto a
thin solid target at an angle of 45o.  The peak intensity was
measured to be about 5 x 1019 W/cm2.  The targets were
typically thin foils of aluminium or mylar (CH) and all of the
optics for the beam after compression were placed in a vacuum
chamber evacuated to less than 10-4 mbar pressure.

In this experiment, a gas jet was placed immediately behind the
foil target.  The gas/plasma was probed transversely using
picosecond shadowgraphy and Moire deflectometry
(interferometry) with a picosecond duration 527 nm diagnostic
beam to observe plasma density gradients associated with the
propagation of the laser-produced electron beam7).  The
supersonic gas jet produced a high density region of gas
(~5 x 1019 atoms/cm3) of either helium or argon.  The electron
density in this plasma was around 1020 electrons/cm3 in the case
of helium and around 1021 electrons/cm3 in argon.

Electrons in the gas are initially in bound states in atoms and are
quickly ionised during the interaction.  This process can be
observed in Figure 1 which shows a shadowgraph of the
ionisation process. This shadowgraph was taken synchronously
with the interaction of the main laser beam at the front of the
target.   The observed filaments are likely due to ionisation of
the gas by diverging electron beams produced during the initial
phase of the intense laser interaction.  Note that it is not
possible for the laser radiation to propagate through these
aluminium or mylar plasmas – since the targets were generally
50 µm thick.  Consequently, the structures observed in the
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underdense plasma are definitely those due to the propagation
of the laser-produced electron beam.

In these experiments, it was also possible to make observations
of the energy deposition of the main electron beam.  Figure 2
shows the propagation of an electron beam exiting a 50 µm
mylar target into a helium gas jet.  The probe image shown is
taken at late time (300 ps after the pulse).  The density gradients
in the gas are therefore likely to be the signature of the energy
deposition by the electron beam as it heats up a region of the
gas which then subsequently expands.  In Figure 2 the electron
beam appears to remain collimated over a short distance after
entering the gas after which it filaments and hoses.  Significant
shot-to-shot variations of the propagation pattern were also
observed.  However filamentation and hosing of the beam in the
low density plasma region was observed for all cases studied.
A more detailed analysis of these results will be published in a
future paper.

Conclusions

We have used an innovative target design to study the
propagation of very high current laser produced electron beams
in a regime relevant to the Fast Ignition scheme.  It is apparent
from these results that these electron beams are subject to
severe filamentation and hosing instabilities in plasmas where
the beam density is close to the background plasma density.

References

1. Modena et al., Nature 377, 606 (1995).

2. E. L. Clark et al., Phys. Rev. Lett. 84, 670 (2000).

3. M. H. Key et al., Phys. Plasmas  5, 1966 (1998); P.
Norreys et al. Phys. Plasma 6, 2150 (1999); M. I. K.
Santala et. al., Phys. Rev Lett  84, 1459 (2000).

4. Perry, M. D., & Mourou, G., Science 264, 917-924 (1994).

5. M. Tabak et al., Phys. Plasmas 1, 1626, (1994).

6. N. Danson et al., Journal of Mod, Opt. 45, 1653 (1998).

7. M. Tatarakis, J. R. Davies, P. Lee, et al., Phys. Rev. Lett.
81, 999-1002 (1998).

Figure 1. Shadowgraph of rear side of solid/gas target during
high intensity laser interaction.  Probing time is synchronous
with main interaction (1-5 ps) and the laser is incident from the
right.  The bright region is self-generated second harmonic
emission at the front surface.  The width of the image is
~ 250 µm.

Figure 2. Shadowgraph at late times (~ 300 ps after the main
interaction).
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Introduction

The beatwave scheme has been the subject of investigation for
some time as a method for the production of high-energy
electron beams with laser-produced plasmas1-3). The process
involves the collinear superposition of two laser wavelengths
which modulate the wavepacket at the ’beat’ frequency; the
ponderomotive force associated with the E-field gradient of
these beats stimulates the growth of a plasma wave if the
wavelength difference is matched to the electron plasma
frequency, ωp, of the target plasma. Charged particles with a
velocity similar to the plasma wave phase velocity can gain
energy from the longitudinal electric field of the wave and
become accelerated4).

Growth of the plasma wave is limited by the relativistic mass
increase of oscillating electrons5), so that ωp decreases and the
beat is no longer resonant. However, if the laser pulse length is
much longer than the ion plasma period, electron oscillations
couple to ion motion via the modulational instability (MI), and
the wave amplitude is instead limited by energy lost into ion
acoustic waves6). Previous beatwave experiments have used
laser pulse lengths of 90 ps or more so that the amplitude is
saturated by the MI rather than by relativistic effects. In this
experiment, a shorter (3-4 ps) and more intense pulse was
employed in order to side-step the modulational instability, so
that the wave may be driven to relativistic amplitudes.

Experimental Set-Up

The experiment was performed with the Nd:glass Vulcan CPA
laser system at RAL using a Ti:Sapphire  mode-locked
oscillator. To obtain the two frequencies for the beatwave a
mask was placed between the two diffraction gratings of the
CPA stretcher (Figure 1). The mask had slits to select two
narrow frequency bands from the input bandwidth to pass
through the laser amplifier chain: these two bands were thus
temporally separated throughout the chain to prevent non-linear
interactions within the laser medium7).

Figure 1. Modifications to the CPA stretcher for the beatwave.

Figure 2. An image from the autocorrelator showing the beats.

The width and separation of the slits could be adjusted to
choose the beat frequency and the bandwidth of its component
frequencies. A separation of ∆λ = 5.3 nm was obtained as a
compromise between maximising the beat frequency while
keeping both component frequencies within the laser gain
bandwidth. Each component had a bandwidth of about 1 nm.

After amplification and recompression, the two components
were overlapped temporally and spatially; the compression
gratings could also be adjusted to generate a positive or
negative chirp on the recompressed pulse. A single-shot
autocorrelator showed the intensity modulations due to the
beating  and could be used to check the overlap - see Figure 2.

The pulse is then focused with a 0.6 m off-axis parabolic mirror
into a chamber filled with low pressure hydrogen gas. The
transmitted beam was imaged onto an optical spectrometer to
determine the forward scattered spectrum.

Results

The average energy on target  per pulse was approximately
30 J, delivered into a focal spot with dimensions about
10µm × 30µm. The modification of the CPA stretcher had the
effect of reducing the output energy and increasing the pulse
length due to the reduced bandwidth, and a minimum
compressed pulse length of 3 ps was achieved. This resulted in
an intensity of about 3×1018 Wcm-2 at focus. A measurement of
the spectrum of the incoming beam showed that the balance in
energy between the two frequencies was about 5:3 in favour of
the higher frequency. Given a beat composed of wavelengths at
1050.7 nm and  1056.0 nm, the frequency of the beat envelope
was  1.43×1012  s-1, which equals the plasma frequency of a gas
with electron density of ne0 = 2.55×1016 cm-3: assuming that the
laser completely ionises the gas without altering its density, this
requires an initial gas fill pressure of 0.47 mbar (at S.T.P.).

The presence of the plasma wave was detected by measuring
the Raman scattering of the transmitted beam, whereby the
plasma wave mixes with the incident electromagnetic waves to
produce side-bands in the transmitted spectrum, spaced from
the incident frequencies by ∆λ. The intensity of these side-
bands may be used to estimate the amplitude of the plasma
wave. However, two frequencies co-propagating through a non-
linear medium (such as the neutral gas between the compression
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gratings and the focus) also undergo atomic cross-phase
modulation, a process which produces side-bands with the same
wavelength separation, and so methods must be found to
distinguish between them.

Figure 3.  Transmitted beam spectrum showing the incident
fundamental frequencies and  the scattered side-bands.

A series of shots was taken with the Vulcan laser into  hydrogen
gas, varying the gas pressure for each shot, and measuring the
intensity of the side-bands each time. Figure 3 shows the output
from the spectrometer, recorded  on a 16-bit Andor CCD
camera. A plot of the variation with electron density of the
intensity of the first side-band (Iside) on each side of the
fundamentals is shown in Figure 4. The side-band intensities are
scaled against the energy of the laser, to account for shot-to-
shot variations, and the electron densities have been scaled to
the resonant density derived from the beat frequency. The blue
side-bands appear to be more intense than the red; this is
probably due to ionisation-induced blue-shifting.

The plot (Figure 4) shows an increase in side-band intensity
with electron density, superimposed upon which is a sharp peak
at a density of 11.7 ne0. The underlying increasing trend is most
likely to be due to cross-phase modulation in the neutral gas
atmosphere, as the non-linear refractive index increases linearly
with gas density, but the peak is almost certainly due to the
creation of an electron plasma wave by the beatwave process,
despite its appearance at a density many  times ne0. There is also
an apparent peak at 21 ne0, but more data is needed to find out if
that is due to a real plasma effect.

Discussion

A simple explanation of why the resonance peak in the side-
band intensity is shifted to a higher electron density may lie
with the effect of the ponderomotive force associated with the
radial electric field gradient of the laser focal spot. Assuming
that the field strength decreases with distance from the beam
axis, this acts to expel electrons from the middle of the beam,
creating a density depression there and a density surplus at the
beam edge.

Therefore, if the electron density of the plasma is higher than
ne0 to begin with, the ponderomotive force of the beam could
bring it down to a value which is resonant with the beat. A
steady-state approximation for the density depression may be
calculated by equating the outward ponderomotive force
exerted on the electrons by the laser with the inward attractive
space-charge force due to the remaining positive ions:

(1)

for a Gaussian pulse profile with waist σ, length τ, and energy
E. With the beam parameters outlined above, an electron
density depression of δne ≈ 1016 cm-3 can be expected, which is
of the correct order of magnitude to account for the shift in
resonance shown in Figure 4.

It can be concluded from this data that the short pulse beatwave
process has been successfully demonstrated to generate plasma
waves. However, a quantitative measurement of the amplitude
of the wave must wait for further modelling work to be
undertaken.
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Introduction

High intensity laser-plasma interactions at intensities greater
than 1019 W/cm2 have recently allowed the exploration of new
regimes in plasma physics.  Such interactions can produce fast
electrons with energies greater than 100 MeV 1), gamma rays of
tens of MeV 2) and energetic ions of up to several hundred
MeV 3).  There are clearly many potential applications for these
energetic particles such as compact accelerators1), inertial
fusion4), and as diagnostic probe beams of high density
material.  The use of these lasers as a source of MeV x-rays for
providing deep-penetration radiographs of dense matter has also
recently been discussed5).  This application of laser-produced
plasmas is particularly attractive since such sources may soon
be scalable to “table-top” sizes and to high repetition rates.  It
may also be possible to obtain multiple views of an object from
arbitrary angles – thus potentially enabling 3-dimensional
radiographic “movies” of dense, rapidly moving objects such as
inertially confined fusion targets.

Experiment

This report describes experiments conducted at the Rutherford
Appleton Laboratory using the ultra-high power Vulcan Laser
facility to examine the feasibility of this application.  In this
work, we compare the use of both high Z solid targets and low
density gas jet targets for γ-ray generation.  The γ-rays are
typically generated in a secondary process – since electrons are
initially accelerated during the laser plasma interaction which
subsequently emit hard x-rays via bremsstrahlung as they are
stopped in solid material.  In this work, we show that the
gamma rays produced in a laser accelerator configuration are
much more collimated and can be generated more efficiently
than in a simple solid target interaction.

In these experiments, we used lithium fluoride dosimeters
(TLDs) to measure the total radiation output as well as the
direction and the spectrum of the radiation.  The gamma ray
source was then also used to radiograph thick high-density test
objects.

The laser interaction region was surrounded by an array of
sixteen tungsten collimators to provide complete angular
information concerning the x-ray flux.  The tungsten
collimators were constructed using specially made kinematic
mounts so that their positions would be known precisely.  The
dosimetry was performed by inserting four standard colour-
coded TLD plastic pots separated by 4 mm long cylindrical
tungsten plugs in a 5 mm diameter 10 cm long cylindrical hole
in the centre of each of the collimators.  Up to seventeen of
these cylinders were distributed around the target chamber and
the doses on each TLR were measured using a standard reader.

In addition to the TLD/collimator assemblies which measured
filtered dose, a number of TLD pots were fielded to look at the
“bare” dose.  These were placed inside small perspex cylinders
to ensure electron equilibrium and were sensitive to photon
energies above 1 keV.

In these experiments the Vulcan 6) high power beam was
transported into an evacuated target chamber where it was
focussed by an off-axis parabolic mirror to a spot of about
10 µm diameter.  The maximum intensity was about
5 x 1019 W/cm2 in the work described here.  In the initial set of
experiments a solid target was used which was angled at 45° to
the direction of beam propagation.

For simplicity an “effective” energy was assumed for the laser
generated electron beam (Veffective), and consequently the
attenuation values for the TLDs through the collimator could be
calculated for each TLD for varying energies from 0.2 MeV to
14 MeV.  Target absorption was ignored as an initial
approximation.  To derive the energy from a particular result,
ratios from the first TLD to the others were used since the
unattenuated dose was not directly measured.  The x-ray
spectrum could then be deduced by comparing the ratios of the
fielded TLDs to predicted values for a given Veffective.

A total of 22 shots was fired with TLDs fielded during this set
of experiments and a maximum of 70 TLD containers was used
per shot.  Background measurements were taken regularly to
maintain the accuracy of the TLDs with the lowest readings.
Fourteen shots were fired using a solid target of gold or
tantalum of differing thicknesses.

Figure 1 shows raw TLD measurements taken from a shot onto
solid tantalum targets, 1.75 mm thick and angled at 45 degrees
to the laser axis.  In general, such shots produce their peak dose
at an angle of at least 30 degrees to the laser beam axis.
Unfortunately, TLDs could not be fielded at 45 degrees where
the peak dose would have been expected due to space
limitations.  For each angle three values for Veffective could be
generated, one from each of the green, blue and yellow TLDs.
A weighted average of the data was then taken, skewed towards
the front TLDs as these received higher doses and so should be
less susceptible to errors.

Gamma - radiography using a laser-plasma accelerator
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Figure 1. TLD signal levels with respect to angle for a typical
solid target shot.  The peak signal occurs in the direction
approximately normal to the target surface.
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All of the shots from solid target interactions are broadly
similar, with a peak temperature of about 4 MeV(for Veffective).
The main differences between measured angular distributions
for different shots are slight changes in the positioning of the
high energy points and the low energy points.  In all cases,
however, the high energy measurements were made on the
TLDs facing the back surface of the target, while significantly
lower measurements were obtained from the TLDs facing the
front, laser illuminated, surface of the target.

Using the gas target in a laser accelerator configuration as the
source of the electron beam has a dramatic effect on the
production of x-rays within a high Z target, as shown in
Figure 2.

The peak dose is substantially increased over the x-rays
produced from laser-solid target.  In fact, the peak dose may
well have been higher but has been missed by the positioning of
the TLDs.  The other notable effect is that the width of the dose
distribution is considerably narrower and the direction of the
gamma ray beam is directly along the laser axis.

It appears that the high energy electrons which the laser beam
generates in the gas jet are self collimated and mono-
directional.  Evidence for this comes from the shape of the x-ray
beam and the difference between the peak doses of these gas jet
shots and those without.

All of the gas jet shots have a small (< 5°) mean angle.  This
implies that the gas jet acts as a source of near unidirectional
electrons that then hit the heavy metal target. Rough estimates
of the total radiated x-ray dose give similar values to the solid
and gas jet shots showing that the change in the on-axis dose is
purely caused by the mean angle of the electron beam created
by the laser.  This is in contrast to previous activation
measurements of the beam profile – which showed a larger
beam divergence of the electrons7) and a much higher signal
level relative to solid targets – however this was likely caused
by the fact that activation measurements only record signals
from the highest energy electrons.  From the TLD
measurements a peak dose of 2.3 R at 1 metre and a Veffective of
4.0 MeV was recorded.   This is significantly higher than
previous solid-target measurements 5).

Radiography of test objects was also performed using this
source (see Figure 3).  It should be noted that no collimation or
scatter control measures were employed because of space
limitations.  Had such techniques been used a substantial
improvement in the quality of the radiographic image would
have been expected.

The test object was specifically designed to represent a high-
density spherical object.  It has an inner sphere of lead, 12 mm
in radius, surrounded by a tungsten sphere 35mm in radius
which is itself contained within a aluminium sphere of 53 mm

radius.   With an incident dose of 156 mR, a density of 0.7 on
DEF direct recording x-ray film would be expected. The actual
recorded optical density of the central core had a value of 0.9
(of which 0.2 was inherent background optical density) so that
good agreement between the calculated values and the
radiograph was obtained.  An example radiograph is shown in
Figure 3.  The source size was estimated to be 20 microns.
Shown is the central lead core which has a line of sight mass of
118 g/cm2.  The fuzziness to the edge of the lead core is purely
due to the lack of collimation and scatter control employed in
this quick set-up arrangement.

In the case of the Vulcan laser with the above geometry, blur
due to the radiographic source spot diameter of 0.03mm is
0.0069 mm (spot blur).  The intrinsic film blur on DEF film for
the Vulcan laser projected into the object plane is 0.284 mm.

Conclusions

In conclusion, we have measured the angular direction of the
gamma ray emission from both solid target and gas jet
interactions and it appears that the use of a laser accelerator
configuration greatly enhanced the collimation and the strength
of the emitted gamma ray beam.

An important application of these sources may be for non-
destructive inspection of materials using high repetition rate
lasers.   The advantage of using a well controlled gas-jet target
has clear advantages over solid targets.

The authors would like to acknowledge the assistance of the
operations staff of the Vulcan laser at the Rutherford Appleton
Laboratory.

References

1. Modena et al., Nature 377, 606 (1995).

2. M. H. Key et al., Phys. Plasmas  5, 1966 (1998); P.
Norreys et al. Phys. Plasma 6, 2150 (1999); M. I. K.
Santala et. al., Phys. Rev Lett  84, 1459 (2000).

3. E. L. Clark et al., Phys. Rev. Lett .84, 670 (2000).

4. M. Tabak et al., Phys. Plasmas 1, 1626, (1994).

5. M. D. Perry, et al., Rev. Sci. Instr. 70, 265 (1999).

6. N. Danson et al., Journal of Mod, Opt. 45, 1653 (1998).

7. M. I. K. Santala et al., Phys. Rev. Lett. 86, 1227 (2001).

Angle from Laser axis 

0 . 0 

5 0 . 0 

1 0 0 . 0 

1 5 0 . 0 

2 0 0 . 0 

2 5 0 . 0 

3 0 0 . 0 

3 5 0 . 0 

4 0 0 . 0 

- 1 8 0 0 - 1 2 0 - 6 0 6 0 1 8 0 1 2 0 

D
os

e 
m

R
 @

 1
m

 

Figure 2. TLD signal levels with respect to angle for a
typical gas jet target shot.  The peak signal occurs in the
direction along the direction of laser propagation.

Figure 3. Radiograph of Vulcan test object.
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Introduction

The high intensities available with current lasers
(I ~ 1020 Wcm-2) have led to a wealth of novel phenomena
observed in solid interactions. These include the generation of
relativistic electrons, beams of gamma rays, energetic protons
(up to 50 MeV) as well as laser induced nuclear reactions1-4).
The small spatial and temporal scales ( < 10  µm, < 1 ps) make
it difficult to diagnose these interactions in detail using
conventional techniques.  Measurements of the emission of high
order harmonics of the fundamental laser frequency can be a
powerful diagnostic of the physical processes and plasma
conditions in the interaction region5-8) in addition to being of
interest as a bright source of XUV radiation.  Norreys et al 9)

using values of Iλ2 up to 1019�: P2cm-2 have observed up to
the 75th harmonic of a 1.053 µm  laser with a conversion
efficiency of 10-6.  The harmonic generation is due to the
electrons dragged across the vacuum-solid interface by the
electric field of the laser pulse.  Harmonic generation can also
be understood by a simple model based on the phase
modulation experienced by the light on reflection from the
oscillating plasma-vacuum boundary10-12).

In this paper we report the first observations of the modulated
spectral structure of harmonics generated from solids.  Our
results show that at Iλ2 ~ 1019� : P2cm-2 the spectrum is
modulated with a periodicity of 2 to 4 harmonics.  The
experimental results are compared to PIC simulations which
show that at high intensity the amplitude of the critical surface
oscillation increases and is no longer purely sinusoidal at the
laser frequency.  We show that the modulation results directly
from the motion of the reflecting surface.  Good agreement is
found when the trajectory of the critical surface, derived from
PIC simulations, is used with the “moving mirror” model.
Consequently the dynamics of the critical surface can be
inferred from the experimental observation of the harmonic
spectrum and this may prove to be an important diagnostic
technique in future high-intensity experiments.

Experiment and simulation

The experiment was performed on the Vulcan laser system at
the Rutherford Appleton Laboratory, delivering 0.7 - 1.0 ps
pulses at 1.053 microns  with energies up to 50 J onto target.
The rectangular beam, 20 x 11 cm2, was focused by an on-axis
parabolic mirror (f = 22 cm).

The target consisted of an optically polished fused silica slab set
at 45o angle of incidence with the beam p-polarized.  The
energy on target and pulse duration were monitored on a shot-
to-shot basis.  The focused intensity on target was estimated
from the maximum ion energy in the blow-off plasma using
CR39 nuclear track detectors11,13,14). Another measure of the
shot intensity was obtained from the hole boring velocity of the
critical surface measured by the Doppler shift of the harmonics5,

15).  The intensity (I) on target was up to 1.0 x 1019 Wcm-2.

The laser pre-pulse was determined in a previous experiment to
be about 10-6 of the peak intensity.  The sub-critical plasma
produced by this pre-pulse in front of the target was measured
by optical probing and found to have a scale-length which was
typically less than 10 µm.      

The harmonic emission in the specularly reflected direction was
observed by a slit-less flat-field XUV spectrometer 10,17).  This
consisted of a gold-coated cylindrical grazing-incidence
collection mirror followed by a variable line-spaced grating,
also at grazing-incidence.  The acceptance angle of the mirror
and grating was 1 x 10-6 sr.  The mirror and grating were
orientated perpendicular to each other to produce an astigmatic
line image in the detector plane of the harmonic emitting
plasma at the target.  The dispersed radiation was split into two
wavelength regions and detected separately.  The region
540 - 276 Å was intercepted by a plane gold-coated mirror set at
65 degrees incidence and directed onto a double micro-channel
plate (MCP) detector coupled to an intensified optical 8-bit
charge-coupled-device (CCD).  The region 85 – 272 Å was
detected by a back-thinned XUV sensitive 16-bit CCD detector.
Thus harmonic emission from the 20th to 120th order could be
detected simultaneously.  The absolute spectrometer response
was calculated using the measured mirror reflectivities, the
grating calibration18), the transmission of any filters used and
the calibrated MCP/CCD detector response19).  The conversion
efficiency of each harmonic was calculated assuming uniform
emission into 2π sr.  This assumption is reasonable in view of
previous measurements 9,20).

A typical spectrum showing the 20th (526.5 Å ) to 37th
(284.6 Å) harmonics and corrected for the spectrometer
response and background is shown in Figure 1a.
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Figure 1. Lineouts of typical harmonic spectra for (a) high
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The highest harmonic observed was the 60th at 175.5 Å.  The
conversion efficiency varied from 4.6 x 10-6 at the 20th
harmonic and, interpolating between the two detectors, to
~ 4.0 x 10-8 at the  60th.  The harmonic spectrum shows
modulations at every 2 to 4 harmonics over the entire range on
both detectors.  It should be noted that the modulations peak at
different harmonics for different shots.  Figure 1b shows a
typical harmonic spectrum at a lower intensity.  This shows
harmonics only up to the 30th at 351.0 Å.  Comparing  Figures
1a and 1b it is clear that the modulations in the harmonic
spectra are much reduced and that the structure is an intensity
dependent effect.  The stronger modulations correspond to a
higher incident intensity.

The Doppler shift also scales as (Iλ2)0.5, for Iλ2 at
1018� : P2cm-2, as proposed by Wilks et al 15) and
experimentally confirmed by Zepf et al5).  Below this value a
transition from hole-boring to plasma expansion occurs which
results in a change from a red to a blue-shift of the harmonics.

The PIC code used in this paper was developed by R. Pfund and
R. Lichters and is described in References 11 and 21.  It is a
fully relativistic one-dimensional code, with oblique incidence
treated by transformation to a moving frame of reference in
which the light is normally incident22, 23).

For the simulations here a  p-polarized laser beam is incident at
45 degrees onto a one wavelength thick plasma slab with
density  ne /nc = 13  (where ne is the electron density and  nc is
WKH� FULWLFDO� GHQVLW\� DW� WKH� ODVHU� IUHTXHQF\� o).The pulse had a
sine-squared temporal profile and a duration of 20 laser cycles.
Simulations were performed with both mobile and immobile
ions without affecting the results significantly.

The PIC simulations exhibit a similar modulation structure to
that observed experimentally with a modulation amplitude
which increases with higher intensity. This has previously been
reported in PIC simulations by Lichters et al 21) where the
spectrum was found to be modulated with a periodicity of
~ 10 harmonics. The modulations were ascribed to internal
reflections of transmitted light due to the finite size of the
plasma slab.  We tested this hypothesis by performing
simulations with various thicknesses of plasma slabs and no
effect on the modulation structure was found. This suggests that
the modulation structure is intrinsic to the harmonic generation
and not related to internal propagation and reflection of
harmonic light.

Figure 2 shows the simulated harmonic spectra of the reflected
light for high and low Iλ2 , similar to the experimental values in
Figure 1.  At the lower value of Iλ2, (Figure 2 b), the conversion
into harmonics is low with a smooth unmodulated roll-off.  The
noise in the spectra is numerical and is reduced when using a
higher temporal resolution.  The highest harmonic above noise
is the 6th which compares to the 30th harmonic observed
experimentally.  At the higher value of Iλ2 (Figure 2a) the
harmonic emission is enhanced and the spectrum  is modulated
at every 4 to 5 harmonics.  This is to be compared with the
2 to 4 harmonics observed experimentally.  The highest
harmonic above numerical noise in this case is the 55th.

The oscillatory motion of the critical density surface x(t) for the
two simulations is shown in Figure 3.  The motion is periodic at
WKH� ODVHU� IUHTXHQF\� o and the displacement is approximately
WKUHH�WLPHV�ODUJHU�IRU�KLJKHU�, 2.  The oscillatory mode DW�� o is
due to the electromagnetic force at the laser frequency and that
DW� � o is due to the ponderomotive force.  These modes are
apparent in the power spectrum of Figure 3b at the lower value
of Iλ2�� ��6RPH�HQHUJ\�LV�FRXSOHG�WR�PRGHV�JUHDWHU�WKDQ�� o by
non-linearities.  Lichters et al 22) found that these additional
modes must be included in the description of x(t)  to reproduce
the conversion efficiencies observed in the PIC simulations.  As
Iλ2 increases, higher surface modes are excited with increasing

DPSOLWXGHV�DV�VKRZQ�LQ�)LJXUH��D���7KH�PRGHV�DW�� o�DQG�� o

become larger and affect the motion of the critical surface
significantly.

In order to interpret the PIC results we include in the moving-
mirror model all of the oscillatory modes present in x(t)  rather
WKDQ�XVLQJ�DUELWUDU\�FRPSRQHQWV�DW� o��� o�DQG��� o as done by
Lichters et al.11).  This is done by calculating the waveform of
the reflected light numerically with the function x(t)  taken from
the PIC simulation (Figures 3a and 3b).  The calculated
VSHFWUXP�RI�WKH�KDUPRQLFV�IRU�WKH�ORZ�DQG�KLJK�YDOXHV�RI�, 2 are
shown in Figure 3c.  The spectra show the same intensity
dependence of the modulation structure as observed
experimentally.  Furthermore, the shape of the spectrum is in
good quantitative agreement with the PIC simulations.  This
illustrates that the moving-mirror model captures the essential
physics of the harmonic generation process.

We have also compared the Fourier transform of the calculated
harmonic spectra with the motion of the critical surface from
the PIC simulations.  The amplitude of the critical surface
motion and the degree of non-linearity of the original oscillation
is preserved.  Consequently the modulation of observed
harmonic spectra may be used to determine the dynamics of the
critical surface in future experiments.  However, this was not
done using the experimentally observed spectra in Figure 1
since only part of the spectrum was measured in this work (i.e.
that in the soft X-ray/XUV region).  Also phase information of
the harmonics is lost in the intensity measurements. In the
simulations the modulations are greatly suppressed by the
addition of a linear density ramp to the slab profile.  For this
case the conditions were the same as in Figure 2a, with
, 2 = 1.23 x 1019 : P2cm-2 , except that now the density rises
from zero to ne/nc = 10 over 0.5 wavelengths.

The modulation structure of Figure 2a is now not apparent in
the harmonic spectrum. The absence of any modulation
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structure demonstrates that this effect depends on initial scale-
length as well as the incident intensity.  The PIC simulation
shows that now no single critical surface exists and that layers
of ablating plasma gives rise to multiple overdense reflecting
layers.  Even at lower intensities it has been shown analytically
by Kingham et al24) that the reflection of the incident wave is no
longer localized at the critical surface in the presence of a ramp
and regions above critical density can also contribute to the
generation of the harmonic spectrum21).  For the experimental
conditions considered in this paper the scale-length prior to the
arrival of the laser pulse is typically in the range of 1 - 6 µm.
This is in contrast to the sharp plasma discontinuity that is
implicit in the moving mirror model.  It is therefore surprising
that the moving mirror model and the PIC simulations using a
step profile agree so closely with the experimental observations.
However, the large laser pressures can lead to significant
steepening of the density profile5) if the pulse is sufficiently
long.  At the same time, the laser expels most of the plasma
from the focal region, creating the kind of vacuum-plasma
boundary that is required to produce the modulation structure.

That this is indeed the case has been shown previously by
investigating the conversion efficiency at different pre-pulse
levels6).  For short pulse lengths a rapid drop of the conversion
efficiency with increasing pre-pulse was observed.  By contrast,
experiments with ~ 1 ps pulses 9) were insensitive to the level of
pre-pulse and showed conversion efficiencies in good
agreement with PIC simulations for short or step-like density
profiles.  The modulation structure should therefore be a good
indicator of high contrast ratios for shorter duration laser pulses
(< 200 fs).

To summarize, the experimentally observed modulation of the
harmonic spectrum agrees with the PIC simulation.  The
modulation is due to the introduction of higher modes of
oscillation of the critical surface x(t)  and can be described in
terms of the moving mirror model.  Observations of the
modulational structure of harmonic emission from high
intensity interactions may be important as a diagnostic tool of
the behavior of the critical surface, for example in “fast ignitor”
type experiments.  Measurements of the modulational structure
of harmonic emission from several different angles can
potentially provide 3-dimensional information on the critical
surface dynamics under intense laser irradiation.  Understanding
this effect may also be important for determining the suitability
of this XUV source for future applications.
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Introduction

The rapid development of modern laser systems has led to
intensities exceeding 1020 Wcm-2, where many new phenomena
have been observed in laser-matter interaction experiments.
These include the generation of relativistic electrons, gamma
rays, energetic protons and laser induced nuclear reactions 1-4).
Also, relativistic non-linear optical effects in the plasma begin
to become important5) and phenomena such as harmonic
generation6), relativistic self-focusing and parametric
instabilities have been observed 7-10).

Self-phase modulation (SPM) has been studied extensively in
solids and gases11) and is a result of an intensity dependent
index of refraction. In plasmas, SPM has been studied
theoretically5,12) and is predicted to occur when the quiver
velocity of an electron in the laser field becomes relativistic
(a = posc/mec > 1) so that the refractive index is modified by the
relativistic increase in electron mass.  SPM is the temporal
equivalent of self-focusing.

In this report we present the first direct measurements of
relativistic SPM of a laser pulse in a plasma.  Qualitative
observations of SPM have been observed previously in Zhang
et al 13). However, to date, no quantitative measurements of this
effect have been reported.  In our experiments the plasma is
produced in front of a solid target by the prepulse (preplasma)
of a high power laser. SPM of the light occurs as it travels
through the under-dense pre-plasma and alters the spectrum of
the incident laser on target, which is reflected in the spectral
profile of the harmonics generated in the laser-solid interaction.
The harmonics are generated at the relativistic critical density of
the laser wavelength, ne = γnc, where ne is the electron density,
nc is the critical density for the laser and γ is the relativistic
factor. Since scattered light at the fundamental frequency is not
at relativistic intensities it will in general not be able to leave
the plasma. For this reason observations of the 3rd harmonic,
which has a 9 times larger critical density, were used. The
spectral profile is compared for two pre-plasmas with different
density distributions. The observed SPM agrees well with
theoretical predictions. A spectral shift is also observed which is
consistent with the motion of the critical surface due to hole-
boring 14, 15).

Experiment

The experiment was performed on the Vulcan laser system at
the Rutherford Appleton Laboratory. This laser delivered
0.7 - 1.0 ps pulses at a wavelength of 1.053 µm with energies
up to 80 J on target.  The beam of dimension 22 x 11 cm2 was
focused onto target by an off-axis parabolic mirror of focal
length f = 60 cm.  The target consisted of an optically polished
fused silica slab at 45o angle of incidence with the beam
p-polarised. A penumbral imaging camera monitored the soft
X-ray spot size and this, combined with the laser energy,
yielded the focused intensity. An independent measure of the
intensity was obtained by using CR39 plastic nuclear track
detectors to measure the maximum ion energies in the blow-off
plasma 12, 16). The pre-plasma produced by the laser pre-pulse
was monitored with a 0.633 µm transverse optical probe. The
spectrum of the third harmonic, at 351 nm, was observed with a
spectrometer viewing along the target normal.

The intensity on target was up to ~ 3.0 x 1019 Wcm-2. The
diameter of the focal spot was ~ 10 µm. The bandwidth of the
laser was transform limited with ∆λ = 1.89 ± 0.16 nm. The laser
pre-pulse has been measured previously to be ~ 10-6 of the peak
intensity at 40 ps before the peak of the pulse17). With this pre-
pulse the scale-length was found to be typically less than
10 µm.

In the experiments reported here a smaller scale-length was
produced by reducing the laser pre-pulse with a pair of plasma
mirrors18).  These consisted of two anti-reflection coated optical
flats. The damage threshold of the coatings was ~ 1013 Wcm-2.
Incident light at intensities below this value passed through the
glass and did not reach the target. The pre-pulse was reduced in
this manner by a factor of 103 - 104, this limit being due to the
residual reflectivity of the glass flat. The set-up is shown in
Figure 1.

The laser energy reaching the target was measured with a
calorimeter and found to be ~ 46% of the incident laser energy.
The spectrum of the third harmonic was measured as a function
of the laser intensity without and with the plasma mirrors, i.e.
for large and small scale-length pre-plasmas.

Typical spectra are shown in Figure 2.  In both cases the
spectrum is broadened and shifted and exhibits a multi-peak
structure. This is characteristic of SPM. The broadening and
shift are functions of the laser intensity but the individual peaks
remain constant with a width of 0.27 ± 0.04 nm (FWHM). The
resolution of the spectrometer was 0.07 nm. A larger number of
peaks is observed in the long scale-length pre-plasma over a
broader spectral width.

The spectrum is red-shifted, the shift scaling as (Iλ2)0.5. This is
in agreement with hole boring at the critical surface, as seen in
the simulations by Wilks et al 14) and measured by Zepf et al 15).
In the smaller scale-length pre-plasma a slight blue-shift is
observed as expected and is due to the plasma pressure
exceeding the laser ponderomotive pressure. The transition
from a red to a blue shift, depends on the pre-pulse, and is
discussed in detail in Kalashnikov et al 19).
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The full spectral width is plotted as a function of Iλ2 for large
and small scalelengths in Figure 3. Higher order harmonics up
to the 30th at 35.1 nm were observed with a separate detector.
The wavelength shift and broadening of the spectral profile was
also evident for these harmonics. However, the resolution of the
instrument was not high enough to observe the associated multi-
peak structure.

Relativistic SPM can be calculated as follows. The angular
frequency change is 20)

∆ω(t)= -d/dt φ(t) (1)

where φ(t)is the phase shift

φ ( t ) =
ω
c

ηdx
0

xc

∫ (2)

Here η = [1 − ne(x)/γ (t)nc]
1/2 is the refractive index and

 γ(t) = [1 + a(t)2/2]1/2 is the relativistic factor.

The index of refraction only requires relativistic corrections to
the motion of plasma electrons since the pulse duration is much
shorter than typical ion motion timescales. The normalized
momentum, a = posc/mec, is related to the laser intensity by
, 2 = a2 x 1.37 x 1018 Wcm-2.

For a linearly ramped density profile with ne(x) = ncx/L
Equations 1 and 2 give :-

δω ( t ) = −
2

3

ω o L

c

d

dt
γ ( t )[ ]        (3)

where the integration has been up to γnc

The frequency change δω is to the red in the leading part of the
pulse and to the blue in the rear. There are thus two times with
the same value of δω. At these times the pulse has the same
frequency but will have different phase. The multi-peak
structure is a result of the constructive and destructive
interference of these waves.  The full spectral width, calculated
from the peak to peak value of ∆ω for pre-plasmas of different
linear scalelengths, is also plotted in Figure 3. A scale-length of
L/λ ~ 6 matches the experiment when the full laser pre-pulse
was used. This agrees well with the scale-length measured by
transverse laser probing. With the reduced pre-pulse obtained
by use of the plasma mirrors a good fit is obtained for a scale-
length L/λ ~ 2. The number of peaks in the spectral profile is a
linear function of the maximum phase change φmax 

11). The
number of peaks M is given by   φmax ~ (M-1/2)π. For
scalelengths L/λ = 2 and L/λ = 6 calculating φmax from Equation
2 gives M = 4 and M = 11 respectively. These are in reasonable
agreement with the spectral profiles shown in Figure 2 and
corroborates the scalelengths inferred from the data in Figure 3.

The spectral profile can be calculated by taking the square of
the Fourier transform of E(t)exp(iφt), where E(t) is the laser
electric field and φ(t) is from Equation 2.  This is shown in
Figure 4 for linear density ramps with L/λ = 2 and L/λ = 6,
assuming a Gaussian pulse shape (0.5 ps 1/e intensity half-
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width) with peak intensity Io = 1.2 x 1019 Wcm-2. The width of
the individual peaks is related to the assumed bandwidth, which
for the 3rd harmonic is 0.26 nm. The average measured width
of the peaks in Figure 2 is 0.27 ± 0.04 nm.

The calculated spectrum (Figure 4) has a minimum at the
central wavelength whereas the experimental profile (Figure 2)
has a maximum. The analysis of Bulanov 12) found that the
spectral profile is a minimum for a non-relativistic pulse  (a < 1)
and a maximum for a relativistic pulse in the situation where a
constant uniform plasma density was assumed. This is indeed
found to be the case when the integration of Equation 2 is
carried out to the critical density nc. However, when the
integration is evaluated up to the relativistic cut-off γnc the
resulting profile is a minimum. An analysis of SPM with an
exponential density profile ne(x) = ncexp[-x/L] shows a similar
behaviour and results. For high intensity laser-plasma
experiments the effect of ponderomotive steepening at the
critical surface results in extremely short scale-length plasmas20,

21).  Therefore the difference in position of the relativistic and
non-relativistic critical densities is likely to be small and may
explain the measured spectral profile. A more detailed analysis
is needed to fully model the experimental conditions and to
include other effects such as the intensity dependence of hole-
boring and the time dependence of the density profile n = n(x,t).
However, the main effect is clearly due to relativistic SPM.

In addition, the contribution of SPM on the spectrum due to
atomic non-linearities is not expected to play a significant role
since the susceptibilities for highly ionized atoms are too
small22).

The suitability of the harmonics produced from intense laser-
solid interactions as a source of coherent XUV radiation has
been shown to be limited by pre-plasma formation 23).  This
leads to a reduced source brightness at higher intensities due to
spectral broadening, a broadened angular emission distribution
and reduced conversion efficiencies. The results presented here
demonstrate that the formation of pre-plasma is efficiently
suppressed by the use of plasma mirrors. This may lead to
enhanced brightness characteristics of the high-order harmonics
produced in future experiments.

To summarize, observations of the third harmonic spectral
profile show varying degrees of shifting, broadening and
modulation with different levels of laser pre-pulse. These
features are consistent with the effect of relativistic SPM of the
fundamental laser light as it travels through the underdense pre-
plasma. This is the first quantitative measurement of relativistic
SPM in a plasma and demonstrates the importance of
relativistic non-linear plasma effects in the high intensity
regime. As higher laser intensities are achieved the role of
relativistic SPM in laser-plasma interaction experiments will
become increasingly important 24).  For instance the spectral
extent of the broadening given by Equation 3 for
Io ~ 1021 Wcm-2 is such that ∆ω/ω ~ 1 implying that the region
of laser energy deposition will be greatly enlarged. This will
clearly affect hot electron and X-ray production and may have
important implications for some of the technological
applications foreseen for these lasers. Consequently this
confirmation of theory is also important for “fast-ignition” and
laser-plasma accelerator research in addition to relativistic non-
linear optics.
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Introduction

Recent experimental work investigating laser plasma
interactions at intensities greater than 1019 W/cm2 has shown
that the plasmas produced during intense laser-matter
interactions can potentially be efficient sources of energetic
electrons1), gamma rays2), and ions3).

In general, energetic ions produced by these interactions are
accelerated by a plasma sheath generated by the hot electron
population in the plasma.  There are many potential applications
for such energetic particles such as compact accelerators4) and
as diagnostic probe beams of high density plasmas.  In addition,
the results of these experiments are interesting for technological
applications since such sources should be scalable to “table-top”
sizes.

Generally, the majority of the energy in the ions is carried by
protons which are accelerated preferentially with respect to
heavier ions.  The lighter protons move at much higher
velocities and consequently tend to “short-circuit” the
accelerating electric fields – which therefore limits the peak
energy of other ion species.  In solid target interactions these
protons originate from a surface contamination layer on the
target – which is largely composed of water and/or vacuum
pump oil.  Both of these surface contaminants contain hydrogen
– which provides the source of the observed protons in the
experiments 5).

In this report, we describe experiments which attempt to remove
the contamination layer through heating of the target.  Since the
boiling/melting points of the thin targets used (aluminium or
gold) are typically much higher than that of water or pump oil,
we show that this is an effective way to remove the proton
component from the accelerated ion spectrum.  Using a
Thomson parabola ion spectrometer we also show that the total
number of protons is significantly reduced and that
consequently, the energy of the heavier ions which remain is
significantly increased.

Experiment

These experiments were carried out using the CPA beam of the
Vulcan Nd:Glass laser system.  The laser wavelength was
1.054 µm, the pulse length was 0.9 – 1.2 ps, and the energy
incident on target was 20 – 50 J.  The laser beam  (111 mm x
200 mm) was focused onto the target surface using an on-axis
parabolic mirror of focal length 225 mm.  The laser beam was
p-polarised and was incident on the target at an angle of 45o.
The peak intensity was measured to be about 2 x 1019 W/cm2.
The targets were typically thin foils of gold and the target and
all of the optics for the beam after compression were placed in a
vacuum chamber evacuated to less than 10-4 mbar pressure.

A specially designed target mount was used which was capable
of heating a target to a temperature of greater than 400 oC.  The
target was held in position over a small heating element
(filament) which  heated the target radiatively. The target
temperature was monitored using a thermocouple and was
maintained at a constant level prior to each shot.

Energetic ions were measured using a Thomson parabola ion
spectrometer which was placed approximately 1 metre from the
target and was aligned to the front of the target at an angle of
approximately 20 degrees from target normal.  CR39 – a
nuclear track detector – was used as the detector.

Figure 1 shows the measured proton spectrum from the
Thomson parabola diagnostic from an interaction at a laser
intensity of 2 × 1019 W/cm2 with 100 µm thick gold targets.
The number of protons from heated targets (Figure 1B) was
reduced by more than an order of magnitude when compared to
unheated gold targets at a similar laser intensity (Figure 1A).
The peak energy of the measured protons was also significantly
reduced and does not approach the diagnostic limit of 11 MeV
as in the unheated target.

Although these targets were heated to temperatures greater than
400 oC there were still significant amounts of carbon ions
remaining and although the number of carbon ions was reduced
– the energy of these carbons was increased significantly.

Figure 2 shows the spectrum of the carbon ions from two
consecutive shots – one which used a heated target (Fig. 2B and
2D) and one which did not (Fig. 2A and 2C).  Clearly, from the
spectra there are still carbon ions present. However in the
heated targets the peak energy has increased by more than
10 MeV.  While the number of low energy carbon ions has been
reduced the entire distribution has been shifted to higher
energies. The spectra of the  C6+ ions are shown in Fig 2A and
2B and the C5+ ion spectra are shown in Fig 2C and 2D.  This is
in contrast to the fact that the proton number and maximum
energy have been radically reduced.

From the Thomson parabola measurements it was also apparent
that the number, energy, and ionization stage of the gold ions
also significantly increased – although it was not possible to
make spectra of this data due to the low signal level and the
uncertainty in the ionisation stage ( i.e., the parabolas from the
many ionisation stages were observed to overlap).
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In conclusion, it appears that the use of heated targets provides
a relatively easy way to increase the energy of the heavy ions
produced from intense laser produced plasma.  This may allow
a more efficient ion source for future heavy ion accelerators –
and may perhaps avoid the use of pre-acceleration stages.

We would like to acknowledge the technical assistance of the
Vulcan operations team.
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Introduction

An accurate equation of state (EOS) for planetary constituents
at extreme conditions is the key to any credible model of
planets or low mass stars.  However, experimental validation
has been carried out only at high pressure (>few Mbar), and
then only on the principal Hugoniot.  For planetary and stellar
interiors, compression occurs due to gravitational force so that
the material state follows a line of isentropic compression
(ignoring phase separation) to ultra-high densities1).

An example of the predicted states for water along the isentrope
for Neptune is shown in Figure 1.  The cutaway figure on the
left is from Hubbard2), and the phase diagram on the right is
from Cavazzoni et al3).  Clearly these states lie at quite a bit
lower temperature and higher density than single shock
Hugoniot states. However they are at higher temperature than
can be achieved with accurate diamond anvil experiments.

At extreme densities, material states are predicted to have quite
unearthly properties such as high temperature
superconductivity4) and low temperature fusion5). High density
experiments on Earth are achieved with either static
compression techniques (i.e. diamond anvil cells) or dynamic
compression techniques using large laser facilities, gas guns, or
explosives.  A major thrust of this work is to develop techniques
to create and characterize material states that exist primarily in
the cores of giant planets and brown dwarf stars.

Typically, models used to construct planetary isentropes are
constrained by only the planet radius, outer atmospheric
spectroscopy, and space probe gravitational moment and
magnetic field data.  Thus any data, which provide rigid
constraints for these models will have a significant impact on a
broad community of planetary and condensed matter scientists.

Recent laser shock wave experiments have made great strides in
recreating material states that exist in the outer 25% (in radius)
of the Jovian planets and at the exterior of low-mass stars.
Large laser facilities have been used to compress materials to
ultra-high pressures and characterize their thermodynamic and
transport properties (plastic Hugoniot to 40 Mbar, deuterium
Hugoniot to 3 Mbar, metallization of  “atomic” deuterium on
the Hugoniot). To probe material properties at these high
pressures, several experimental techniques were developed:
high resolution radiography, optical reflectance, pyrometry, and
velocity/displacement  sensitive interferometry are some of the
diagnostics currently used in laser-generated shock EOS
experiments.

During our experiments at Vulcan we developed and tested
precompressed and multiple shock experimental techniques
which allowed us to recreate the extreme core states of giant
planets. These experiments compressed water to densities
higher than accessible by single shock Hugoniot techniques and
showed that the metal-insulator transition of shocked
precompressed water is suppressed significantly as compared to
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Figure 1.  Predicted cutaway of Neptune from Reference 2 and calculated equation of state
of water from  Reference 3.
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uncompressed water.  Further, as predicted, the temperature of
shocked precompressed water is lower than the temperature of
uncompressed water enabling us to determine the metallization
mechanism for water near the Hugoniot.

Experimental summary

The double shock target design is sketched in Figure 2.  For
these experiments, the Vulcan laser was used to ablate CH,
launching a shock into an Al step, which unloaded and launched
a shock into water or other planetary fluid.  Either a 1ns or 4ns
pulse is used to launch a decaying or steady shock wave
respectively.  Typically reflectivity can be determined with
decaying shocks while Hugoniot data require steady shocks.
Rutherford Appleton Laboratory’s (RAL) Vulcan Laser in
Target Area East generated drive pulses of 1013 – 1014 W/cm2

for 1 to 4 ns and with a 400 µm diameter footprint. The
footprint was spatially smoothed with PZP phase plates built at
RAL.  In these experiments, Vulcan was configured with six
108 mm diameter beams arranged in a hexagonal pattern with
each beam incident on the target at 16 degrees from the normal
and one additional 150 mm diameter beam at normal incidence.
The      4 ns pulse was constructed by temporally staggering
four sets of 1 ns pulses from the 7 beams.  The 150 mm on axis
beam arrived first, followed by pairs of the 108 mm beams that
were timed to arrive at 1 ns intervals. The temporal dependence
of the pulseshape was measured in situ with a pulseshape
monitor.

We generated reflected shock states by reflecting shocks from a
fused silica anvil.  A sketch of the target design is shown in
Figure 2.

Figure 2.  Double shock water cell and experimental
configuration.

The water shock transits the gap between the thin Al step and
the SiO2 anvil, and then reflects off of the higher impedance
SiO2 anvil.

Diagnostics

A VISAR (velocity interferometric system for any reflector)
diagnostic was used to measure the shock velocity in the water
versus time and the average shock velocity in the aluminum
across the step 6). These kinematic observables and the known
Al EOS were used to determine the equation of state of water.
This diagnostic reflects a probe beam (532 nm 15 ns) off the
rear of the target, and relays an image of the target in the
reflected beam through an interferometer and onto a streak
camera.   In most of these cases, after the shock breaks out of
the aluminum pusher, light is reflected directly off of the water
shock front.  The Doppler shift of the light reflected from the
shock front, is manifested as a fringe shift at the output of the
velocity interferometer.  The fringe phase, φ , (in radians)
produced by the velocity interferometer is related to the
velocity, u , of the reflecting surface through the velocity
interferometer equation )1(4 δπτλφ += nu , where λ  is the

laser wavelength in vacuum, n is the refractive index of the
unshocked water, cd=τ  is the delay in the velocity

interferometer (c is the speed of light), and δ  is a wavelength
dependent correction due to dispersion in the etalon7).
Depending on the experiment we used 3 mm and 7 mm etalons
which produced 16.2, and 37.4 ps delay yielding 15.9, and
6.89 µm/ns/fringe in a vacuum respectively.  The precision of
this measurement is determined by the accuracy in determining
λ , n, τ , and φ .  Important to note is that this determination is
independent of the sweep calibration in the recording
instrumentation, and independent of target design and/or
metrology.  Since we can determine λ , n and τ  to a precision
of 4 significant figures, the main contribution to experimental
error arises in extracting φ  from the data. The shock velocity in
Al is determined from the measured breakout time from each
step and the measured step thickness.

An example data record is shown in Figure 3.  Before 2.7 ns the
stationary fringes are produced from the reflection of the probe
beam off the stationary aluminum pusher.  At ~2.8 ns ( 3.7 ns)
the shock breaks out from the thin (thick) aluminum step,
launching a strong shock into the water.  As we show below, the
reflection shown in Figure 3 after shock breakout from the Al
step, is caused from light reflecting off the shock front in water.
Also shown in Figure 3 are several lineouts where we have
converted phase into velocity.

Figure 3.  Example of data record from double shocked water
experiment.

Equation of state measurements are typically presented as
pressure versus density.  To determine the shock pressure and
density from shock velocities we use the Rankine-Hugoniot
relations; P = ρoUsUp and ρ = ρoUs/(Us - Up), where ρo is the
initial density, P is the shock pressure, and Up is the particle
velocity.  We determine Up (water) by standard impedance
matching techniques with aluminum as the standard.

In addition to kinematic parameters, the VISAR diagnostic
provides data to estimate the optical properties of shock
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compressed dielectrics.  In the image shown above, (Figure 3),
the strong shock in water reflects light so that we track the
shock front velocity and can estimate the reflectance of the
shock front.  In the case of weaker shocks, the shocked material
can be opaque or transparent depending on the shock intensity
and intrinsic properties of the material.

Temperature is an important thermodynamic parameter but
cannot be determined from the Rankine-Hugoniot equations.
Temperature must be measured independently from shock and
particle velocities.  Typically, temperature of transparent
shocked materials is measured from the thermal emission. We
extracted T by determining the spectral radiance, I(λ) for a gray
body Planck spectrum,

I λ( ) = ε λ( )2πhc2

λ5 exp
hc

λkbT
−1

 

 
  

 

 
  

−1

(1)

with T as a fit parameter, c, h, and kb  taking on their usual
definitions, and the emissivity, ε(λ), estimated from recent
multi-wavelength reflectivity data described below.

To determine the spectral radiance from the sample we
calibrated the transmission of our optics using a calibrated gray
body source and the sensitivity of the streak camera by
determining the response to a known intensity of a pulsed laser.
An example data record for a double shock target is shown in
Figure 4. The temperature plotted in Figure 4 assumes an
emissivity of 1.  This is clearly not the case.  To estimate the
emissivity and determine the correct shock temperature we use
the reflectance data described above, and use a minimum
conductivity model to estimate the collision time and then a
Drude model is used to estimate carrier concentration.  We then
calculate the emissivity using a Drude model with these
parameters evaluated at 610 nm.

Figure 4. Shock emission at 610nm in water contained in a
double shock cell.

Precompressed targets

A novel combination of the laser-driven shock technique with
diamond anvil cell compression techniques is shown in
Figure 5.  With this target we used diamond flats to maintain a
pre-compressed volume of our sample material at a static
pressure of up to 1 GPa during the experiment. The laser driver
geometry described above results in two significant design
constraints for achieving Hugoniot data on pre-compressed
samples.  First, the intensity and short pulse length require that

the anvil through which the laser shock travels be extremely
thin—no more than 200 µm. To ensure jump conditions are
valid the shock must be steady. In order to have a steady shock
wave persist into the sample with a square 4 ns pulse, the shock
wave must propagate through the anvil and sample before the
end-of-pulse rarefraction catches up.  In addition, the shock
planarity needs to be adequate for accurate inspection of the
shock velocity.  Thus, the spot size of the laser must be large
enough so that side rarefactions do not erode the shock planarity
to more than ~ 75 µm.   Second, the laser spot size and beam
path require a large aperture radius (hence unsupported anvil
radius), r, and aperture angle, θ, in the  high-pressure cell itself
(Figure 5).

In order to satisfy the needs for a thin anvil having a large
unsupported aperture, we chose the strongest material known,
diamond.  Use of a diamond anvil cell is well established and
the sample can be probed before and during the experiment due
to the optical transparency of the anvil.  Hence, the thickness,
pressure and other characteristics of the pre-compressed sample
can be determined before the Hugoniot experiment.

Figure 5. Schematic cross-section of diamond-cell
configuration used for laser-driven shock experiments on
precompressed samples.

Other features significant in the apparatus shown in Figure 5 are
the  wide openings (300µm radius holes) in the tungsten carbide
(WC) supports which allow ample shock laser entry    (θ = 35°
opening) and VISAR access (18.5° opening).  Thin diamonds
are pushed together to apply pressure on a small sample of
water (~30 nL) held in a hole within a stainless steel gasket
100 µm thick.  An Al step is glued on the thinnest diamond and
used to measure the breakout times (velocities, and ultimately
shock pressure) with VISAR7).  A few ruby grains are placed in
the sample chamber for precompression pressure measurements
via ruby fluorescence8).  There is a  1000 Å Al flash coating on
the rear side of the thinnest diamond to lower the critical depth
of shock ablation, and an anti-reflection coating on the thicker
diamond for the VISAR measurement.

Plasma generated by ablation of the backing plate is a source of
high energy x-rays that can preheat the sample. Also, the blow-
off plasma absorbs the laser beam far from the target reducing
the shock intensity significantly.  In order to avoid preheat,
plasma blow-off and laser damage to the DAC, a wide cone
angle (θ = 35°) and diamond support hole (300 µm radius) were
incorporated into the design of the support plate for the
diamond as well as the surrounding diamond cell.  This
geometry, although accommodating to the laser shock, provides
less support for the anvil and is therefore less than ideal for the
thin diamond flats.

Characteristics of Thin Diamond Anvils

The diamond flat can be modeled as a uniformly-loaded circular
plate, such that a simple relation exists between the maximum
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pressure load w and the anvil thickness t,

2

2
1

t

rSk
w m=

where Sm is the maximum stress achieved in the diamond (here,
the tensile strength of diamond), r is the unsupported radius and
k1 is a constant equal to 0.833 (simply supported disc) or 1.333
(disc with fixed edges)9). For r = 300 µm and t = 200 µm and
using the value of tensile strength of diamond 4), 2.8 GPa, we
arrive at a maximum load of between 1.0 (simply supported)
and 1.7 GPa (fixed edges).

Determining the initial pressure–density–internal energy
conditions (Po, ρo, Eo) in the pre-compressed sample is key for
Hugoniot measurements.  The precompression pressure Po was
measured in the water via ruby fluorescence8).  Using the
equation of state of water by Saul and Wagner10), the initial
density ρo and energy Eo were determined.

White-light interferometry was used to determine the product of
the index of refraction and distance nd 11).  The height of the Al
step (known a priori) placed into the sample to aid in the
VISAR measurements was used as d; determining the index of
refraction for the compressed water sample was therefore
straightforward (Figure 6).

Figure 6.  Index of refraction as a function of pressure for H2O
water, ice VI and ice VII at room temperature.  The values
obtained in the present study (closed circles) compare well with
previous results of Loubeyre et al.12), (closed squares);
Schiebener et al., (closed diamonds)13); and Shimizu et al.,
(open triangles) 14).  In one run, ice VI crystals were observed at
a pressure less than the nominal freezing pressure, indicating a
possibly metastable condition15).

Despite the fragility of the diamond flats, it was possible to pre-
compress water to ~1 GPa (ρo ~1.2 g/cm3), as predicted by the
above models.  These precompressed samples were laser-
shocked up to pressures of ~200 GPa and temperatures to
~10,000 K, see References 11, 12.  In order to achieve higher
initial pressures (and therefore densities), the laser intensity and
duration must be increased to allow for thicker diamonds flats.
For instance, the maximum load that a 500 µm thick diamond
flat could withstand is predicted to lie between 6.5 (simply-
supported) and 12.5 GPa (fixed-at-edges).

Results and Discussion

To test our experimental setup we compared single shock water
EOS data with that collected on the Omega laser facility.  The
result shown in Figure 7 reveals good agreement between data
collected at Omega and Vulcan. The double shock data reached
the highest pressure off Hugoniot values.  However, for this
discussion we will focus on the results of the precompressed
experiments.

Figure 7.  Shock velocity versus particle velocity for water
impedance matched to aluminum.

Four successful shots were achieved on pre-compressed targets:
the highest pressure shot produced a reflecting shock, the lowest
pressure produced shock-compressed material that remained
transparent, and the two in between shocked the material into an
opaque state, thus straddling the insulator-conducting transition
and allowing a comparison with the principal Hugoniot states.
All targets were pre-compressed to between 0.7 – 0.95 GPa,
giving initial densities of 1.2 g/cm3, 20 % above liquid density,
and a refractive index of 1.4. An example of a precompressed
VISAR data record is shown in Figure 8.

$O�+XJRQLRW

0HDVXUHG�$O

VKRFN�VSHHG

$O�UHOHDVH

3UH�FRPSUHVVHG

+

�
���+XJRQLRW

3UH�FRPSUHVVHG�

GRXEOH�VKRFN�+��

+XJRQLRW

6KRFN���

)ULQJH�VKLIW

6KRFN���

)ULQJH�VKLIW

��QV

�

�

�

�

µP

6KRFN���

6KRFN���

�RSDTXH�

6KRFN���

��QV

6WDFNHG�ODVHU

SXOVHV�SURGXFHG

PXOWLSOH�VKRFNV

Figure 8.  Example of pre-compressed water VISAR data
record and analysis.

Shock pressures were determined by:

(1) the measured break-out times in the aluminum step
together with the known step height yield the shock
velocity in the Al,

(2) the shock velocity in the water from the VISAR
measurements,

(3) impedance matching provided a model-based result for
the state of shocked water.

On shots where VISAR fringes could be observed either from
the reflective water shock front, or from the moving aluminum
interface, the pressure could also be determined directly using
impedance matching with the known aluminum EOS. These
model-based and direct techniques were in agreement for the
transparent and reflecting shock states. For the opaque regime, a
shock temperature was found for a single shot. This measured
temperature was in agreement with the model-based
temperature derived from impedance matching to the aluminum
shock speed. Within the range explored by this experiment, it



High Power Laser Programme – Long Pulse Plasma Physics and X-ray Laser Physics

41                           Central Laser Facility Annual Report 2000/2001

thus appears that the SESAME EOS for water is in agreement
with experiment.

The highest pressure shot at ~ 4 Mbar produced a weakly
reflecting shock. While the shock reflectivity could not be
precisely determined due to the curvature of the shock front, it
appeared clear that the reflectivity was significantly less than
the 50% value found on the principal Hugoniot at the same
pressure.

Pre-compression thus appears to reduce the electronic
conductivity. This sheds some light on the mechanism behind
the insulator-conductor transition in water. At 4 Mbar,
SESAME calculations indicate that the density and temperature
are 3.7 g/cm3 and 3.6 eV on the principal Hugoniot and
4.0 g/cm3 and 2.8 eV in this pre-compressed shot. If the metal-
insulator transition were due to a Mott transition, the higher
density in the pre-compressed targets should increase the
electronic conductivity of water rather than decrease it. On the
other hand, if the transition were due to thermally-induced
electron excitations, the lower temperature of the pre-
compressed targets would reduce the reflectivity of the shock,
as in fact these results show. Our experiments thus provide
evidence that the insulator-conductor transition on the principal
Hugoniot in water is thermally induced.
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Figure 9. Reflectivity from principal Hugoniot and pre-
compressed Hugoniot experiments versus pressure.

At the lowest pressure accessed, a shock of 0.5 Mbar was
shown to be transparent to the VISAR probe. This contrasts
with water states on the principal Hugoniot, which were found
to be opaque above 0.35 Mbar. Such a delayed onset of the
transparent-opaque transition in pre-compressed water is
consistent with the observation given above that the lower
temperatures achieved in pre-compressed water reduce charge-
carrier excitation.

An interesting observation in this shot was the effect of multiple
shock states. The multiple shocks arose accidentally from the
arrangement of stacked laser pulses. In order to produce the 4 ns
drive pulse, it was necessary to arrange the seven 1 ns beams in
sequence. However, early in the campaign, the pulse widths had
not been optimized and gaps still existed between each
nanosecond of the 4 ns drive. On this particular shot, the later
pulses were stronger than earlier ones, leading to a sequence of
shocks of increasing strength that converged in time. The
VISAR streak shows these shocks as successive fringe shifts.
The initial transparent state at 0.5 Mbar is described above and
is confirmed by both SESAME calculations and measured
fringe shifts16). The second shock state can only be inferred
from the fringe shift, and is found to be about 1.4 Mbar, based
on SESAME. The third shock accesses the opaque state of
water at some unknown, higher pressure. The striking result of
this shot is that a double-shocked state of pre-compressed water
is found to be transparent up to 1.4 Mbar, with a corresponding
temperature of 0.3 eV. Combining these results, the two-
dimensional P-T diagram of water can begin to be mapped out
in terms of the regions of transparent, opaque, and reflecting
shocks as shown in Figure 10. Even modest pre-compression of

samples can lead to important extensions in our understanding
of material properties.
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Figure 10. Summary of the optical properties along the
principal Hugoniot (line) and precompressed experiments
(diamonds) in the T-P plane.
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Introduction

The properties of dense plasmas are of wide interest, for
example, to researchers in inertial confinement fusion, laser-
ablation, stellar structure as well as planetary physics 1,2). An
important phenomenon in such plasmas is strong coupling 3).
This occurs when the Coulomb interaction energy between pairs
of ions is greater than their thermal kinetic energy and leads to
short range order, as in a liquid metal. This phenomenon is
expected to have a significant effect on many plasma properties
such as thermal and electrical conductivity. We describe here
experiments in which strong coupling of a plasma is observed in
a direct way via measurements of the X-ray scattering
cross-sections. The measured cross-sections are well
reproduced by theoretical simulations. This success points to
the possibility of developing the technique of X-ray scattering
into a powerful new diagnostic of dense plasmas.

The strong coupling parameter for ions in a plasma was
introduced by Brush, Sahlin and Teller 4), and is given by:-

Here Z*e is the average ionic charge, Ri is the average inter-
ionic separation and kT the average ion temperature. For laser-
plasmas this parameter is commonly above unity for at least
part of the plasma. In order to investigate this phenomenon in a
reasonably rigorous way with X-ray scattering methods we have
used radiative heating of a thin foil to produce a plasma with
relatively uniform conditions at Γ >1.

Experiments

The experiments were carried out at the Vulcan Laser Facility
of the Rutherford Appleton Laboratory. Figure 1 shows a
schematic of the experiment. A brief outline is as follows: the
main heating beams were approximately Gaussian in shape with
800ps full-width at half maximum (FWHM) duration. Six
beams were used to irradiate the Au foils (3 each side). Each
beam delivered ~70J at 532nm wavelength. Focusing with
phased-zone plates (PZP) gave a smooth flat topped profile of
1.5mm diameter, resulting in an irradiance of 1013 Wcm-2. The
gold foils were 1500Å thick with a 0.5µm layer of CH
supporting them on the side facing away from the lasers. The
X-ray emission from this type of foil has been well
characterised by others 5,6) and is similar to a black body
emitting at a radiation temperature of ~66eV for our case. The
Au foils were placed facing each other 8mm apart. The
experiments were related to earlier work7) with single sided
irradiation, which was however inconclusive, due to poorer
temporal resolution and more severe temperature and density
gradients.

Backlighter beams (80ps)

Pinhole 
arrangement

Ti foil disk

Crystal Spectrometer

Cooled CCD“Straight through” 
photons

Au foil

Scatter photons

Heating beams (1ns)

Sample foil

Figure 1. Schematic of the experiment (not to scale). The
timing between the main heating pulses and the back-lighter
pulses was stable and controllable to ~30ps. X-ray streak
measurements showed that the Ti He-α X-ray pulse duration
was 80-100ps. Extensive test shots showed that the screening
shields (not shown) ensured that only photons scattered from
the sample foil were collected.

The sample Al foil was 1µm thick and coated with 0.2µm of
CH on each side. The CH coating on both the Au heating foils
and on the target absorbed much of the longer wavelength soft
X-rays which would otherwise be absorbed close to the Al
surface, leading to strong temperature gradients. The CH layer
on the sample also helped to constrain the expansion of the Al
and thus reduced density gradients. The sample foil was placed
between the Au foils and at 45° to them as in Figure 1. The Al
samples were 5mmx5mm in size, but only a spot 2.1x2.8mm
was probed. Because of the geometry, for parts of the foil away
from the centre, the heating is asymmetric. We believe that the
lateral non-uniformity caused by this is less important than the
axial variations that exist due to the preferential absorption in
the outer part of the foil. However, a full analysis of lateral
heating variation still needs to be carried out. At a controlled
time later, a shorter (80ps) pair of laser pulses were used to heat
a Ti foil target. This resulted in a laser-plasma that was a strong
source of He-like Ti radiation, in particular the
1s2-1s2p 1P (He-α line) and 3P transitions at 2.6Å and the
associated Li-like dielectronic satellites. This radiation passed
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through a pinhole system onto the sample foil in a cone of 6°
divergence. Most of this He-α line radiation passed through the
sample and into a CCD based crystal spectrometer, for the
purposes of monitoring the incident flux. The small number of
scattered X-ray photons were detected with a cooled charge
coupled device (CCD) placed to cover an 18° angular range in
the horizontal plane. The scattering cross-sections were
calculated by counting the detected photons and comparing with
the number of photons passing through the known thickness of
the targets.

The CCD used for detection of scattered photons was a
1024x256 pixel array of 26µm square elements. Filtering of
250µm Be and 25µm Al with 50µm Mylar was used to prevent
soft X-rays from the Au foils from being detected. An absorbed
photon at 4.75keV generates ~1300 electron-hole pairs and the
amplifier was sensitive to ~37eV (10 electrons). Thermal, read
and shot noise limited resolution further to ~200eV. The group
of lines around the Ti He-α group spans only ~50eV in energy
and was by far the brightest feature in the keV region and so
represented, for our purposes, an effectively monochromatic
source. Since the incident photon flux was low, we were able to
make histograms of the pixels for each data shot and count how
many photons in the He-α group were detected in single pixel
events. The likelihood of single pixel detection (as opposed to
split-events where the electron cloud, generated by a photon, is
split between pixels) was calibrated at 5.9keV using an Fe55

radioactive source. Kraft et al 8) show that we can then scale
with some confidence to 4.75keV, giving a single pixel
detection efficiency of 0.27±0.02.

The Si (111) crystal used to monitor the flux of probing photons
incident on the sample was also calibrated with an Fe55

radioactive source. The integrated reflectivity was half way
between that predicted for a mosaic crystal and for a single
crystal 9). Scaling this to 4.75keV is more problematic than for
the CCD but we have assumed that it is also half way for this
photon energy. The systematic errors in the overall calibration,
due to CCD quantum efficiency, statistical error in photon
counts, Fe55 source calibration and crystal calibration are
estimated to be ~30%.

Figure 2.  Hydrodynamic simulation of the sample at t=+0.5ns
delay relative to the peak of the heating beams. Only one half of
the target is shown, since the code uses the symmetry of the
experiment as a boundary condition. Only the conditions for the
Al are shown. The CH is hotter and is calculated to contribute
only ~5% of scatter signal, due to its lower number of bound
electrons.

Simulation of the sample plasma formation was carried out
using the 2-D NYM radiation-hydrodynamics code 10,11). The
nature of our experiment meant that the expansion was expected
to be largely 1-dimensional and this was confirmed by the
simulation. A line out through the centre of the simulated foils
was taken to represent the conditions probed by the experiment.
The results of the simulation for early time are shown in

Figure 2. Despite using a thin foil, the gradients present are still
quite large and so, for the calculation of theoretical cross
sections, the simulated sample foil was divided in three parts of
equal mass and the average conditions for each third used to
generate a cross-section, the three being then averaged for each
probe time. The approximate values of Γ for the averaged thirds
are indicated in Figure 2, calculated using the Z* derived from
the INFERNO average atom model 12).

Figure 3 shows the experimentally determined cross-sections
for early and late probe times. We have taken five overlapping
data points per shot by integrating over 1/3 of the CCD for each
point (6° resolution) and shifting the centre of measurement by
1/6 of a CCD screen for the next point. We can see that there is
an evolution from the flattened cross section at 0.5ns delay,
towards a more steeply sloping cross section at 2ns delay. This
progression is as expected since, at late time, the plasma is
expected to be at lower density and to be fairly weakly coupled.
In this case the atomic form factor for individual ion scattering
will dominate, resulting in the steeper "fall off" with angle. On
the other hand, at 0.5ns delay, the plasma is expected still to be
at higher density and strongly coupled, in which case the
collective scattering structure factor for the plasma will be more
important and will suppress scatter at lower angles, leading to
the flattened curve seen in Figure 3.

In Figure 3 the dashed line is a simulation of the expected
temperature and density averaged cross-section, using the
INFERNO model combined with a hyper-netted chain model
for ion-ion correlation 13,14). The flattened cross-section seen in
the data is reproduced well. At 2ns delay, the simulated cross-
section for the weakly coupled plasma conditions seems to fit
reasonably well with data. At all times the absolute values seem
to agree to within the uncertainty in the experimental
calibration.

In an earlier work, with laser-shock compressed plasmas 15), we
also reported strong coupling effects on the X-ray scattering
cross sections. However, in that work, there was poor
agreement between experimental and simulated shapes for the
cross-section. This was tentatively ascribed to a lengthening of
the electron-ion equilibration time due to degeneracy and strong
coupling during the high compression phase. Such effects had
been predicted 16) and indeed some evidence for them via
optical emission measurements 17) has been reported.
Nevertheless, this did not provide a completely satisfactory
resolution to the disagreement and would have required this
effect to be somewhat larger than currently predicted. This
current work, without the high compression phase, represents
the first time we have obtained reasonably good consistency
between simulation and experiment regarding the shape and
absolute value of the cross-sections.
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Discussion

In our analysis we also tried the ACTEX 18) ionisation model.
For the high density core of the foil at t=0.5ns, ACTEX predicts
little or no ionisation and consequently a scattering profile more
like the late time curve in Figure 3. However, it should be noted
that neither ACTEX nor INFERNO were designed for the
plasma conditions of this experiment. The INFERNO model,
used to predict ionisation, includes bound states, scattering
resonance states as well as free continuum states. Electrons
which occupy the resonance states are neither strictly localised
or totally free. However, narrow resonances can be viewed as
basically bound whereas wide resonances as encountered here
for the t=0.5ns case are better approximated by free electron
states 19). At t=0.5ns, in the high density core of the foil, we
obtain Z*=1.6 where 0.8 of these electrons are in the wide p
resonance states.  If we treat these resonance electrons as bound
then the effective Γ falls to only ~5 and the simulated
cross-section at this time is not so well matched to experiment
but is closer to the weakly coupled curve.

The significance of this work is that the broad regime we are
able to investigate by these means is intermediate between the
well researched areas of plasmas and liquid metals and is by no
means completely understood theoretically. The occurrence of
such matter in a wide range of arenas from astrophysics to
pulsed laser deposition, is a strong motivation for further work.
Furthermore, for this type of plasma, many methods of plasma
diagnosis are difficult. Optical emission and absorption
spectroscopy are hampered by high opacity and broadening of
spectral features. X-ray absorption spectroscopy is also
hampered by the difficulty of distinguishing between low
ionisation states. For example, in the current case, K-α
absorption spectroscopy is prevented by the filled L-shell of the
Al ions. Finally, our analysis shows that this method, (although
perhaps in a more refined experiment with better uniformity)
may be useful in determining not only the validity of different
ionisation models, but also how we interpret the idea of average
ionisation in such plasmas.
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Introduction

We demonstrate the reproducibility of Ne-like Ge and Ni soft
x-ray lasers and plot a growth curve for the Ge XRL.  We also
image the Ni XRL from the exit point of the target to look at the
spot profile and estimate an absolute number for the output
power. A reproducible, saturated and high output power laser is
required for future Four Wave Mixing experiments1).

Experiment

The Ne-like Ni and Ge XRLs were created using the single
sided five beam geometry developed at RAL2). The drive beams
had a standard 80 ps pulse length with an average energy of
40 J per beam and when distributed across a 100µm x 25mm
line focus gave an on-target intensity of 5.1013 W/cm2. A 20%
pre-pulse was set 2 ns ahead of the main drive and the beams
were positioned and timed along the target length to simulate a
quasi-travelling wave.

The main diagnostic for the Ge and Ni XRLs was an on-axis
grazing incidence flat field spectrometer with a 1200 lines/mm
aperiodic ruled grating and a 16 bit, back thinned CCD with
pixel elements of 13µm. The FFS was used to optimize the
output of the Ge and Ni XRLs and to perform a length scan of
the Ge XRL, which had not been done before under these
conditions. The FFS was then replaced with an x-ray mirror and
an imaging system was set up to image the exit plane of the
XRL from the target.

The illumination uniformity and the ionization balance were
monitored on a shot to shot basis using a crossed slit camera
and a space resolving Bragg spectrometer. Figure 1 shows a
typical time integrated lineout for Ne-like Ge from the Bragg
spectrometer indicating a uniform irradiance across the target.
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Figure 1.  Time integrated Ne-like Ge emission showing line
focus uniformity across two different targets.

The Ne-like Ge XRL

A growth curve was obtained for the Ne-like Ge laser by
shooting a range of coated (100µm x 1µm thick) stripe targets
from 5–25 mm long, see Figure 2. We can also see the analytic
growth curve based on the Linford formula3) where the fit
indicates an SSG coefficient of 18.5cm-1. The XRL output
energy from the 25mm target was 7mJ assuming 1% grating
efficiency, tabulated filter transmissions and knowledge of the
CCD sensitivity at 196Å.
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Figure 2. Growth curve for Ne-like Ge XRL at 196Å.
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The divergence and refraction angle of the XRL were also
investigated as the target length was varied, see Figure 3. We
can see that as the target length is increased the divergence
decreases. Also we note that the refraction angle increases with
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increasing target length up to the point where saturation takes
effect.

The Ne-like Ni XRL

We also shot 25mm Ni slab targets and the output of the Ni
XRL was measured at 5mJ assuming 1% grating efficiency,
knowledge of the CCD sensitivity at 231Å and from tabulated
filter transmissions. The exit plane of the XRL from the target
position was then imaged using a spherical multilayer mirror at
near normal incidence and a second x-ray mirror to relay the
image to the CCD at x40 magnification as shown in Figure 4.
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Figure 4.  XRL Imaging Setup.
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Figure 5 shows images of the XRL at different target retractions
(i.e. the target is moved back from best focus) with the FWHM

of the spot size indicated. We can clearly see the increase in
spot size as the target is retracted due to a larger area of the pre-
plasma being heated by the main drive beams. The output
energy of the XRL also increases as the target is retracted and
peaks between 70-100µm retraction at ~15mJ, see Figure 6.
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Conclusions

From the Ne-like Ni XRL images we were able to obtain a
value for the XRL output energy. This was based on measured
reflectivity (at Queens University, see Figure 7) of the XRMs
used in the imaging set-up and knowledge of the CCD
sensitivity at 231Å. By comparing this value to the Ni XRL
output energy from the FFS it was then possible to estimate the
grating efficiency for the FFS, which was found to be 1%.  The
results from the Ge length scan will be used by York University
to model the Ge XRL output energy using EHYBRID4) and
improve the quality of the simulation.
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Introduction

Large laser amplification in the EUV and X-ray regions has
been observed in the past, using particularly the Ne-like and Ni-
like ions such as Gd, Se, Ge and Ti. For reliable modelling of
the plasmas, atomic data for energy levels, radiative rates and
excitation rate coefficients are required. There are many
theoretical calculations for the Ne-like ions, but for Ni-like ions
there are few - see, for example, Hagelstein1) and Zhang et al2).
Hagelstein has calculated the relevant atomic data for Ni-like
Gd XXXVII, whereas Zhang et al have computed these for a
series of ions with 60 <= Z <= 92. Although these calculations
involve a large number of fine-structure levels including those
of n=4, and have included configuration interaction (CI) and
relativistic effects, the works suffer from two major
deficiencies. Firstly, the radiative rates and collision strengths
are reported for the resonance transitions only, whereas data are
also required for transitions among the excited levels. Secondly,
these workers have used the Distorted Wave (DW) code for the
computations of collision strengths (Ω), which they have
computed at only a few energies above thresholds. Therefore,
they have omitted resonances in the threshold region, which are
likely to significantly contribute to the calculations of excitation
rate coefficients, even at the high temperatures at which the data
are required. Therefore, we aim to explore the contribution of
resonances to the excitation rate coefficients, and to report the
collision data for all transitions. Energy levels and radiative
rates are calculated for six Ni-like ions namely, Nd XXXII,
Sm XXXV, Eu XXXVI, Gd XXXVII, Ta XXXXVI, and
W XXXXVII, whereas computations for Ω and excitation rates
have been performed only for Gd XXXVII as a test case.

Energy Levels and Radiative Rates

To generate the wavefunctions, we have used the fully
relativistic GRASP code of Dyall et al3), and to calculate Ω the
Dirac Atomic R-matrix Code (DARC) of Norrington and
Grant4). For the computations of energy levels and radiative
rates, we have included the lowest 107 fine-structure levels
arising from the (1s22s22p6) 3s23p23d10, 3s23p63d94l,
3s23p53d104l and 3s3p63d104l configurations. The specific list
of these energy levels has already been reported5,6). However,
the corresponding calculations for Ω are restricted to the lowest
59 levels because of computational limitations. CI has been
included among the above listed configurations, and the option
of EAL (extended average level), in which the weighted trace of
a Hamiltonian is minimised, is chosen in the GRASP code. The
calculations fully include the relativistic effects, and are in the jj
coupling scheme.

Our calculated energy levels and radiative rates (A- values) for
the above listed ions have already been reported by Aggarwal et
al5,6). Our level energies agree excellently within 1 eV with
those of Zhang et al2) and with Fournier7) for W XXXXVII.
However, the orders of the levels is slightly different in a few
instances. This is perhaps a direct consequence of the inclusion
of larger CI by Zhang et al, as Hagelstein1) (who has used the
same configurations as us) also obtains the same energy order
for Gd XXXVII. However, the level energies of Hagelstein are
the highest among the three calculations, and differ up to 5 eV,

corresponding to only ~0.3%. Additionally, it must be
emphasized here that because of strong mixing, especially
among the higher levels, the identification of a particular level
is sometimes ambiguous. At present, there is no unique way to
identify each level, and the absence of experimental energies
complicates this further. Therefore, it is possible that some of
the levels may be misplaced.

The comparison of oscillator strengths (f-values) can be made
for allowed transitions from the ground level only, as these are
the only data available in the literature. Among 13 such
transitions, the agreement between our f-values and those of
others for the first 11 transitions are highly satisfactory, and are
within 10%. However, differences are significantly large for the
remaining two transitions. In particular, the f-value of Zhang et
al2) for the 1-95 (3s23p63d10 1S0-3s3p63d104p3/2 

1Po) transition in
Sm XXXV is larger than ours by a factor of six, while
differences in other instances range from 10% to a factor of
three. Such large differences partly arise due to the inclusion of
larger or smaller CI, but mostly because of the crossing over of
the levels. However, neither do we see any indication for
sudden enhancement in our calculations nor do we expect it
from the general behaviour of f with Z. Inclusion of a larger set
of orbitals (n >= 5) in the calculations of Zhang et al2) may be
responsible for this abrupt increase in the values of f for some of
the transitions. Generally, the inclusion of higher orbitals, and
hence larger CI, improves the quality of wavefunctions but
limited inclusion may not necessarily do so. To elaborate, it is
possible that the inclusion of n = 6 orbitals may improve the
f- values for the above transitions. However, in the absence of
other calculations including larger CI, it is difficult to conclude
which one of the two calculations is better. We have obtained
accurate energy levels and a good agreement between the length
and velocity forms of the oscillator strengths, and therefore,
have confidence in our results.

The agreement between the length and velocity forms of our
calculated oscillator strengths is within 20% for all the strong
(i.e. f  >= 0.10) transitions. Exceptions to this are 2 transitions
in Nd XXXIII, Sm XXXV and Eu XXXVI, and 1 transition in
Gd XXXVII, Ta XXXXVI and W XXXXVII, for which the
agreements are within 40%. Not only is this overall good
agreement highly satisfactory, but it also gives a clear indication
of the accuracy of the results. The agreement between the
length and velocity forms for transitions with f-values < 0.10 is
much poorer but is not unexpected given the large number of
transitions considered. To conclude, the energy levels and the
radiative rates reported for 6 Ni-like ions are fairly accurate,
and are in excellent agreement with those available in the
literature.

Collision Strengths

To compute our collision strengths, we have used the DARC
program of Norrington and Grant4). This program includes the
relativistic effects in a systematic way, in both the target
description as well as in the scattering model. It is based on the
jj coupling scheme and uses the Dirac-Coulomb Hamiltonian in
the R-matrix approach. However, because of the inclusion of
fine-structure in the definition of channel coupling, the matrix
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size of the Hamiltonian increases substantially, making the
calculations computationally more expensive. For this reason,
we had to restrict our computations of Ω to the lowest 59 levels.
As a test case, we have first performed the calculations for
Gd XXXVII. Those for other ions will be performed in future.

The details of the calculations have already been described by
Aggarwal et al5). To recapitulate, the R-matrix boundary radius
has been taken to be 1.64 au, and 20 continuum orbitals have
been included for each channel angular momentum for the
expansion of the wave function. Contribution from all partial
waves with angular momentum J <=  40.5 has been included, Ω
have been computed up to an energy of 800 Ryd, more than
sufficient for the calculation of accurate excitation and de-
excitation rate coefficients up to a temperature of 3×107 K.

Collision strengths at 4 representative energies of 200, 400, 600
and 800 Ryd for resonance transitions in Gd XXXVII have been
presented and discussed by Aggarwal et al5). Corresponding
results for remaining transitions and at other energies may be
obtained from the first author. At energies below 400 Ryd, the
Ω of Hagelstein1) and Zhang et al2) differ by less than 10% for
most of the transitions and by 13% for one transition only
(1-25) - see1) for level identification. However, at the highest
electron energy (around 600 Ryd) at which Zhang et al have
reported their Ω, the differences with our DARC calculations
are rather striking, especially for the 1-3 and 1-5 transitions. For
these two transitions, not only the RDW Ω values are higher by
up to 25% but also appear to be out of place, as they show a
sudden enhancement at this energy in contrast to the smoother
variation of Ω at lower energies - see Figures 6 and 7 of
Aggarwal et al5). Other transitions which show a similar abrupt
rise in the value of Ω at the highest energy of Zhang et al’s
calculations, are those with upper levels 20, 25, 30, 33, and 58.
As noticed earlier, the RDW Ω are higher by up to 25% at the
highest common energy. All of these transitions (including
those two discussed above) are electric quadrupole (0e–2e)
transitions, and hence are forbidden in the jj coupling scheme.
The magnitudes of collision strengths for these transitions are
comparatively small, and the contribution (if any) of the higher
neglected partial waves is negligible. Therefore, we see no
reason why the values of Ω for such forbidden transitions
should rise at higher energies and conclude that the reported Ω
of Zhang et al at the highest energy of their calculations are in
error, at least for some of the transitions.

In the threshold energy region Ω have been computed at over
13000 energies in order to delineate resonances. Close to the
thresholds the energy mesh is 0.001 Ryd and at energies below
96.50 Ryd, it is not greater than 0.002 Ryd. However, in the
remaining threshold region (96.5 to 106.70 Ryd) it gradually
but non uniformly increases up to 0.010 Ryd. This means that
for transitions whose upper levels J are >= 35 (see5) for level
definitions), the energy mesh is comparatively coarser.
However, this should not significantly affect the accuracy of the
calculated excitation rates, as no large resonances have been
observed in this energy range. The accuracy for rates is
normally affected if there are large resonances and have not
been resolved in a finer energy mesh in order to have their true
widths, and hence may lead to an overestimation. On the other
hand, there could be a possibility of missing a few resonances
because of the coarser mesh adopted. A few tests made with a
finer mesh in the above energy range have not shown any
noticeable effects. Since this is contrary to what we observed in
the range below 96.50 Ryd, we have confidence in our results.

Excitation Rate Coefficients

The only results available in the literature for the excitation rate
coefficients are by Hagelstein1) for resonance transitions in
Gd XXXVII. A comparison made between our presently
calculated excitation rates and those of Hagelstein, shows that
the resonances have enhanced the values of rates up to an order
of magnitude at lower temperatures. But it is interesting to note
that even at the highest temperature of the calculations i.e.
Te = 2500 eV, the contribution of resonances has enhanced the
values of rates by over a factor of five for some of the
transitions. For other transitions the effect of resonances has
been comparatively smaller, and for transitions with their upper
levels J >= 35, the differences between the two sets of rates at
the highest temperature are within 25%. The detailed results in
the numerical form along with further comparisons will soon be
presented. However, in Table 1 we present our preliminary
results for some transitions, and the corresponding available
results of Hagelstein1), at the lowest and the highest
temperatures, have also been included for comparisons.

Conclusions

In conclusion, we have calculated energy levels and radiative
rates among the 107 fine-structure levels of Ni-like ions. The
experimental energy values for these levels are not available,
but the agreement with other available theoretical energies is
within 0.3%. Collision strengths at energies above thresholds
have also been computed, for transitions among the lowest 59
levels of Gd XXXVII. The results obtained for Ω have been
compared with those available, and are found to be in excellent
agreement (within 10%), but at energies below 400 Ryd only.
At higher energy, the differences are of up to 25% for some of
the forbidden transitions, for which the earlier available RDW
Ω are overestimated.  Since a large range of partial waves has
been included in order to obtain convergence, and relativistic
(and CI, although limited) effects have also been included in
both the target description and the scattering model, we expect
our results of Ω to be accurate to within 10%. The differences
among various calculations for the f-values are more
pronounced, although the agreement between the length and
velocity forms in our calculations is generally within 10%.
Excitation rates computed for resonance transitions in
Gd XXXVII are found to be enhanced, in comparison with
those obtained from non resonant Ω, by about an order of
magnitude for many transitions. We hope these new results will
be of significant use in laser applications.
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Transition Te=500h 500 700 1000 1500 2000 2500 2500h

1-  2 3.283-13 4.782-12 5.494-12 5.270-12 4.268-12 3.411-12 2.778-12 4.638-13
1-  3 1.110-12 1.018-11 1.218-11 1.228-11 1.072-11 9.201-12 8.015-12 2.903-12
1-  4 1.370-13 2.037-12 2.399-12 2.344-12 1.925-12 1.548-12 1.265-12 2.014-13
1-  5 7.666-13 5.788-12 7.034-12 7.203-12 6.402-12 5.571-12 4.906-12 2.053-12
1-  6 2.898-13 2.645-12 3.245-12 3.289-12 2.798-12 2.302-12 1.912-12 4.746-13
1-  7 5.305-13 3.234-12 4.047-12 4.228-12 3.792-12 3.287-12 2.871-12 1.268-12
1-  8 2.132-13 2.149-12 2.659-12 2.704-12 2.300-12 1.888-12 1.565-12 3.517-13
1-  9 9.426-13 6.347-12 8.234-12 9.073-12 8.916-12 8.454-12 8.015-12 3.778-12
1-10 3.678-13 1.592-12 2.044-12 2.169-12 1.937-12 1.645-12 1.398-12 6.265-13
1-11 2.005-13 1.609-12 2.020-12 2.086-12 1.804-12 1.498-12 1.251-12 3.494-13
1-12 2.000-12 7.508-12 1.032-11 1.229-11 1.343-11 1.379-11 1.387-11 8.772-12
1-13 2.827-13 1.611-12 2.058-12 2.192-12 2.007-12 1.767-12 1.561-12 7.379-13
1-14 7.167-14 2.696-13 3.604-13 3.962-13 3.663-13 3.177-13 2.740-13 1.354-13
1-15 3.029-13 1.312-12 1.790-12 2.069-12 2.132-12 2.078-12 2.005-12 1.132-12
1-16 4.018-13 1.331-12 1.799-12 2.035-12 1.995-12 1.843-12 1.688-12 1.105-12
1-17 1.197-13 8.805-13 1.130-12 1.187-12 1.040-12 8.691-13 7.287-13 2.144-13
1-18 4.759-13 8.647-13 1.275-12 1.530-12 1.537-12 1.399-12 1.247-12 9.724-13
1-19 4.942-13 8.517-13 1.274-12 1.564-12 1.634-12 1.549-12 1.433-12 1.127-12
1-20 4.791-13 8.913-13 1.323-12 1.616-12 1.686-12 1.602-12 1.488-12 1.282-12
1-21 3.367-13 7.094-13 1.020-12 1.190-12 1.156-12 1.028-12 8.995-13 6.177-13
1-22 2.926-13 1.491-12 2.048-12 2.281-12 2.113-12 1.826-12 1.568-12 5.874-13
1-23 6.000-13 1.012-12 1.515-12 1.840-12 1.860-12 1.696-12 1.510-12 1.179-12
1-24 3.851-13 7.710-13 1.134-12 1.354-12 1.345-12 1.214-12 1.073-12 7.598-13
1-25 1.092-12 1.396-12 2.285-12 3.151-12 3.846-12 4.116-12 4.195-12 4.238-12
1-26 2.972-13 5.657-13 8.438-13 1.025-12 1.048-12 9.711-13 8.802-13 6.388-13
1-27 9.633-13 1.711-12 2.700-12 3.554-12 4.082-12 4.170-12 4.098-12 3.411-12
1-28 2.483-13 1.909-12 2.608-12 2.870-12 2.609-12 2.222-12 1.885-12 5.192-13
1-29 3.308-13 9.016-13 1.319-12 1.554-12 1.514-12 1.347-12 1.178-12 6.774-13
1-30 6.444-13 9.958-13 1.605-12 2.174-12 2.604-12 2.755-12 2.788-12 2.571-12
1-31 2.939-13 5.079-13 7.704-13 9.454-13 9.653-13 8.859-13 7.926-13 6.349-13
1-32 4.261-13 6.779-13 1.051-12 1.326-12 1.415-12 1.354-12 1.259-12 1.027-12
1-33 4.771-13 7.301-13 1.163-12 1.527-12 1.730-12 1.744-12 1.697-12 1.534-12
1-34 2.777-13 5.216-13 7.769-13 9.337-13 9.300-13 8.383-13 7.396-13 5.411-13
1-35 1.416-11 1.600-11 2.868-11 4.226-11 5.375-11 5.817-11 5.936-11 5.619-11
1-36 1.160-13 1.440-13 2.417-13 3.228-13 3.546-13 3.385-13 3.104-13 2.848-13
1-37 1.102-12 1.099-12 2.273-12 3.909-12 5.952-12 7.326-12 8.230-12 7.011-12
1-38 2.107-13 2.429-13 4.076-13 5.434-13 5.948-13 5.661-13 5.180-13 5.068-13
1-39 6.046-13 6.830-13 1.176-12 1.624-12 1.875-12 1.877-12 1.799-12 1.628-12
1-40 6.398-13 6.750-13 1.138-12 1.521-12 1.663-12 1.579-12 1.441-12 1.436-12
1-41 3.518-13 3.902-13 6.687-13 9.172-13 1.053-12 1.052-12 1.009-12 9.291-13
1-42 6.683-13 6.199-13 1.048-12 1.400-12 1.526-12 1.444-12 1.314-12 1.285-12
1-43 4.582-13 3.946-13 6.621-13 8.778-13 9.499-13 8.947-13 8.114-13 7.173-13
1-44 4.668-13 4.528-13 7.635-13 1.019-12 1.114-12 1.061-12 9.712-13 9.367-13
1-45 4.806-13 3.495-13 5.842-13 7.708-13 8.291-13 7.776-13 7.027-13 6.043-13
1-46 5.285-13 4.288-13 7.251-13 9.671-13 1.051-12 9.927-13 9.016-13 8.268-13
1-47 3.844-13 2.530-13 4.255-13 5.673-13 6.235-13 5.997-13 5.566-13 4.349-13
1-48 8.288-13 8.213-13 1.566-12 2.440-12 3.280-12 3.678-12 3.848-12 3.831-12
1-49 7.041-12 7.056-12 1.413-11 2.319-11 3.319-11 3.902-11 4.238-11 3.832-11
1-50 5.879-13 6.266-13 1.077-12 1.460-12 1.616-12 1.544-12 1.415-12 1.396-12
1-51 3.921-13 3.531-13 6.093-13 8.261-13 9.108-13 8.670-13 7.917-13 7.849-13
1-52 3.443-13 3.263-13 5.600-13 7.557-13 8.297-13 7.876-13 7.177-13 6.882-13
1-53 2.800-13 3.019-13 5.311-13 7.430-13 8.667-13 8.738-13 8.432-13 7.808-13
1-54 2.733-13 2.594-13 4.473-13 6.072-13 6.734-13 6.462-13 5.952-13 5.798-13
1-55 6.835-13 6.816-13 1.311-12 2.047-12 2.746-12 3.069-12 3.202-12 3.201-12
1-56 4.588-13 2.678-13 4.588-13 6.163-13 6.716-13 6.334-13 5.741-13 4.569-13
1-57 8.032-14 8.371-14 1.494-13 2.096-13 2.402-13 2.350-13 2.193-13 2.176-13
1-58 4.416-13 4.231-13 8.460-13 1.375-12 1.928-12 2.221-12 2.370-12 2.325-12
1-59 3.581-11 3.641-11 7.499-11 1.258-10 1.835-10 2.179-10 2.381-10 2.118-10

Table 1. Excitation rates (cm3/s) for some transitions in Gd XXXVII as a function of Te  (in eV). The superscript h denotes the
results of Hagelstein1). a-b ≡ a×10-b.
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Introduction

The study of multi-electron atoms and molecules in strong laser
fields has been one of the areas of atomic and molecular physics
that has attracted considerable interest over the last decade.
Since the atomic structure is significantly disturbed when the
magnitude of the laser field becomes comparable to the
magnitude of the inter-particle interactions, many surprising
phenomena, such as high-harmonic generation, have been
observed experimentally for atoms in strong laser fields. To
obtain a coherent understanding of these phenomena, many
theoretical approaches have been proposed, ranging from
extensive time-dependent calculations 1,2) to simple model
calculations 3,4).

We are particularly interested in the development of a time-
independent method for the description of atoms and molecules
in strong laser fields : the R-matrix Floquet approach 5,6). In the
R-matrix Floquet approach, the time-dependent wave function
of the system is transformed into a time-independent one by the
Fourier-Floquet Ansatz. As a consequence of this Ansatz, the
net number of photons absorbed or emitted becomes an integral
part of the wave function.

In the present report, we describe some recent advances made
for two systems in particular, H2 and Ar7+. A recent paper 6)

discussed R-matrix-Floquet theory applied to molecular multi-
photon processes. At present, this theory describes the
interaction of intense linearly polarized laser fields with
arbitrary multi-electron diatomic molecules, and forms the
beginning of a program of work, which aims to complement
recent experimental work on multi-photon ionization processes
in light molecules. In order to evaluate the merits of the
molecular R-matrix Floquet code, we presently concentrate our
attention on H2.

In addition to molecular processes, atomic processes in intense
laser fields are of strong topical interest. For example, highly-
charged ions have been studied extensively at the Central Laser
Facility 7). Very few multi-photon calculations have been
performed for highly-charged ions, but the characteristics of the
R-matrix Floquet approach are such that calculations for highly-
charged ions in intense laser fields should be significantly
simpler and faster than calculations for neutral atoms in intense
laser fields. In response to the experimental interest, we have
started a program to examine highly-charged ions in intense
laser fields.

Multi-photon ionization of H2

A comprehensive study of one-, two- and four-photon
ionization rates for H2 has recently been published 8). Here we
examine four-photon ionization rates for H2 calculated at the
frequency of the KrF laser. A one-state approximation is used to
describe the H2

+ target state. The accuracy of this
approximation is discussed in more detail in 8). We present
results for four-photon ionization at the KrF laser frequency for
a range of intensities and for three internuclear separations,
R=1.2 a.u., 1.4 a.u. and 1.6 a.u.  It is well known that as the
laser intensity increases, the ionization potential increases by
approximately the ponderomotive energy and in a similar way

also the energy levels of excited bound states increase. Hence as
the intensity increases the energy of four-photon absorption
relative to the ν=0 vibrational level of the H2

+ ground state
decreases and so the intensity dependence in Figure 1 is from
right to left. The upper axis in Figure 1 gives this intensity
dependence for the internuclear separation R=1.4 a.u. For
R=1.2 a.u. and R=1.6 a.u. the intensity dependence is only
slightly different. The results in Figure 1 indicate that at an
intensity of 3.1013 W/cm2, the KrF laser frequency is close to
resonance with the second excited state when R=1.4 a.u.
However, when the intensity has increased to about
1.7.1014 W/cm2 the KrF laser frequency corresponds to a
resonance between the ground state and the first excited state.
This gives rise to the large resonance-enhanced multi-photon
ionization (REMPI) peak in the R=1.4 a.u. curve in the centre of
Figure 1. Peaks are also found in the R=1.2 a.u. and R=1.6 a.u.
curves due to the resonance with the first excited state of H2.
These occur for different intensities and hence different
energies relative to the ν=0 vibrational level of H2.

Figure 1. Four-photon ionization rates at the KrF laser
frequency are shown for  internuclear separations of R=1.2 a.u.
(green dot-dashed curve), R=1.4 a.u. (blue solid curve) and
R=1.6 a.u. (red dashed curve). The lower axis gives the energy
in a.u. above the H2

+ ν=0 ground state and the upper axis gives
the corresponding intensity of the laser in 1014 W/cm2 when
R=1.4 a.u.

Also marked in Figure 1 are the ν=12 vibrational level of the
H2

+ 2Σg
+ ground state and the dissociation limit. The energy

above the ν=0 level will be divided between the photoelectron
and vibronic excitation or dissociation of the residual molecular
ion. These results indicate that as the laser intensity (and also
frequency) is varied the energy available for these processes
also varies. This suggests that varying the laser parameters
should enable the population in different vibrational levels of
the residual ion to be controlled due to resonance effects. This
could be important in a number of ways. Consider, for example,
experiments on the multi-photon ionization of the H2

+ ion.
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Since this ion is often formed by the prior multi-photon
ionization of H2, the vibrational population in H2

+ could depend
critically on the parameters of the laser being used.

In order to gain further information about H2 multi-photon
ionization a more complete non-adiabatic treatment of the
nuclear motion is required, analogous to that adopted in field-
free studies of electron-molecule scattering 9). These further
investigations, the subject of our current work, should also yield
information that will enable the vibrational population of the
residual H2

+ ion to be manipulated in a controlled fashion by
varying the laser intensity and frequency.

Multi-photon ionization of Ar7+

Recently, Ar7+ has been suggested as a medium in which non-
linear effects with X-ray lasers can be observed in a four wave
sum difference frequency scheme 7). Following this interest
from experiment, we have started to investigate Ar7+ using the
R-matrix Floquet approach. Ar7+ is Na-like and the atomic
structure is therefore quite simple: a single electron outside a
closed core. Using the Clementi-Roetti data tables for the 1s, 2s
and 2p orbitals 10), it is then straightforward to create a basis set,
which is sufficiently accurate to describe the Rydberg states in
detail.

Figure 2. Photoionization rates for the 3s state of Ar7+.

We have started by examining the two-photon ionization rates
for Ar7+ initially confined to either the 3s and 3p states at an
intensity of 1015 W/cm2. This is a rather large intensity, but it is
needed to obtain ionization rates of a reasonable magnitude:
when the ionization rates become too small, it becomes very
difficult to obtain sufficiently good initial guesses for the
position of the initial state. In Figure 2, we show the two-photon
ionization rate for the 3s state as a function of frequency. The
main resonances in the spectrum belong to the np series,
although the excitation of the nf series can also be observed.
The spectrum clearly shows that there is a huge influence of the
resonances on the two-photon ionization rates.

In Figure 3, we show the two-photon ionization rates for the 3p
state. Photoionization can now proceed through two sets of
intermediate resonances: the ns and nd Rydberg series. Both
series can be identified prominently in the photoionization
spectrum. The resonances dominate the photoionization
spectrum at this intensity completely: the rapid increases and
decreases as one tunes the frequency into and out of resonance
indicate that the spectrum is essentially determined by the
distance from a resonance. Even then, it can be observed that
very small ionization rates can be seen even at an intensity of
1015 W/cm2: at a frequency of 3.4 a.u., the ionization rate does
not exceed 5.10-10 a.u.. Reducing the intensity to lower values
would make calculations at these frequencies nearly impossible.

Figure 3.  Photoionization rates for the 3p state of Ar7+.

Conclusion

The R-matrix Floquet approach is a valuable tool in describing
atoms and molecules in strong laser fields. On the molecular
side, we have applied the approach to study four-photon
ionization of H2. The present results demonstrate the feasibility
and the validity of the approach. Building upon this success
several new developments can be envisaged: to extend the
approach to more complicated diatomic molecules, to treat a
laser field direction perpendicular to the molecular axis, and the
inclusion of the vibrational motion.

On the atomic side, we have applied the approach to two-
photon ionization of Ar7+. Future calculations initially will
entail studying the behaviour of the 3s and 3p states in the
frequency region corresponding to the Ne-like Nd laser
frequency. Subsequently it is envisaged that Ar7+ will be studied
in two-colour fields using the two-colour R-matrix Floquet
approach.
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Introduction

There is a long history of the study of light filaments trapped or
self-focussed by the non-linear refractive index of the medium
in which the light is propagating.  Non-linearity typically arises
from the atomic or thermal properties of the propagation
medium and in the case of a plasma there are two quite distinct
effects.  At very high intensities (vo ~ c) there is the relativistic
non-linearity where the increased mass of electrons oscillating
in the intense laser field acts to reduce the plasma frequency
and hence increase the refractive index. On longer time scales
there is also the ponderomotive  effect where plasma electrons
are expelled from the laser focus, again reducing the plasma
frequency and operating whenever vo ~ vth.

The threshold and dynamics of self-focussing of single light
filaments are well studied, usually using the paraxial
approximation for propagation of the light wave and sometimes
using variational methods so that the functional form of the
distribution of light intensity is assumed and parameters such as
the width and central intensity are followed.

Related Work

Investigation of the interaction of multiple light filaments in
plasma is rather more limited. Sartang, Evans and Toner1)

followed the evolution of the paraxial wave equation (non-
linear Schrodinger equation) in the presence of a ponderomotive
type of non-linearity and observed filaments combining and
splitting in different circumstances.  Wilks et al2) looked at
cases of strong self-focussing followed by spreading and beam
breakup. Vidal and Johnston3) showed the formation of multiple
filaments from a single intense laser but did not follow the
interaction of the filaments. Berger et al4) simulated
filamentation and Brillouin scatter occurring at the same time.

A very comprehensive paper by Schmitt5) includes analytic and
numerical treatment of filamentation, the break up of single
beams into multiple filaments and the statistical effects of
changing laser beam patterns as a function of time (ISI). Ren et
al6) used a fully three dimensional PIC model of laser light in a
plasma to demonstrate the mutual attraction of two skew beams
which results in the light filaments twisting and forming a
braided pattern.  The simple dynamics of the braiding were
reproduced using a variational method to follow the centroids of
two Gaussian beams.

In the non-plasma context Stegeman and Segev7) review the
interaction of optical solitons

Detailed Interaction of Two Filaments

The work described here uses the same PIC code as Ren et al6)

(Hemker8)) but in its 2-1/2 dimensional form, to simulate beams
of light with no gradients in the third (x3) dimension although
all three components of E, B, and j exist.

The simulation region is 225c/ωp units in the direction of
propagation (x1) and 75 c/ωp in the transverse direction x2.
Two laser beams are introduced at the x1 = 0 boundary, 10 c/ωp

across and with their centres at x2 = 25c/ωp and x2 = 50 c/ωp.
The simulation is shown schematically in Figure 1.

Figure 1.  Schematic of the PIC simulation of two laser beams
entering a uniform slab of plasma.

The plasma is a uniform slab at ne = 0.2nc with two small
‘ramps’ at the entrance and exit planes to minimise surface
effects.  The laser beams are defined in terms of their
dimensionless amplitude a0 = (eE/mωc) and have  a0 = 2 and
a0 = 3 to provide a degree of asymmetry to the calculation.
Both beams are well above the threshold for relativistic self-
focussing.  The laser beams ‘turn on’ with a risetime of around
20 ωp

-1.

The simulation proceeds up to a time t = 332 ωp
-1 at which the

laser pulses have propagated across the whole of the mesh.  The
simulation uses ions with a mass of 1836 me so 332 ωpe

-1 is
equivalent to 7.8ωpi

-1 and there is plenty of time for the ions and
electrons to move in response to the ponderomotive forces.  The
simulation is thus of a mix of relativistic and ponderomotive
self-focussing.  Figure 2 shows the E2 field representing the
main component of the laser light at t = 332 ωp

-1.

Figure 2. The transverse (E2) component of the laser waves at a
time of t = 332 ωp

-1.
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The simulation shows the two filaments attracting each other in
the manner of Ren et al6) but since the intensities are unequal
the phase difference between the two filaments changes and at
x1 = 140 c/ωp-1 the phase difference has amounted to
180 degrees.  From this point on the filaments repel each other
and begin to break up.  The more intense beam has acquired
some of the energy of the less intense beam during the
interaction.

Figure 3. The same simulation as of Figure 2 but with the initial
phase of one of the laser beams shifted by 180 degrees.

In Figure 3 we show the results of the same simulation except
that the initial phase of one of the beams is changed by
180 degrees.  The result is less obvious than the previous
simulation but we see that while the relative phase of the beams
is close to 180 degrees they repel each other and when the
relative phase has drifted back to being closer to 0 degrees they
again attract.  In this case the attraction and repulsion repeats
before the beams start to break up.

Figure 4. The same simulation as of Figure 2 but with the initial
phase of one of the laser beams shifted by 90 degrees.

In Figure 4 we show the simulation repeated with an initial
phase difference between the two beams of 90 degrees.  The
interaction is much weaker but closer examination reveals that
the quadrature phase fronts first become out of phase with a
weak repulsion before becoming in-phase and attracting each
other.

For completeness we show in Figure 5 the ion charge density at
the same time as the electric field plot of Figure 3.

The ion density is initially uniform at 0.2nc and we see that the
ponderomotive force of each laser beam has produced a density
channel down to ne = 0.1nc which adds to the strength of the
relativistic self-focussing effect.

Figure 5. The ion density at the same time as Figure 3 showing
the density channels produced by the ponderomotive
component of the self-focussing.

Discussion

This change from attraction to repulsion according to the
relative phase of the two beams has analogies in the similar
behaviour of ideal optical solitons5).  When the beams are in
anti-phase the intensity between the two beams goes to zero and
so the intensity and therefore the phase gradient is greater
between the beams than outside.  Conversely when the beams
are in phase the intensity and phase gradient is less in between
the beams than outside.  The net phase gradient across each
beam is a deflecting force towards the side with the greater
phase retardation, i.e. inwards when the beams are in-phase and
outwards when the beams are out of phase.

If this is an adequate explanation of the effects observed in the
self-consistent electro-magnetic plasma calculation we should
be able to mimic the effect in a simple model which follows the
paraxial propagation in a non-linear medium but which ignores
the remainder of the plasma behaviour including Raman side-
scattering electron acceleration and ponderomotive self-
focussing.

A Simpler Model

Our simple model is based on that of Sartang et al1) which
numerically solves the paraxial (i.e. envelope) equation for the
propagation of light in one longitudinal and one transverse
direction in a non-linear medium.  We include the full form of
the relativistic refractive index:
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This implies that µ → 1 as a0 → ∞ i.e. the non-linearity
saturates at high intensity in contrast to the simple cubic non-
linearity of the ideal soliton.  In order to obtain maximum
accuracy with a second order Lax Wendroff differencing we
need to iterate to a self-consistent value of the non-linear
refractive index.



High Power Laser Programme –  Theory and Computation

Central Laser Facility Annual Report 2000/2001                            54

The results are shown in Figures 6, 7 and 8.

Figure 6.  The paraxial simulation of the interaction of two
light filaments for the same initial parameters and spatial scales
as Figure 2.  The colour bar for amplitude a0 ranges  linearly
from 0 to 5.  The filaments attract but more slowly than in
Figure 2.

Figure 7. The paraxial simulation repeated but with the initial
amplitude of one beam reversed as in Figure 3.  The colour
scale is as in Figure 5.  There is now weak repulsion between
the two beams.

Figure 8. The simulation repeated again but with an initial
phase difference between the two beams of 90 degrees.  The
interaction is initially weaker leading to repulsion at later times.

The simple paraxial model does not reproduce the details of the
full PIC simulations but good qualitative agreement is obtained
in all three cases.  The in-phase case shows the beams attracting
and the more intense beam growing at the expense of the
weaker beam.  The initially out of phase case shows a weaker
repulsion of the beams and a second self-focussing.  The
quadrature simulation shows the weakest of all the interactions
leading eventually to weak repulsion.  In view of the fact that
the simple model has a weaker self-focussing force due to the
omission of the ponderomotive effect we consider this overall
similarity to give good confirmation that the explanation given
earlier of attraction or repulsion of filaments based on their
relative phase is essentially correct.

Other work has shown that the influence of the mutual Raman
scattering between the beams and the electron currents induced
by particle acceleration may be important in some
circumstances but to lowest order the two filament interaction
appears to be dominated by the simple non-linear optics
phenomena.
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Introduction

This study is motivated by the recent experiment of Woolsey et
al1) at the CLF, designed to produce plasma conditions which
would enable the study of a magnetised collisionless shock in
the laboratory with application to a variety of astrophysically
interesting situations.  One of the open questions in that
experiment is to what extent an external magnetic field can
penetrate a pre-formed laser plasma.

The simplest argument is that the laser plasma is almost
collisionless, of high electrical conductivity and so the magnetic
field will be shielded out of the interior of the plasma by a skin
current.  The skin current and the penetration of the field will be
limited to a collisionless skin depth c/ωp.  Inclusion of the finite
conductivity for the conditions of Reference 1 leads to a
penetration of less than twice the collisionless value.

Further consideration2) shows that for large magnetic fields the
magnitude of the skin current implies an electron drift velocity
greater than the electron thermal speed and the possibility that
ion-acoustic turbulence may give rise to an increased resistivity
and increased penetration depth. Moreover once the magnetic
pressure becomes greater than the plasma pressure there is also
the possibility of a Rayleigh Taylor type fluid instability as the
‘low density’ magnetic field attempts to accelerate the ‘high
density’ plasma.  These two effects occur on different time
scales, the ion acoustic turbulence growing on a time scale of
1/ωpi while the Rayleigh Taylor modes will grow on a longer
hydrodynamic timescale.

The precise value of the electron drift velocity needed to initiate
the ion-acoustic turbulence is not well established under all
conditions but if we assume that the condition may be written
vcrit = αve where ve is the electron thermal velocity and the skin
current flows only in a collisionless skin depth c/ωp then we can
derive the interesting relationship

(B2/8π)/(nemeve
2) = α2 / 16π (1)

Most theories of current driven ion-acoustic turbulence give a
value for α of the order of (me/mi)

1/2, i.e. α << 1, so this
equation gives an ordering for the appearance of the turbulent
skin current and Rayleigh Taylor instabilities.  If the pressure of
the magnetic field is smaller than the plasma electron pressure
by more than the factor of α2/16π then neither of the
instabilities should occur.  As the magnetic pressure increases
first the current driven instability appears when the magnetic
pressure is still much less than the plasma pressure but the
Rayleigh Taylor instability will not appear until the magnetic
pressure becomes comparable to the plasma pressure and is
capable of imparting significant acceleration to the plasma.

This situation is related to the tearing modes of magnetically
confined plasmas and the disruption phenomena that initiate
solar flares.  In all cases the initial magnetic field energy is
destroyed by instabilities which break the original symmetry
much faster than would be deduced from purely collisional time
scales.

Simulations

While the Rayleigh Taylor aspects of the above problem can be
simulated using MHD methods which are more efficient for
long time scale problems we have taken advantage of the
availability of the PIC code Osiris2) which runs efficiently on

multiple parallel processors and simulated the problem for long
enough to observe both effects described above.

There is an intrinsic difficulty in setting up the problem
described above since the source of the magnetic field is
typically of dimensions much larger than can be included self-
consistently in the model.  Attempting to initialise a magnetic
field at t=0 is not viable since it assumes just that which we are
trying to calculate.  Instead we have introduced additional
particle species into Osiris which form a current sheet and
which can be accelerated by fictitious external forces.  The
initial condition with j = 0 is then field-free and as the current
sheet grows the magnetic field propagates away from the source
at the speed of light and interacts with the test plasma to form a
self-consistent solution.

We have chosen to make the particles of the skin current very
massive and so resistant to any back reaction from the plasma.
In the real world problem the reaction back on the field sources
is largely irrelevant due to the transit time delays.

The magnetic field rise time must be slow, ie 10 – 100 x ωp
-1 so

that there is little magnetic energy in the Fourier components
with frequencies greater than the plasma frequency which can
directly penetrate the test plasma.

The initial conditions of the PIC simulation are shown in
Figure 1 with the dimensions in units of c/ωp. x1 and x2 are the
space coordinates of the simulation while all x3 derivatives are
zero.

Figure 1.  Schematic of the Osiris simulation.

The simulation evolves with the current sheet growing from
J = 0 at t=0 to a steady value at t=100ωp

-1 which gives a
magnetic field of 0.7 mcωp/e between the current sheet and the
test plasma.

As the simulation proceeds the expected skin current appears
(Figure 2) and this skin current eventually becomes turbulent
(Figure 3).
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Figure 2. Electron phase space at t = 153.9 ωp
-1 showing the

skin current in the test plasma in the x2 direction induced by the
applied magnetic field B3 and decaying over the collisionless
skin depth c/ωp.

Figure 3. Electron phase space at t = 461 ωp
-1 showing the

spread in electron velocities as turbulence develops in the
transverse skin current.

Figure 4. Magnetic field out of the plane of the simulation at
t = 153.9 ωp

-1 showing the almost planar interface with the test
plasma.

At the same time that turbulence and heating has been
developing in the region of the induced skin current, the test
plasma has been accelerating under the influence of jskin x B.

The profiles of B3, the main component of applied magnetic
field, show a development of surface ripples reminiscent of the
Reyleigh Taylor fluid instability.  This sequence is shown in
Figures 5, 6 and 7 with the characteristic non-linear Rayleigh
Taylor behaviour that small wavelength modes grow fastest but
also saturate soonest leaving longer wavelength modes
dominant at later times.

Figure 5. Magnetic field at t = 307.8ωp
-1 showing the instability

developing with a wavelength around 2 – 3 c/ωp .

Figure 6. At t = 615 ωp
-1 the instability of the interface is most

developed at longer wavelengths around 5 c/ωp.

The characteristic wavelength of the ‘Rayleigh Taylor’ modes
grows from about 2 c/ωp to about 5 c/ωp between t = 307ωp

-1

and t = 615 ωp
-1.

Apart from the very latest times where the influence of the right
hand boundary has clearly perturbed the test plasma we see
almost no penetration of the applied field beyond the region of
the turbulent skin current.  The electron drift instability has
generated strong turbulence and electron heating but without
making significant changes to the effective resistivity and
magnetic diffusion.

The electron phase space at this time shows similar
perturbations to the magnetic field plots (Figure 7).
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Figure 7. The electron density plot at t = 615ωp
-1 showing

similar structure to the interface in the magnetic field plot.

On the other hand the ion phase space shows more structure
including what we believe to be a succession of shock waves as
the test plasma is impulsively accelerated by the magnetic field
(Figure 8).

Figure 8. Ion density plot at t = 615 ωp
-1 showing more small

scale structure than the equivalent electron density plot.
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Conclusion

These simulations contain a wealth of information that need
more detailed analysis but already show the viability of the PIC
approach to these long time scale problems given fast modern
computers.

An immediate conclusion regarding the Woolsey et al
experiment is that there is unlikely to be any significant
magnetic field penetration into the flowing plasma and that the
turbulent skin current may confuse the observation of
magnetised collisionless shocks.  On the other hand the
possibility exists of measuring the turbulence in the skin current
which is itself of considerable interest given its close
connection with other laboratory and astrophysical plasma
conditions.  The observation of a magnetic Rayleigh Taylor
instability is also an interesting prospect.
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This note presents analytical modelling of the simplest aspects
of ongoing experiments using the Vulcan laser to simulate
astrophysical shocks by producing collisions between two
exploding foils1). The purpose is to understand the basic
dynamics of the plasma and the magnetic field in these
experiments, and to gain some analytical insight  into the output
from numerical simulations of the experiments using the
MEDUSA 1) and POLLUX 2) codes. Specifically, we try to clarify
why the plasma flow becomes supersonic even though it is
purely thermally driven; how nonuniformities imparted by the
laser beam can survive in the plasma while its transverse
dimension expands by a factor of several thousand; and whether
the magnetic field can penetrate into the plasma despite the
small collisional and collisionless skin depths.

Hydrodynamics

The simplest model of an exploding foil is that furnished by the
isothermal, one-dimensional fluid equations,
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where n is the electron number density, u the velocity, and
cs = (Te/ mi)

1/2 the isothermal sound speed. The electron
pressure is taken to dominate over the ion pressure since the
electrons outnumber the ions. The magnetic field does not affect
fluid-like aspects of the plasma dynamics if β=2µ0 nT/B2>>1.
These equations have solutions with Gaussian density profiles
and linear velocity profiles 3),
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The last, approximate, equality holds if the initial velocity, 0L& ,

vanishes and if L(t)>>L(0)=L0. This solution, which might
reasonably describe the early stages of the exploding foil
experiments before the two foil plasmas have had time to
interact, enables us to understand two features of the
experiments: the supersonic nature of the plasma expansion and
the possibility of density fluctuations remaining in the plasma
for a relatively long time. The initial foil thickness is about
L0=0.1 µm, and the flow speed at the time of the collision, when
x=L=0.5 mm, thus becomes u~4cs, in rough quantitative
agreement with the Mach number observed in the simulations.
The expansion is thus strongly supersonic although it is purely
thermally driven. In this respect the flow is rather similar to the
solar wind. Now suppose that the plasma is filamented at t=0,
perhaps because the laser irradiation is non-uniform. We expect
sound waves to flatten filaments that have the scale length λ (or
smaller) in the time λ/cs. However, since the Mach number
exceeds unity, at the time (3) when the collision occurs this still
leaves filaments with scale lengths
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intact, as indeed observed in the experiments.

Magnetic field penetration

A question of prime importance is whether the magnetic field
produced by Helmholtz coils surrounding foils penetrates into
the plasma. Insofar as the plasma is ideally conducting, only the
field initially frozen into the plasma would be present there.
This field would become very weak as it is attenuated by a
factor L/L0~5000 when the plasma expands. The collisionless
skin depth is very small in the experiment, δe=c/ωpe~2 µm if
n=1025 m-3, and the resistive skin depth is also small,
δskin=c/ωpe= (ηt/µ0)

1/2 ~10 µm  for Te =1 keV if the Spitzer
value is used for the resistivity η. While this may suggest that
the plasma is indeed ideal, Spitzer resistivity is, in fact, not
applicable since the electron mean-free path is of the order of
0.3 mm, which is much larger than δskin. We are thus led to
consider other mechanisms which control the resistivity of the
plasma. One such mechanism is micro-turbulence excited if the
current density becomes high enough. This turbulence gives rise
to an anomalous resistivity which acts to limit the current to
stay below some value related to the sound speed, j<αncs, and
determined by the constant α 4). If the electrons drift faster
through the plasma than indicated by this limit, ion acoustic or
lower-hybrid waves become unstable. This instability is then
strong enough to scatter the electrons and thus reduce the
current to near the stability threshold. If this limiting current is
smaller than the Spitzer skin current, this implies enhanced
magnetic field penetration since it limits the sharpness of
magnetic field variation. Indeed, Ampere’s law in a slab,
dB/dx=µ0j, then implies the following lower bound on the
penetration scale length
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where the collisionless ion skin depth δi=(mi/me)δe is about
0.1 mm if n=1025 m-3. The factor α is believed to be somewhat
larger than unity, but not very large and certainly smaller than
(mi/me)

1/2 since this would correspond to a current comparable
to the electron thermal speed, leading to the excitation of a two-
stream instability. As the magnetic field reaches tens of teslas in
the experiments, the factor β is not very much larger than unity,
suggesting that LB~δi, so that anomalous resistivity could allow
the magnetic field to penetrate into the plasma.

This work was funded jointly by the EPSRC, EURATOM and
the Department of Trade and Industry.
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Introduction

Circular polarization is often assumed to facilitate analysis
when studying the propagation of laser light in plasma at
intensities where the electron quiver velocity is strongly
relativistic. This is because there is an exact analytic form for
large amplitude circularly polarized plane waves due to the
vanishing of the v x B force. This wave is a pure transverse
electromagnetic wave in which electrons move in circles at
constant speed and relativistic mass increase. In contrast,
ultraintense linearly polarized laser light is a longitudinal-
transverse anharmonic wave with oscillations in the electron
longitudinal motion and electron mass increase. In the case of
both polarizations, such pulses are rapidly unstable to
fluctuations in density and mass increase. The general treatment
of the parametric instability of ultraintense, linearly polarized
laser light has proved elusive until recently 1,2). For this reason,
much current theory has assumed circularly polarized laser light
3,4). Even so, the extension of stability theory to arbitrarily high
intensities and valid for any accessible density is not
straightforward. Quesnel et al 4) first obtained a general solution
for the parametric instability of circularly polarized laser light.
They derived and numerically solved a system of fourth order
difference equations, which involved 7-dimensional unknowns
and coefficients, which were 7×7 matrices. We present here a
much-simplified representation for this case in the form of a
system of fourth order difference equations for a single scalar
unknown with scalar coefficients.

The Difference Equation

The circularly polarized vector potential for the laser light is

a0 = eA0/mec
2 = a0 (0, sin η, cos η)

where the phase η = k0x - ω0t. The electrons have momentum
p0 = meca0, constant relativistic mass γ0 = (1 + a0

2)1/2 and
constant speed v0 = ca0/γ0. The mass increase gives a reduced
plasma frequency ωpr = ωp0/γ0

1/2. The dispersion relation is
modified to ω0

2 = ωpr
2 + k0

2c2.

Let Ψ = (n/γ)1 be the first order fluctuation in the ratio of
density to mass increase (effectively the ‘relativistic’ plasma
frequency 4πne2/meγ). From linear theory 2) we eventually
derive the 4th order linear difference equation for Ψ
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and ε (ω) = ω2 - ωpr
2, D (ω,k) = ω2 - ωpr

2 –k2c2, ω± = ω ± ω0,
k± = k ± k0. k⊥ is the perpendicular wavenumber. Solutions
depend only on the two parameters ωprv0/ω0c and k⊥v0/ω0. This
form is entirely equivalent to that of Quesnel et al 4) but

involves only a scalar unknown Ψ (instead of a 7 dimensional
vector) and scalar coefficients α0, α±1 and α±2 (instead of 7 × 7
matrices). The coefficients of the difference equation
correspond to a doubly infinite, symmetric, penta-diagonal
matrix.

The one-dimensional dispersion relation (k⊥ = 0) is given by
α0 = 0 and represents a closed coupling between modes ω and
ω±. (This is also the same form as for the approximate 4-wave
linearly polarized case valid when a0 <1.) This case has been
analyzed in detail by Guérin et al 3) showing the various mixes
of the relativistic modulational instability, forwards and
backwards stimulated Raman scattering. The closed system
prevents the occurrence of higher order processes, such as
stimulated harmonic generation.

This is no longer the case for 2/3-dimensional processes
involving obliquely propagating modes where the off diagonal
elements couple an infinite hierarchy of modes. As such it
describes additionally the relativistic filamentation instability,
stimulated (Raman) side scattering and the two-plasmon decay
instability as well as higher order processes such as stimulated
Raman harmonic generation. However, it is a routine exercise
to solve the dispersion relation, i.e. to evaluate and solve the
determinant of the coefficients of this symmetric penta-diagonal
system (truncated to include sufficient coupled modes).

This form allows approximate analytic formulae to be deduced
for the growth rates in special cases, such as for low density
(n << ncr, where ncr = γ0nc is the relativistic critical density
accessible by self-induced transparency due to the electron mass
increase) or for weakly relativistic regimes (a0 ≤ 1). For
example, expressions for three-wave Raman growth rates are
routinely derived:
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Conclusions

A simpler form than has hitherto been available to describe the
dispersion characteristics of all electronic parametric
instabilities for circularly polarized light has been deduced.
Within the constraints as a cold plasma model, it is valid for
arbitrary density and laser intensity.
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Introduction

Ionisation of xenon up to Xe6+ has been investigated using a
Z-scan technique to spatially resolve individual processes
within the focused laser spot. Experimental data has been
described well by considering the relative volume contributions
from each ionisation stage within the confocal volume.

Experimental Configuration

Experiments are performed using 65fs 800nm (10Hz) laser
pulses from the Astra femtosecond laser facility. A 25cm lens is
used to shallow focus the pulses, resulting in a large confocal
volume. Pulse integrity is monitored using a frequency resolved
optical gating (FROG) technique and shot to shot fluctuations
are discriminated at a 5% level.

Z-scan experiments are performed using a modified interaction
chamber of the ion beam apparatus, 1, 2) as shown in Figure 1.

Figure 1.  Schematic diagram of z-scan apparatus.

Target gas is effused into the vacuum chamber via a
hypodermic needle, located 10mm beneath the interaction
region, to a typical pressure of 10-7 mbar. Ions produced during
the laser interaction are extracted through a 0.5mm slit and
detected using conventional time of flight techniques. The laser
focal spot position along the z-axis is controlled by a Newport
motion controller driving a lens mounted to a sub-micron
precision translation stage. This allows excellent z-scan
resolution of the confocal volume.

Confocal Volume Characteristics

Laser pulses are assumed to be Gaussian in r and Lorentzian
along z 3), isointensity contours are calculated using (1).
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Here z0 is the Rayleigh range and Is is the process saturation
intensity. The nth ionisation stage (An+) will be bound between
the saturation contours for An+ and A(n+1)+. These contours take
the distinctive form of peanut-shape lobes, as shown in
Figure 2. The volume unique to each ionisation stage V’(A n+) is
given by:-

V’(A n+) = V(Is(A
n+)) – V(Is(A

(n+1)+))        (2)

where V(Is) is given by:
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When the 0.5mm slit is present, only a thin slice (∆z) of the
confocal volume is observed. In this case, the volume equations
must be modified4) to calculate the individual ionisation stage
volumes observed through the slit.
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Figure 2. Cross section through the laser confocal volume
showing sequential ionisation stages bound by corresponding
isointensity contours.

Results and Analysis

Depending on the region of the confocal volume exposed to the
detector through the slit, different ionisation stages will be
observed with different relative strengths. Figure 3a shows a
typical time of flight spectrum for xenon where no slit is present
and the whole confocal volume is exposed to the detector.
Conversely, with the slit present and situated close to the focus,
higher charge states will dominate with little contribution from
singly and doubly ionised channels. This is illustrated in
Figure 3b.
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Figure 3. (a) Time of flight spectrum for xenon with full
confocal volume exposed to the detector. The presence of Xe8+

indicates a peak intensity of the order 8x1015 Wcm-2 , see
Reference 4. (b) Time of flight spectrum with slit located at the
laser focus showing relative enhancement of higher charge
states.

Figure 4. Z-scan matrix illustrating spatial characteristics of
ions within the confocal volume up to Xe6+. The temporal
streaking observed within each ionisation stage is attributed to
the resolution of xenon isotopes by the TOF spectrometer.

By recording spectra over the full z range, a z-scan matrix
(Figure 4) is constructed, clearly showing the spatial
characteristics of each ionisation stage within the confocal
volume.

Theoretical volume curves have been generated as a function of
z-position using Equation (4) and fitted to experimental ion

yields for the first four ionisation stages of xenon 5), as shown in
Figure 5.

Figure 5. Cross section along the z-axis showing expected
volume behaviour (solid lines) normalised to experimental
z-scan data (data points) for ionisation stages up to Xe4+.

Agreement between theory and experiment is good for the bulk
of the dataset but fails dramatically at the tails of each
distribution. This is due to the calculated volume curves only
accounting for saturated (unity ionisation probability) signal.
This consequently indicates that the experimental tail must
originate from an unsaturated tunnelling ionisation process at
low relative intensities.

Each volume curve is shown to peak at a z-position
corresponding to the onset of the next ionisation stage. For
smaller z, the relative volume contribution decreases due to
both the absolute reduction in confocal volume and the
subtraction of volume belonging to higher ionisation stages.
This inner curve of the z-scan depends primarily on the
saturation intensity of higher ionisation stages, making it
critically dependent on the diffraction limit of the laser pulse.
Thus, in addition to facilitating spatially resolved ionisation
studies, z-scanning can provide a simple experimental technique
for calculation of the laser diffraction limit.

Conclusion

The z-scan technique has been shown to be a versatile
experimental technique allowing detailed characterisation of
intensity dependent processes within the confocal. Z-scans have
also been employed as a convenient means to gauge laser
diffraction limit.
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Introduction

Following recent work on the geometry modification and laser
induced molecular reorientation of H2O 1) and CO2 

2), we report
on the Coulomb explosion dynamics of OCS in high intensity
femtosecond laser pulses using time of flight momentum
imaging techniques. Unlike CO2 and H2O, OCS is a highly
asymmetric molecule. This makes it an ideal candidate for
studies of geometry modification in high intensity laser pulses,
as subtle changes in both bond length and bond angle will
appear more pronounced relative to other symmetric triatomics
using this momentum imaging technique.

Experimental results have indicated the presence of a non-linear
Coulomb explosion geometry with bond lengths approximately
twice equilibrium internuclear separation, in agreement with
enhanced ionisation theory. Experimental results have been
confirmed using Monte Carlo simulations and a two-
dimensional classical field ionisation model.

Experimental Configuration

The time of flight mass spectrometer and laser system remain
largely unchanged from previous studies1), and so will only be
described briefly.

Laser pulses of 790nm, 55fs (10Hz) were reflection focussed
into the Wiley-McLaren type spectrometer using an f/5
spherical mirror to produce a focus with peak intensity
2x1015 Wcm-2 and a waist of 12µm. The target gas was effused
directly into the interaction region via a hypodermic needle to a
fill pressure of 10-7 mbar (background 10-10 mbar). Laser pulses
were gated (5% discrimination) to reduce fluctuations.
Polarisation of the incoming pulses was computer controlled via
a Newport precision rotation stage housing a λ/2-plate. Good
signal-to-noise ratio allowed each time of flight spectrum, as
shown in Figure 1, to be constructed from an average of 100
laser pulses.

Figure 1.  Typical time of flight spectra for OCS with laser
polarisation axis parallel to the detection axis.

Results

Prior to the ion momentum imaging of carbonyl sulphide, a
covariance map 3) was generated to assist identification of

observed ionisation channels. The covariance map shown in
Figure 2 was built up over 104 individual laser shots. During
this period the target gas pressure was reduced to 4x10-9 mbar
in order to reduce the possibility of false coincidences by
ensuring that, on average, only a single molecule undergoes
Coulomb explosion per laser shot.

Figure 2. Covariance map of carbonyl sulphide.104 laser pulses
of 55fs duration at 790nm, and peak intensity of 2x1015 Wcm-2.

Production of ion momentum maps requires sequential time of
flight spectra to be recorded as a function of laser polarisation
angle (θ) with respect to the detection axis, forming a time of
flight matrix. The time of flight matrix for OCS, shown in
Figure 3, was constructed using 100 shot averaged spectra and
extends from 0° (parallel) to 360° in 2° increments.

Figure 3.  Time of flight matrix for OCS.
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Following a correction to account for the low momentum
detector bias 1) due to the finite solid angle of collection,
individual ion signals within time of flight matrix are converted
to ion momentum maps, as shown in Figure 4a-c.

Figure 4. Ion momentum maps for (a.) C3+, (b.) O3+ and (c.) S3+

from the Coulomb explosion of carbonyl sulphide. Laser
polarisation axis acts vertically in page.

The momentum maps show the terminal oxygen and sulphur
ions acting primarily along the polarisation axis. Conversely the
C3+ ion exhibits an unusual four-lobe structure which, via
conservation of momentum, is indicative of a non-linear
geometry. This implies a bend angle is induced during the
transition from equilibrium geometry to final Coulomb
explosion geometry.

A more quantitative analysis of the ion momentum maps may
be made using a Monte Carlo technique to simulate the
fragmentation process and comparing the simulated maps with
experimental results. Each simulation is run over 104 iterations,
with bond length (R), bond angle (θ) and alignment (φ)
distributions varied until a good fit with experimental data is
obtained. Individually simulated ionisation channels (q1, q2, q3)
are subsequently combined using least square fitting to form an
ensemble of channels for a particular ion, allowing direct
comparison with the experimental ion momentum maps, as
shown below in Figure 5.

Figure 5. Experimental and Monte Carlo momentum map
comparisons for (a.) C3+, lower-right quadrant simulated
(b.) O3+ and (c.) S3+ left-hand side simulated.

The lack of signal in the simulated C3+ map about the poles
(0° and 180°) is thought to result from the time of flight
degeneracy of C3+ and O4+ ions. The distributions derived from
the simulation of these momentum maps are shown in Figure 6.

Despite the initial large equilibrium asymmetry of carbonyl
sulphide, both bond lengths are shown to double
(Rc/Req

OC = 2.01 and Rc/Req
CS = 2.07), in good agreement with

the enhanced ionisation model 4,5). The Coulomb explosion
bond angle is shown to peak at 170°, indicating an enhancement
of the most probable instantaneous zero-point bend angle of
175° 6) . Finally, the molecular alignment distribution about the
laser polarisation axis is shown to extend to a maximum of 40°
and fits well to a cos10(φ) function, indicating the presence of
laser induced molecular reorientation prior to Coulomb
explosion.

Figure 6. Monte Carlo distributions: (a.) bond length RCS,
(b.) bond length ROC, (c.) bond angle and (d.) alignment for
OCS at onset of Coulomb explosion.

Conclusion

Carbonyl sulphide has been shown to undergo significant laser
induced molecular reorientation before Coulomb exploding
with a non-linear bond angle peaking at 170° and bond lengths
in agreement with enhanced ionisation. This has been
confirmed through Monte Carlo simulation and a two-
dimensional classical field ionisation model, which will be
discussed in detail in a future publication. The results described
here are in good general agreement with previous work on CO2,

which also exhibited an enhancement of the zero-point
geometry prior to Coulomb explosion.
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Introduction

Recently reported by this collaboration was the first observation
and measurement of both neutral and charged dissociative
products from the interaction of a fast H2

+ molecular ion beam
with a high intensity femtosecond laser pulse1). In this report we
compare angular distributions to neutral targets, and discuss
fragment yields in terms of the effective interaction volume for
both the dissociation (0,1) and Coulomb explosion (1,1)
processes.

Experimental Configuration

Both the laser and ion beam apparatus have been discussed in
detail elsewhere2). Consequently only salient points will be
mentioned here.

H2
+ ions are formed in a plasma discharge source with a

standard Franck-Condon vibrational distribution and are
extracted and momentum selected before acceleration to 1kV.
Laser pulses of 65fs, 790nm (10Hz rep.) with a focused
intensity of 5x1015 Wcm-2 and a waist of 10µm intersect the ion
beam perpendicularly in the interaction region. Deflector plates
prior to the interaction region allow ion beam steering and
pulsing to avoid detector saturation. Neutral products are
detected on-axis using conventional time of flight techniques
with the laser polarisation orientated parallel to the ion beam
axis. Conversely, ions are electrostatically deflected through a
45° parallel-plate analyser to the ion channel electron multiplier
with laser polarisation perpendicular to the ion beam axis. The
residual primary beam is dumped in a Faraday cup.

Results and Analysis

Experimental results confirm the presence of two fragmentation
channels, namely dissociation (1) and Coulomb explosion (2).

Figure 1. Dressed potential diagram for H2
+ highlighting the

one, two and three-photon adiabatic avoided crossings for
intense 800nm radiation.

HHnv),g(1s2H ++++ →h (1)

eHHnv),g(1s2H ++++++ →h (2)

The dissociation mechanism is best understood by considering a
dressed potential model 3) with an adiabatic avoided crossing of
the 1 photon resonant 1sσg and 2pσu potential curves, whilst the
Coulomb explosion channel results from enhanced ionisation 4)

at the critical distance.

Angular distributions of the neutral dissociation products have
been measured by rotating the laser polarisation axis with
respect to the detection axis and recording neutral yield as a
function of angle (θ), as shown in Figure 2.

Figure 2. Neutral yield from dissociation of H2
+ (left) and

proton yield from H2
+ formed from a neutral H2 molecular

precursor (right).

Dissociation products from the molecular ion fit well to a
cos2(θ) form, which is indicative of the absence of laser induced
molecular reorientation. Conversely the dissociative product
yield from neutral H2 fit a tight cos7(θ) distribution indicating
the presence of laser induced alignment. This discrepancy
between the pure molecular ion and the molecular ion formed
from H2 in the leading edge of the evolving laser pulse is
currently believed to result from the prompt dissociation of the
pure molecular ion early in the laser pulse. In contrast, the
neutral molecule must undergo primary ionisation at a threshold
intensity of 3x1013 Wcm-2 prior to dissociation5).

Consideration must also be given to the temperature of the
targets. Rotational excitation, which will compete against laser
induced alignment, for a thermal H2 target will be very small in
comparison to the H2

+ molecular ions formed in a hot plasma
discharge source.

Neutral dissociation products and protons from the (1,1)
Coulomb explosion channel have also been investigated as a
function of peak laser intensity, as shown in Figure 3.
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Figure 3. (0,1) dissociation (∇) and (1,1) Coulomb explosion
( ) channels from H2

+ as a function of peak laser intensity.

Unlike the primary ionisation of H2, which has a well defined,
relatively high threshold intensity, the photodissociation of H2

+

has a very low threshold (2x1011 Wcm-2) 6), and may even be
considered in terms of a one photon resonance with
H2

+ (1sσg, v = 9). Consequently significant interaction volume
will lie beyond the Airy disk. Apertures present in the optical
system mean laser pulses will undergo diffraction, resulting in
Fraunhofer fringing on the low intensity wings of the pulse, as
shown in Figure 4. Although too weak to contribute to the (1,1)
Coulomb explosion channel, the fringe region will contribute
heavily to the (0,1) dissociation channel due to the large relative
interaction volume. This point has also recently been considered
by Frasinski 6).
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Figure 4. Typical diffracted laser pulses for various peak
intensities. The radial behaviour of fringes beyond the Airy disk
falls like r-3. Superimposed on these graphs are the (0,1) and
(1,1) process thresholds.

Whilst the radial intensity dependence I(r) within the Airy disk
still behaves in a Gaussian fashion, diffraction causes the
fringed region to fall like I(r) ∝ r1/3. The common interaction
volume of the crossed ion and laser beams, known as a
Steinmetz volume, is found to scale like V(r) ∝ I2.66 with laser
radius, assuming a fixed ion beam diameter.

Thus the effective interaction volume of the fringe region
behaves like V(I) ∝ I2.66/3  or I0.88. As illustrated in Figure 5, this
linear volume expansion in log-log space fits the (0,1) channel
well, indicating the (0,1) process originates from the low
intensity diffracted wings of the laser pulse.

The Coulomb explosion threshold intensity is sufficiently high
to ensure all signal is confined within the Gaussian Airy disk.
Volume as a function of laser intensity for this region is given

analytically by (3) below. However, if the laser spot size is
larger than the ion beam dimensions, the bound form (4) of the
equation must be used.
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Here I0 and It are the peak and threshold intensities respectively
and δ is the ratio of the ion beam radius to the Rayleigh range.

The (1,1) channel also fits well for a threshold intensity of
8x1014 Wcm-2, implying a saturated (1,1) process originating
entirely from within the Airy disk.
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Figure 5. Effective interaction volume fits to (0,1) dissociation
channel (red), and (1,1) Coulomb explosion channel (blue).

Conclusion

Significant differences in the angular characteristics of the H2
+

molecular ion and the molecular ion formed from neutral H2

have been identified and discussed. The (0,1) and (1,1)
mechanisms in H2

+ have been described in terms of the
effective interaction volume produced by a diffracted laser
pulse.
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Introduction

Optical guiding of laser pulses with intensities of 1015 W cm-2

or greater is important for increasing the laser-plasma
interaction length in applications such as harmonic generation1),
laser wakefield accelerators 2,3), and x-ray lasers 4,5). A wide
variety of techniques for guiding intense laser pulses has been
investigated, including grazing-incidence reflection at the walls
of a hollow capillary tube 6-8), relativistic and ponderomotive
channelling 9,10), and several types of plasma waveguide 11-19).
However, no single approach has been shown to be capable of
guiding high-intensity laser pulses over long lengths with low
coupling and propagation losses, minimal distortion of the
duration or spectral content of the pulse, and a long device
lifetime.

In the present paper we report the first demonstration of guiding
of high-intensity laser pulses in a new type of plasma
waveguide: the hydrogen-filled capillary discharge
waveguide20). We have achieved guiding of femtosecond laser
pulses with a peak input intensity of greater than 1016 W cm-2

through 20 and 40 mm-long hydrogen-filled capillaries, with
pulse energy transmissions of 92% and 82% respectively. The
waveguide also has a long shot lifetime: in these experiments
more than 103 laser pulses were guided though the same device.

Before describing our experiments, we briefly discuss the
background to this work. In an ideal plasma waveguide a
channel is formed in which the radial electron density profile is
parabolic:

Ne(r) = Ne(0) + ∆Ne(r/rch)
2

where Ne(r) is the electron density at radius r. In the absence of
further ionization of the plasma by the guided laser pulse, and
where ponderomotive and relativistic effects can be neglected, a
Gaussian laser beam will propagate though the guide with a
constant spot-size WM , provided that:

WM = [ rch
2 / (πre∆Ne ) ] 

¼

where re is the classical electron radius. Plasma waveguides
have been formed by hydrodynamic expansion of a laser-
produced cylindrical plasma11-14), ablation of a capillary wall by
a slow electrical discharge15-17), and formation by the pinch
effect in a fast capillary discharge18-19).

The hydrogen-filled capillary discharge waveguide

The hydrogen-filled capillary discharge is illustrated
schematically in the inset to Figure 1. The two electrodes were
mounted at the ends of an alumina capillary of internal diameter
300� P��*DV�ZDV�IORZHG�LQWR�WKH�FDSLOODU\�WKURXJK�WZR�JURXSV
RI�VL[����� P�GLDPHWHU�KROHV�ORFDWHG�� mm from each end of the
capillary. The discharge was initiated by switching a thyratron
so as to connect across the electrodes a 1.7 nF capacitor charged
to a voltage between 20 kV and 30 kV.

We have previously measured the radial electron density profile
formed in this device and found it to be approximately
parabolic20), with a matched spot size of 37.5 µm. The average
ionization Z* of the plasma for t = 60 ns after the initiation of
the discharge was determined from these measurements to be
0.99 ± 0.12.

Magneto-hydrodynamic (MHD) simulations21) of the electron
density profiles are in good agreement with the measurements,
and demonstrate that under the conditions of the present

experiment the pinch effect is negligible. Instead, the guiding
electron density profile is formed by conduction of heat to the
capillary wall by the plasma electrons. Since radial pressure
variations are rapidly equalized, the radially-decreasing plasma
temperature corresponds to a radially-increasing electron
density. The simulations show the guiding channel to be
parabolic near the axis, and predict the hydrogen to be fully
ionized for t > 55 ns.

Guiding experiments

Figure 1 shows the experimental arrangement employed for the
present experiments. Pulses from the Astra Ti:Al2O3 laser were
focused at the entrance of the capillary by a 1.6-m focal-length
off-axis paraboloid used at f/27. Considerable care was taken to
remove small amounts of astigmatism in the Astra beam by
reflecting it from a mirror with an adjustable radius of curvature
in one (chosen) dimension. As a result, a high-quality focus was
achieved with a measured spot size of 29� P� DQG� M2 ≈  3.
During the present experiments the average pulse energy of the
laser was 230 mJ. The pulse duration (FWHM) was measured
to be (120 ± 40) fs.

The measured energy, duration, and spot size of the input laser
pulses correspond to a mean peak input laser intensity of
1 × 1017 W cm-2. However, several months after the completion
of our experiments it was discovered that, under certain
conditions, the output pulses from the Astra laser system
contained significant temporal structure, namely a train of
approximately 8 short pulses separated in time by ~ 100 ps. It is
not known whether or not this unwanted temporal structure was
present during our experiment. However, even if it had been,
the peak intensity of the most intense of the sub-pulses would
have been greater than 1016 W cm-2. (The conditions under
which multiple pulses occur are now understood and procedures
are implemented to ensure that only single pulses are present.)
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microscope objective

Neutral density filters
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Figure 1. Schematic diagram of the experiment.
Inset: Schematic diagram of the hydrogen-filled capillary
discharge waveguide.

Radiation leaving the capillary was reduced in intensity by
reflections from wedged optical flats and imaged onto a CCD
camera . The pulse energy transmission T was measured using
energy meters located behind beam-splitters placed before and
after the capillary.

For each shot, hydrogen was either flowed into the capillary
continuously, or pulsed for 2 s, commencing 1 s before the
discharge was initiated.

First demonstration of guiding of high-intensity laser pulses in a hydrogen-filled
capillary discharge waveguide
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Results

Figure 2 shows the measured transmission as a function of the
delay t for a 20 mm-long capillary waveguide, together with the
temporal variation of the discharge current, for a hydrogen
pressure of 67 mbar.  Note that the small current pulse prior to
the main current arose from charging of the coaxial cable
connecting the electrodes to the rest of the circuit, and did not
pass through the capillary.

Figure 2. Measured transmission T as a function of the delay t
for 20 mm (circles) and 40 mm (triangles) long capillaries. The
solid line shows the discharge current for the 20 mm-long
capillary.

For the 20 mm-long capillaries it is seen that prior to the
initiation of the discharge T is approximately 12%, the low
transmission resulting from ionization-induced defocusing of
the laser pulse by the neutral hydrogen inside the capillary. The
transmission rises to approximately (92 ± 3)% within 60 ns of
the onset of the current pulse, and is maintained at this value for
t up to approximately 270 ns. For longer delays T decreases
slowly.

Figure 2 also shows the measured temporal variation of T for a
40 mm-long capillary. In order to achieve gas breakdown the
charging voltage of the storage capacitor was increased to
30 kV, limited by the thyratron, and the initial hydrogen
pressure was reduced to 30 mbar. The temporal profile of the
discharge current was very similar to that recorded with the
20 mm capillary, the peak current being 300 A. However, the
discharge breakdown was less reliable, which may explain the
increased scatter in T. It is seen that for the 40 mm capillary the
temporal variation of T is broadly similar to that of the 20 mm
capillary, although the duration of very high transmission
appears to be shorter. The best transmission occurs for t
between approximately 40 and 120 ns, during which
T = (82 ± 5)%.

Figure 3 shows transverse intensity profiles of the laser pulse
measured in the plane of the capillary entrance (with the
capillary removed), and in the exit plane of the 20 mm-long
capillary for several values of t. It is seen that prior to the onset
of the discharge current the transmitted laser pulse energy is
low, and distributed across the entire diameter of the capillary.
For t > 0 the transmitted pulse energy initially increases with t,
and becomes constrained to the axial region of the capillary. For
example for the pulse recorded at t = 206 ns, the output beam
spot size is 33 µm, T = 92%, and the peak axial fluence is 70%
of that of the input laser pulse. For longer delays the
transmission and spot size of the exiting beam decrease and
increase respectively.

Discussion of results

Our previous measurements and MHD simulations have shown
that the guiding electron density profile is formed within 60 ns
of the onset of the discharge current. This is consistent with the
observed rapid increase in T immediately after the onset of the
discharge. The MHD simulations show that the curvature of the
electron density profile evolves only slowly during the current
pulse. This explains the fact that for the 20 mm capillary high

pulse energy transmission is maintained for approximately
200 ns before a decrease in the degree of ionization, loss of
plasma, and changes in the curvature of the electron density
profile cause the transmission to be reduced, and the transverse
profile of the transmitted beam to deteriorate. It is likely that
changes in the guiding electron profile are more critical when
guiding over 40 mm, which may be the reason that the very
high transmission was found to last for a shorter interval in this
case.

Figure 3. Fluence profiles of the pulses transmitted through a
20 mm-long capillary as a function of the delay t, together with
that of the input pulses. The profiles have been normalized to
the mean peak fluence of the input pulses.

It should be emphasized that the plasma channel formed by the
hydrogen-filled capillary discharge waveguide is essentially
fully ionized, and parabolic. As such ionization-induced
de-focusing will not occur, and the channel should operate as an
almost perfect plasma waveguide. Any mis-match between the
input spot size W0 of the laser pulses and the matched spot size
WM of the waveguide will cause the spot size of the guided laser
pulse to oscillate with propagation distance, but the
corresponding oscillations in the axial intensity of the guided
pulse are relatively small.

Since the guiding channel is essentially fully ionized, temporal
distortion of the pulse due to ionization should not occur, and
pulse-stretching is restricted to modal dispersion (if the input
spot size is mis-matched), and group velocity dispersion (GVD)
in the plasma. Calculations show that pulse-stretching caused
by GVD is less than 1 fs for the conditions of the present
experiment.

As discussed above, it is not known whether unwanted temporal
structure on the laser pulses was present during our
experiments. However, since the plasma channel is essentially
fully ionized, the effect of any individual sub-pulse on the
plasma channel would have been negligible: the peak intensity
of any sub-pulse would have been too low for any movement of
the plasma by the ponderomotive force to occur; and heating of
the plasma by ionization, or by inverse  bremsstrahlung heating,
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would be negligible. Hence, it is expected that if such temporal
structure were present each sub-pulse would propagate through
the plasma independently. The fact that for the 20 mm-long
capillaries the measured pulse transmission was as high as 92%
is further evidence for this.

Finally, we note that during these experiments more than 103

laser pulses were guided through a single 20 mm capillary at the
full input intensity, with no apparent degradation of the guiding
performance.

Conclusions

The hydrogen-filled capillary discharge waveguide combines
several important features. The plasma channel is composed of
fully ionized hydrogen, and so does not suffer from
ionization-induced de-focusing22), or temporal and spectral
distortion of the laser pulse. The device is relatively simple: no
auxiliary lasers are required; and since the plasma channel is
long lived, the discharge circuit does not require very low jitter
triggering. Furthermore, since the capillary is not ablated by the
discharge current, the capillary lifetime is long.

In summary, we have reported the first demonstration of the
guiding of high-intensity laser pulses in a new type of
waveguide: the hydrogen-filled capillary discharge waveguide.
Low-loss guiding of femtosecond laser pulses with a peak input
intensity of greater than 1016 W cm-2 was demonstrated. More
than 103 laser pulses were guided though the same device with
no degradation of the guiding performance.

Finally, we note that very recently we have completed new
guiding experiments with Astra in which the unwanted temporal
structure which may have existed in the present experiments did
not occur. An initial analysis of those results indicates that laser
pulses with a peak input intensity of at least 1017 W cm-2 were
guided over distances of up to 50 mm with a pulse energy
transmission similar to that reported here. These new results
will be described in more detail in a future publication.
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Introduction

So far intense femtosecond laser pulses in the spectral range of
short wavelength visible (SVIS) and UV have been generated
via second harmonic and sum frequency generation. However,
due to the dispersion and related problems in nonlinear crystals
the requirement of broadband frequency conversion limits the
achievable energy of the generated pulse. Also, the narrow
spectral gain of the readily available excimer laser amplifiers
limits the bandwidth of amplification1-2) while the relatively
broadband newly developed solid state materials exhibit a small
gain only3). During the past few years papers have been
published about successful experiments on optical parametric
chirped pulse amplification (OPCPA), in which short pulse NIR
and IR laser pulses were efficiently amplified using
femtosecond or nanosecond pump lasers4-9).

In this first experiment we demonstrate efficient amplification of
broadband, stretched femtosecond pulses at 400 nm, to our
knowledge for the first time, using non-colinear optical parametric
amplification pumped by picosecond 267 nm pulses. The effect of
saturation and the geometry of the interacting pulses on the
spectral gain are also investigated.

Experimental

In our experiment a part of the 800 nm fundamental beam of
Astra laser was used (Figure 1). The stretched and amplified
pulses with a bandwidth (FWHM) of 20 nm were left slightly
over-compressed resulting in a pulse length of 1.85 ps. A small
fraction of this beam generated the signal pulse at 400 nm in a
100 µm BBO crystal while the majority was used to obtain the
pump pulse at 267 nm in a two-stage frequency converter. The
generated pump pulse was further stretched in double pass by a
68° fused silica prism pair and subsequently spectrally filtered
providing a smooth spatial profile. Two CCD cameras were
used both measuring the beam waist of the pump and signal
pulses giving 550 µm and 140 µm, respectively and monitoring
their spatial overlap in the 12 mm long BBO amplifier.

The temporal width and phase of the fundamental (800 nm)
pulse were established from the spectrum by using a fitting
algorithm to a multiple shot autocorrelation measurement
(Figure 2). The pump (267 nm) pulses were similarly
characterised from their spectra and a cross correlation
measurement with the fundamental pulse. The signal (400 nm)
pulse was assumed to inherit the phase of the signal pulse10), so
it could be obtained from measuring the spectra only. The
temporal width (Figure 2c) and the resulting peak intensity of
the negatively stretched signal and pump pulses are
1.2 ps, 0.1 MW/cm2 and 3.5 ps, 2 GW/cm2, respectively.
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Figure 2. (a) Autocorrelation  and (b) crosscorrelation  of the
fundamental and the pump pulses, respectively, and (c) the
temporal shape of the retrieved pulses.
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Results and discussion

Figure 3 shows the recorded spectra at different intensities of
the input signal. The highest gain corresponds to the lowest
input signal while the lowest gain was recorded when the pump
was depleted (see also Figure 4). When the amplification is not
saturated then the amplified spectra fits very well to the input
spectrum along the whole spectral range of 392 nm - 408 nm
(Figure 3a). In the case of pump depletion, however, the more
enhanced shorter wavelength side of the spectrum (Figure 3b)
resulted in the 3.8 ps group delay between the pump and signal
pulses in the BBO crystal and the inherent feature of optical
parametric processes: the peak of the spectrum cannot be
amplified further, moreover, its energy is transformed back to
the pump. The slight asymmetry in amplification between the
shorter and longer wavelength side of the spectrum, which is
significant only in the depleted case, corresponds well to the
slightly non-flat spectral gain11).
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Figure 3. Spectra of the amplified signal at different input
powers at a pump intensity of 2 GW/cm2.
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Figure 4. The measured gain vs. input signal.

Because of the shot-to-shot instability of the Astra laser in
energy (±10 %), pointing direction (±0.1 mrad) and spectrum
especially in the wings, all the spectra displayed above are an
average of three measurements. Since the combined effect of
these three is not really predictable and hard to distinguish, a
way to give an impression for the accuracy of the experiment is
to display the spectra of three subsequent amplified signals and
their average (Figure 5a).

392 396 400 404 408
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8

1.0

In
te

ns
ity

 (
a.

u.
)

Averaged

390 395 400 405 410
Wavelength [nm]

0.0

0.2

0.4

0.6

0.8

1.0

In
te

ns
ity

 (
a.

u.
)

Input signal

@ +0.15°

@ -0.15°

Figure 5. Spectra of the amplified signal at different input
powers at a pump intensity of 2 GW/cm2.

The effect of angular misalignment is shown in Figure 5b. For
the available bottom-to-bottom signal bandwidth of 17 nm the
theory11) allows for a deviation of 0.02° for the noncollinear
angle from the optimal one. As can be seen, the tolerance of
alignment for the amplified spectra is better than could be
expected from the theory. One reason for this is that due to
group delay difference between the signal and pump pulses the
effective crystal length upon amplification is much less than the
available physical length of 12 mm.

0 1 2
Pump intensity (GW/cm2)

0

1000

2000

3000

G
ai

n

Input: 0.02nJ

Measured

Power fit

Figure 6. The measured gain vs. pump intensity.

The gain was also recorded at different levels of pump intensity
for weak input signals (Figure 6). It has to be mentioned that
very strong two photon absorption (TPA) of the pump beam in
BBO was observed resulting in only 30% transmission at the
peak and hence lower gain. The fact that apart from TPA the
gain can, according to the theory, be fitted by the power of
pump intensity, gives the other reason for assuming a reduced
effective crystal length.
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Introduction

We are currently developing the PIRATE (Picosecond Infrared
Absorption and Transient Excitation) facility in the Ultrafast
Spectroscopy Laboratory.  This has provided a tunable source
of ultrashort pulses in the mid-IR fingerprint region
(1000 – 3000 cm-1).  The output can be generated in two modes:
(i) narrowband (ca. 25 cm-1 FWHM) 1 ps pulses for pumping
specific IR transitions and (ii) broadband
(ca. 150 – 200 cm-1 FWHM) 150 fs pulses for use in spectrally
dispersed time-resolved infrared (TRIR) spectroscopy, using
64-element linear IR array detectors.  The IR pulses are
perfectly synchronised with the UV/visible/NIR pulses from the
existing OPAs, thus providing the opportunity to perform both
conventional TRIR experiments and more complex 3-colour
experiments such as UV pump-IR pump-TR3 probe.  A more
detailed description of the PIRATE apparatus is given in the
Laser Science and Development Section of this report (page
165).  In this paper we present some applications of broadband
multichannel TRIR spectroscopy using the PIRATE system to
probe the excited states of d6 and d8 transition metal complexes.

TRIR Spectroscopy of d6 Transition Metal Complexes:
Infrared Probes for DNA

TRIR spectroscopy is a powerful probe of the excited state
nature of transition metal complexes1), particularly those which
possess strong IR reporters, such as CO or CN, bound to the
metal centre.  The positions and bandwidths of ν(CO) and
ν(CN) IR absorptions are extremely sensitive to electronic and
molecular structure.  Thus by monitoring changes in the IR
absorption spectra upon photoexcitation, we are able to directly
probe the electronic redistribution occurring in the excited state.

There is currently considerable interest in the design of
transition metal complexes which interact strongly with DNA.
Once bound to the DNA helix, they have the potential to act as
probes of the structural changes and electron transfer processes
that can occur along the helix.  Traditionally, research in this
area has focussed on complexes of Ru(II), Rh(III) and Cu(I)
with polypyridine ligands, particularly the strong intercalator
dppz (dppz = dipyrido[3,2-a:2',3'-c]phenazine)2). These
complexes are known to possess low lying metal-to-ligand
charge transfer (MLCT) excited states.  This property enhances
their ability to act as reporters of their surroundings via the
molecular ‘light switch’ effect3). Our strategy has been to design
a family of neutral and charged complexes based on
fac-[(dppz-R,R')Re(CO)3(L)] 0,+ (see Figure 1) and assess their
suitability to act as IR probes of DNA.  These complexes have
the advantage of possessing a tricarbonyl moiety, which offers a
structural probe with which to investigate the nature of their
lowest excited states.
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N N
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Figure 1.  A series of fac-[(dppz-R,R')Re(CO)3(L)] 0,+

complexes have been studied using ps-TRIR spectroscopy.

Before studying the complexes in the presence of DNA it is
necessary to elucidate their photophysical properties in solution,
which until now have remained somewhat ambiguous.  We
have therefore used broadband ps-TRIR spectroscopy to probe
the effect of ligand substitution on the nature of the lowest
excited states of this family of complexes, with a view to
ultimately designing Re-dppz complexes with tunable excited
states that are suitable for DNA probing.

Figure 2 shows the ps-TRIR spectra recorded in the ν(CO)
region for two of the complexes studied.  The spectrum
obtained with the charged complex,
fac-[(dppz)Re(CO)3(py)]+[PF6]

- is given in Figure 2(a).  The
two negative bands correspond to a depletion of the ground
state upon photolysis.  Two positive bands, corresponding to a
new species, are observed at lower frequencies relative to the
ground state.  The positions of these bands are characteristic of
a dppz based π → π* excited state.  This is because the
π* orbitals of dppz are slightly more electron donating than the
π orbitals.  Thus, population of the dppz π* orbitals in the
excited state causes a small increase in π-back bonding from the
metal to the CO ligands and a characteristic negative shift in the
ν(CO) vibrations.
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Figure 2.  TRIR spectra of (a) fac-[(dppz)Re(CO)3(py)]+[PF6]
-

in MeCN and (b) fac-[(dppz)Re(CO)3Cl] in CH2Cl2, recorded
100 ps after 400 nm photolysis.

Replacing the pyridine ligand with Cl- yields the neutral
complex, fac-[(dppz)Re(CO)3Cl].  The TRIR spectrum of this
complex, recorded 100 ps after 400 nm photolysis, is shown in
Figure 2(b).  The negative bands indicate depletion of the
ground state species and three new bands are observed, shifted
to higher frequencies relative to the ground state bands.  Such a
positive shift in the ν(CO) bands is characteristic of a
dπ(Re) → π*(dppz) MLCT excited state.  This is because in an
MLCT excited state there is a reduction of electron density at
the metal centre, causing a corresponding reduction in π-back
donation and thus a strengthening of the CO bonds.
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In both cases discussed above, the excited state bands were
observed to appear within the laser flash and were stable over
the timescale of the experiment (1.5 ns).  Although a complex
possessing a low lying MLCT excited state was produced, this
species was neutral.  It is highly desirable for a DNA probe to
be positively charged since this would enhance its ability to
bind to the DNA base pairs in the helix.  Work is currently in
progress to study a large series of charged complexes with the
PIRATE system and these will be the subject of a forthcoming
publication. The experiments presented above have
demonstrated that ps-TRIR spectroscopy is an extremely
powerful technique for studying the nature of the lowest excited
states of transition metal carbonyl complexes.

TRIR Spectroscopy of d8 Transition Metal Complexes

The majority of transition metal complexes that have been
studied using TRIR spectroscopy1) have been based on
d6 chromophores, e.g. ReI, RuII or OsII. It is surprising that
relatively few d8 complexes have been studied using TRIR
since these species have the potential to act as DNA
intercalators and building blocks for supramolecular
electron/energy conducting units.  However, the short excited
state lifetimes of d8 chromophores have been a limiting factor in
the application of TRIR to these systems.

In addition to the strong metal bound IR reporter ligands, CO
and CN, it has previously been shown that peripheral IR
reporter groups, such as carboxylic acids and esters, bonded to
other ligands can also be used as spectroscopic handles in TRIR
investigations4). We have used the PIRATE facility to probe the
excited state dynamics of [Pt(4,4’-(COOEt)2-2,2’-bpy)Cl2] by
following changes in the electronic density on the peripheral
ester groups (shown as red bonds below) bound to the
α-diimine ligand.

Pt

O O

C2H5

OO
C2H5

NN

ClCl

Figure 3(a) shows the ground state FTIR spectrum of
[Pt(4,4’-(COOEt)2-2,2’-bpy)Cl2] in CH2Cl2.  It exhibits a strong
ν(CO) band at 1733 cm-1 due to the ester groups bound to the
bipyridyl ligand.  A series of ps-TRIR spectra recorded at time
intervals between 500 fs and 200 ps following 400 nm
photolysis is presented in Figure 3(b).  There is an
instantaneous bleaching of the parent absorption concomitant
with the production of a new ν(CO) band at ca. 1707 cm-1.  The
bleach and transient bands both decay back to the baseline on a
100 ps timescale.  The decay of the transient band is
accompanied by a small shift of the band maximum to higher
frequency, which is characteristic of a vibrational cooling of the
excited state.

The negative shift of the ν(CO) absorption upon photolysis
reflects an increase of electronic density on the ester groups of
the diimine which causes a weakening of the C=O bonds.  The
magnitude of the shift is consistent with that observed
previously4) upon formation of the MLCT state in
[Ru(bpy)2(4,4’-(COOEt)2-2,2’-bpy)]2+, thus supporting the
assignment of the excited state of
[Pt(4,4’-(COOEt)2-2,2’-bpy)Cl2] as MLCT.
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Figure 3.  (a) FTIR of [Pt(4,4’-(COOEt)2-2,2’-bpy)Cl2] in
CH2Cl2.  (b) TRIR spectra of this solution from 500 fs to 200 ps
after 400 nm excitation.  (c) Kinetic decay traces for the
transient and bleach, obtained from Lorentzian curve fits.

The dynamics of the excited state process have been analysed
by performing multi-Lorentzian curve fits of the data at each
time delay.  Assuming that the transient band is composed of
one vibrationally hot and one vibrationally cool component, the
resulting kinetic traces for the transient and bleach are shown in
Figure 3(c).  These reveal that the lifetime of the MLCT excited
state and thus the rate of back electron transfer is 10.2 ± 1.5 ps.
This is consistent with [Pt(4,4’-(COOEt)2-2,2’-bpy)Cl2] being
non-emissive in fluid solution at room temperature.  Analysis of
the hot and cool transient band heights reveals that the
vibrational cooling of the MLCT excited state occurs with a
time constant of 1.9 ps.

Conclusions

In this paper we have demonstrated the potential of the PIRATE
system for broadband ps-TRIR spectroscopy.  Using PIRATE
we have studied the excited states of a series of d6 transition
metal carbonyl complexes, which are potential probes of DNA.
We have shown how a subtle change in the ligand set allows us
to tune the nature of the excited state, thus allowing the design
of complexes for specific applications.  We have also reported
the first ultrafast TRIR study of a d8 transition metal complex.
In this experiment we probed the excited state dynamics by
monitoring the IR absorptions of organic reporter groups
attached to an α-diimine ligand.  Changes in the IR spectral
profile on the picosecond timescale allowed the nature of the
lowest excited state of [Pt(4,4’-(COOEt)2-2,2’-bpy)Cl2] to be
assigned as MLCT.  It is clear that the PIRATE facility will
prove to be an invaluable addition to the Ultrafast Spectroscopy
Laboratory, providing access to the complementary technique
of ps-TRIR.
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Introduction

In previous articles1,2), we have described mechanistic studies of
the photochemistry of various transition metal complexes
containing low-energy charge transfer excited states. In
particular, we have investigated the behaviour of
[Cr(CO)4(bpy)] and fac-[Mn(Br)(CO)3(

iPr-DAB)] with time-
resolved visible absorption spectroscopy on the ultrafast
(femtosecond – picosecond) timescale. The mechanisms we
have proposed in the past, however, have been suggested on the
basis of kinetic data and by comparison with slower time-
resolved techniques. Direct structural characterisation of the
species involved with the photochemistry of the aforementioned
chromium and manganese complexes has only recently been
made possible by the application of the newly developed
PIRATE time-resolved infrared spectroscopy apparatus at the
Rutherford Appleton Laboratory’s Lasers for Science Facility.

The results we describe here represent one of the first uses of
the PIRATE system to study the mechanisms of photochemical
reactions.

Carbonyl photodissociation from [Cr(CO)4(bpy)]

It is known that CO loss from [Cr(CO)4(bpy)] proceeds via a
dissociative mechanism from a CrES\�PHWDO�WR�OLJDQG�FKDUJH
transfer (MLCT) excited state1). The quantum yield for the
process varies from 0.02 to 0.2, depending on excitation
wavelength and temperature3). In the past, studies involving
time-resolved visible absorption spectroscopy have identified
two unreactive (trapping) MLCT states which decay to the
ground state, thereby decreasing the quantum yield from the
theoretical maximum of one. We have also determined that the
outcome of the photochemistry of the complex (ie. the
branching ratio between the reactive and unreactive pathways)
is determined at the very earliest times after excitation             
(�� ���� IV��� 7KH� DLP� RI� WKH� 3,5$7(� VWXG\� ZDV� WR� SUREH� WKLV
mechanism using infrared spectroscopy by directly observing
the presence of the photoproduct after short time delays and
monitoring the decay of the MLCT trapping states to the ground
state.

We recorded the infrared absorption spectrum of
[Cr(CO)4(bpy)] in CH2Cl2 at various time delays (1 ps to 1 ns)
after irradiation with 500 nm laser pulses of 150 fs width
(FWHM) (see Figure 1). At early times after excitation the
VSHFWUXP� FRQVLVWV� RI� D� VHW� RI� EDQGV� DW� QHJDWLYH� � DEVRUEDQFH
which accurately represent the ground state infrared absorption
spectrum of the complex (1827, 1884, 1900 and 2009 cm-1). At
higher stretching frequencies than this, a very broad absorption
extending from 1925 to 2070 cm-1 is seen. This signal decays
over time, disappearing completely within 500 ps. Positive
shifts of carbonyl ligand stretches, relative to the ground state,
are characteristic of a reduction in electron density at the metal
centre4). Accordingly, we assign the 1925 – 2070 cm-1

absorption to one or more MLCT states of [Cr(CO)4(bpy)]. The
decay of the band over time fits reasonably well to a double
H[SRQHQWLDO� GHFD\� IXQFWLRQ� ZLWK� OLIHWLPHV� 1 §� ��� SV� DQG

2 § 2 ps, which is in broad agreement with the results of a
previous time-resolved visible absorption study1). Crucially, it is
found that the bleach absorption due to depletion of the ground

state reforms with the same kinetics, implying that the decay of
the excited states is, indeed, to the ground state.
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Figure 1. Time-resolved infrared spectra of [Cr(CO)4(bpy)] in
CH2Cl2 following 500 nm, 150 fs FWHM laser excitation. Time
delays: ���SV��  2 ps;  10 ps;  30 ps;  50 ps;  100 ps; 
200 ps;  1000 ps.

A reasonably sharp band at 1791 cm-1 is observed.  This is
shifted down in frequency relative to the ground state and is
fully developed at 1 ps after excitation, showing no evolution
over the first nanosecond. Additionally, a sharp band at      
1919 cm-1 is seen in spectra measured at delay times of 30 ps
and longer. It is possible that this band is also present in the
spectra measured between 1 and 20 ps being as it is obscured by
the more intense ground-state bleach absorption at               
1900 cm-1. As the ground state is reformed over time and the
bleach absorption bands decrease in intensity, the 1919 cm-1

band is revealed.  Accordingly the 1919 and 1791 cm-1 bands
are assigned to the photodissociation product
fac-[Cr(sol)(CO)3(bpy)] (sol = CH2Cl2) by comparison with
previous ns-TRIR studies.4) The presence of this band at the
earliest times after excitation suggests that CO loss does indeed
occur in the very shortest times following MLCT excitation and
is not a consequence of the decay of a 3MLCT trapping state.

It should be emphasised that the signals assigned here to the
transient species formed by the MLCT excitation of
[Cr(CO)4(bpy)] consist of many separate, overlapping IR
absorption bands. The existence of two [Cr(CO)4(bpy)] excited
states and one fac-[Cr(CO)3(bpy)] photoproduct species makes
a complete spectral deconvolution a difficult task.

Carbonyl dissociation from fac-[Mn(Br)(CO)3(
iPr-DAB)]

CO loss is known to be the initial step in the fac mer
isomerisation of fac-[Mn(Br)(CO)3(

iPr-DAB)]. This is
accompanied by migration of bromide to the equatorial plane.
In non-coordinating solvents, fast recombination of the metal
fragment with CO occurs, thus yielding the mer isomer of the
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complex. This thermally isomerises to the more stable fac
isomer on a timescale of seconds. In contrast to this, when
irradiation is carried out in strongly coordinating solvents
(eg. pyridine), the dissociated CO is replaced by solvent and the
dicarbonyl complex cis,cis-[Mn(Br)(sol)(CO)2(

iPr-DAB)] (sol =
solvent) is formed (see Figure 2).
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Figure 2. Photochemistry of fac-[Mn(Br)(CO)3(
iPr-DAB)].

Although the precise mechanism of this chemistry has not yet
been fully explained, it is known that the reaction is triggered
by the excitation of an electron from a mixed character metal-
KDOLGH�PROHFXODU�RUELWDO�LQWR�D� �RUELWDO�RI�WKH�iPr-DAB ligand;
so called MLCT/XLCT excitation. Density functional theory
(DFT) calculations of the MLCT/XLCT excited state potential
energy surfaces along various coordinates have indicated the
presence of large, insurmountable barriers towards the
dissociation of both the equatorial and axial CO ligands5). These
calculations have also suggested that the most likely carbonyl
loss pathway involves dissociation of an equatorial CO,
concerted with migration of the bromide ligand into the
equatorial plane, albeit still involving a large energy barrier. To
overcome this, the authors of the study5) propose that the
reaction involves resonance coupling between the excited and
ground states, thus facilitating tunneling through the barrier.
This process is expected to occur with a reduced probability,
compared with the direct loss of CO from, say,
[Cr(CO)4(bpy)]1). Hence the primary photochemical  step in the
dissociative isomerisation is expected to occur on a timescale
considerably longer than the 20-400 fs range known for direct
CO dissociation6).

From previous time-resolved UV/visible absorption studies on
the ultrafast timescale2), we have established the presence of a
single species immediately after excitation (absorbing at
600 nm) which decays with a lifetime of 11 ps to form a second
species (absorbing at 560 nm). This is a clean conversion
displaying a clear isosbestic point. However, due to the
difficulty in distinguishing excited states and photoproducts
from each other, using UV/visible spectroscopy alone, we are
left with at least two mechanistic interpretations:

(i) Guided by the DFT calculations5), the 600 nm band is
attributed to the MLCT/XLCT excited state and the
11 ps process to the concerted CO dissociation and
bromide migration.

(ii) Alternatively, if it is assumed that the CO ligand
dissociates in an ultrafast manner (in a similar fashion
to the aforementioned [Cr(CO)4(bpy)] complex), the
600 nm band can be ascribed to the CO loss product
[Mn(Br)(CO)2(

iPr-DAB)] with the 11 ps process
representing solely Br migration.

As we have seen from the case of [Cr(CO)4(bpy)], time-
resolved infrared absorption spectroscopy is a powerful
technique for discriminating between excited states and
dissociation photoproducts. In the situation where an excited
state is present after excitation, we would expect to see a set of

CO stretching bands of identical pattern to the ground state, but
shifted to higher frequency. In the case of the photoproduct
being present at early times, a new pattern of bands should
appear at lower frequencies.

The time-resolved infrared absorption spectrum of
fac-[Mn(Br)(CO)3(

iPr-DAB)] in pyridine solution 2 ps after
150 fs (FWHM), 500 nm excitation is shown in Figure 3. The
absence of any new bands at higher energies than the highest
ground state band (2025 cm-1) precludes the possible existence
of a charge transfer excited state directly after excitation and
thus excludes hypothesis (i), above.
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Figure 3. Time-resolved infrared spectrum of
fac-[Mn(Br)(CO)3(

iPr-DAB)] in pyridine solution 2ps after   
500 nm, 150 fs (FWHM) excitation.

The appearance of a photoproduct with ν(C-O) bands at lower
stretching frequencies than the ground state is tentatively
assigned to the CO loss photoproduct [Mn(Br)(CO)2(

iPr-DAB)],
formed by ultrafast dissociation of CO from an excited state.

This experiment suggests that the movement of Br into the
vacant equatorial position is not concerted with CO loss, as
predicted by theory, but is a separate event, most likely
occurring with a lifetime of 11 ps.  However, the role of
vibrational excited states is still being investigated.

Conclusions

The PIRATE facility at the Rutherford Appleton Laboratory has
provided the users of the LSF with an invaluable tool for the
structural characterisation of excited states and transient
photoproducts which, until now, have only been observable by
means of their electronic-absorption UV/visible chromophores.

References

1. R. Farrell, P. Matousek, and A. Vlcek, Jr., J. Am. Chem.
Soc., 121, 5296, (1999).

2. R. Farrell and A. Vlcek, Jr., Coord. Chem. Rev., 208, 87,
(2000).

3. J. Vichova, F. Hartl, and A. Vlcek, Jr., J.  Am.  Chem.
Soc., 114, 10903, (1992).

4. G. Virrels, M. W. George, J. J. Turner, J. Peters, and A.
Vlcek, Jr., Organometallics, 15, 4089, (1996).

5. A. Rosa, G. Ricciardi, E. J. Baerends, and D. J. Stufkens, J.
Phys. Chem., 100, 15346, (1996).

6. A. Vlcek, Coord. Chem. Rev., 200, 933, (2000).



Lasers for Science Facility Programme – Chemistry

Central Laser Facility Annual Report 2000/2001                           78

Introduction

Irradiation of [Re(MQ+)(CO)3(dmb)]2+ (MQ+ = N-methyl-4,4’-
bipyridinium, dmb = 4,4’-dimethly-2,2’-bipyridine) in the near

UV region (330-400 nm) populates simultaneously Re→dmb

and Re→MQ+ MLCT excited states, (Figure 1), abbreviated
hereinafter MLCT(dmb) and MLCT(MQ+), respectively. The
MLCT(dmb) state can be viewed as

[ReII(MQ+)(CO)3(dmb•−)]2+. Its population is followed by an
inter-ligand electron transfer:

[ReII(MQ+)(CO)3(dmb•−)]2+ → [ReII(MQ•)(CO)3(dmb)]2+ (1)

which produces a relaxed MLCT(MQ+) excited state formulated

as [ReII(MQ•)(CO)3(dmb)]2+, see Figure 1.

[ReII (MQ+)(CO)3(dmb·-)]2+*

[ReI (MQ+)(CO)3(dmb)]2+

[ReII(MQ··)(CO)3(dmb) ]2+*
hυ

ket

kb

hυ
MLCT(MQ+)

MLCT(dmb)

ko

Figure 1. Excited state reaction pathways.

In order to understand the dynamics of this reaction, we have
studied fs-ps TR visible absorption spectra in acetonitrile and
ethylene glycol. The spectra show a weak absorption in the
420-470 nm region due to the MLCT(dmb) excited state

[ReII(MQ+)(CO)3(dmb•−)]2+ and a very strong absorption band

centred at 640 nm, which belongs to the MQ• chromophore of

the MLCT(MQ+) state, that is the [ReII(MQ•)(CO)3(dmb)]2+ET

product. Time constant of the MLCT(dmb) → MLCT(MQ•)

inter-ligand ET was determined1) as 8.3±0.4 ps in CH3CN and

14.0±1.6 ps in ethylene glycol.

Time Resolved Resonance Raman (TR3)

Although the fs-ps TR visible absorption spectra have afforded
a straightforward mechanistic picture and accurate kinetic data,
some important information about the inter-ligand ET is still
missing: (i) Are some of the high-frequency vibrations activated
during the inter-ligand ET and does this activation persist on a
longer time-scale? (ii) Is the ET product formed vibrationally
relaxed or hot (excited)? (iii) Are the vibrational relaxation
dynamics solvent-dependent? (iv) Is the Re(CO)3 moiety
affected by the inter-ligand ET?

To answer these questions, it is necessary to resort to time-
resolved vibrational spectroscopic techniques, namely to ps-TR
resonance Raman (TR3) and IR absorption. Shown in Figure 2
are the TR3 spectra of [Re(MQ+)(CO)3(dmb)]2+ in CH3CN. The
spectra were measured with the Raman probe wavelength of

600 nm, that is in resonance with the MQ• absorption band.

They show only Raman bands due to vibrations of the MQ•

ligand:2) ν(CC)ir/ν(CC) 1648 cm-1, ν(CN)/γ(CCH) 1516 cm-1, 

γ(CCH)/ν(CC)ir 1352 cm-1
 and γ(CCN)/ν(CN) 1018 cm-1.
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Figure 2. TR3 spectra of [Re(MQ+)(CO)3(dmb)]2+ in CH3CN
measured between 1 and 500 ps after laser pulse excitation at
400 nm. The spectra were measured with the Raman probe
wavelength of 600 nm.

(CC)ir denotes the inter-ring C-C bond. All the MQ• Raman
peaks are present already in the spectra measured at 1 ps with
low intensities. Their integrated intensities then grow with a
time constant approximately corresponding to the ET time. The
Raman peak positions show a dynamic shift by 4-7 cm-1 with
time to higher wavenumbers. This shift depends exponentially
on the time for all bands studied and the corresponding lifetime
depends on the particular peak and the solvent. In CH3CN time

constants of 24.2 ± 2.2, 16.1 ± 2.2 and 15.1 ± 3.1 ps were
determined for the peaks at 1516, 1352 and 1018 cm-1. Raman
peak widths decrease with time constants slightly lower than

those found for the peak shifts: 17.3 ± 3.4, 10.0 ± 4.1, 12.4 ±
4.1 ps, respectively. Surprisingly, kinetics of peak shifts and
narrowing in ethylene glycol are faster than in CH3CN,
occurring in the range 11-16 ps and 1-7 ps, respectively. The
absolute values of the dynamic peak shifts being very small in
both solvents, it is obvious that all the Raman peaks observed
occur very close to their final positions already at the earliest
time delays measured, 1-2 ps. Moreover, no anti-Stokes peaks
were observed in the ps TR3 spectra. Hence, it can be concluded
that the promoting high-frequency modes relax faster or

alongside the dmb•−→MQ+ interligand ET. There is no
evidence for a specific activation of high-frequency vibrations

in the ET product  [Re(MQ•)(CO)3(dmb)]2+. At the same time,

the small upward dynamic shifts and broadening of the MQ•
Raman peaks show that the extra energy discharged in the ET
reaction (ca. 0.5 eV) is rapidly redistributed into many low

frequency vibrations, leaving the [ReII(MQ•)(CO)3(dmb)]2+ ET
product initially vibrationally hot. A final relaxation then
follows on a time scale of a few tenths of picoseconds.

Time Resolved Emission Spectra

The Kerr Gate was used to measure the temporal evolution of
the emission profile.

Time-resolved emission (Figure 3) shows a strong, broad
absorption centred around 530 nm, which decays, while

TR3, Kerr-gate  emission and PIRATE study of Interligand Electron Transfer in
[Re(MQ+)(CO)3(dmb)]2+
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another, much weaker band centred at 680 nm grows.  These
correspond to MLCT(dmb) and MLCT(MQ+) respectively as
seen from the transient absorption spectra.
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Figure 3. Time –resolved emission of [Re(MQ+)(CO3)(dmb)]2+

in CH3CN.

Time Resolved Infra-Red Absorption (PIRATE)

The final piece of mechanistic information on the interligand
ET reaction (1) came from picosecond TR IR absorption spectra
(Figure 4). Optical excitation of [Re(Et-py)(CO)3(dmb)]+

populates an MLCT(dmb) excited state, which can be described

as [ReII(Et-py)(CO)3(dmb•−)]+. Accordingly, the ps IR
absorption pattern shows three bands shifted to higher
frequencies (1970(w), 2011(w), 2060(s) cm-1) relative to their
ground state positions (1930(br), 2034(s), cm-1, the former
comprising two unresolved bands).This is caused by the

depopulation of   Re(dπ) orbitals on Re→dmb MLCT

excitation which diminishes the  Re→CO π back donation. The
ps TR-IR spectra show just a small upward shift and narrow
during the first 10 ps due to relaxation. Excited state bands do
not change further, in accordance with a long
3MLCT excited state lifetime. TR-IR spectra of
[Re(MQ+)(CO)3(dmb)]2+ measured at early times after
excitation show the typical MLCT(dmb) spectral pattern
(1960(vw), 2010(vw), 2060(m) cm-1) due to initial formation of

[Re(MQ+)(CO)3(dmb•−)]2+. In addition, a weak band at
2100 cm-1 is already present at 1 ps. Subsequently, its intensity
increases with a time constant approximately equal to that of the

ET reaction (1). Intensity of the [Re(MQ+)(CO)3(dmb•−)]2+

bands decreases concomitantly. The new spectral pattern
(1997(vw), 2100(s) cm-1) corresponds to the ET product

[ReII(MQ•)(CO)3(dmb)]2+. The large difference between the IR

spectral patterns of [Re(MQ+)(CO)3(dmb•−)]2+ and

[ReII(MQ•)(CO)3(dmb)]2+ is rather surprising. It shows that the
structure and electron distribution in the Re(CO)3 fragment are
both strongly affected by the interligand ET. The upward shift

of the highest ν(CO) band indicates a decrease of electron
density on the metal, presumably due to a higher localization of

the excited electron on the MQ• ligand as compared with

dmb•−. It is also interesting to note that the position of the

highest ν(CO) band of [ReII(MQ•)(CO)3(dmb)]2+ does not
change with time after 2 ps. This shows that the ET reaction is
accompanied by very fast redistribution of vibrational energy to
low-frequency modes and solvent librations. This conclusion
agrees with the TR3 results discussed above.
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Figure 4. Top: TR-IR spectra of [Re(MQ+)(CO3)(dmb)]2+ in
CH3CN. Bottom: TR-IR spectra of [Re(Et-py)CO3)(dmb)]+ in
CH3CN.

Conclusion

The picosecond TR visible absorption spectra of

[Re(MQ+)(CO)3(dmb•−)]2+ allowed us to determine accurately
the kinetics of the inter-ligand ET (1) and to identify both
excited states involved. The latter was possible due to the fact

that the dmb•− and MQ• chromophores present in the initial and
final state, respectively, have characteristic visible absorption
bands. TR vibrational spectra confirmed this mechanism and
brought additional information on the molecular details of the
ET reaction. The ps TR-IR and TR3 have shown that the ET is

accompanied by very fast energy dissipation from ν(CO) and

MQ•-localized high-frequency vibrations. The small time-
dependent shifts of Raman peaks observed by TR3 show that at
least part of this energy is redistributed intramolecularly, into
low-frequency skeletal modes. Moreover, TR-IR spectra
indicate that the interligand ET is accompanied by structural
changes of the Re(CO)3 moiety and increasing localization of
the excited electron.
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Introduction

The structure of the intramolecular charge transfer (ICT) state
of DMABN, formed only in polar solvent, has been a subject of
speculation for more than 40 years1). Monomolecular models
interpreting the nature and structure of the ICT state fall into
four main classes: TICT (Twisted ICT)2), WICT (Wagged
ICT)3), PICT (Planar ICT)4), and RICT (Rehybridisation ICT)5).
All have an ICT mechanism in common but they differ in
modes related to the ICT reaction.

Direct experimental evidence for the structure of the ICT state
of DMABN in solution has recently been obtained using time-
resolved infrared (TRIR)6-8) and picosecond Kerr gated time-
resolved resonance Raman (ps-K-TR3) spectroscopy9,10). The
observation of the ICT state C≡N stretching mode at
~2100 cm-1 rules out the RICT model as this model predicts a
~1650 cm-1 C≡N stretch frequency which is far away from that
observed by both TRIR and ps-K-TR3. This leaves the
remaining three models in dispute. With the aim of
discriminating between the TICT and PICT models Dryer and
Kummrow11) have performed full optimization ab inito
CASSCF calculations. They conclude that an experimental
determination of the frequency of phenyl-amino stretching
mode, ν(ph-N), will allow a final decision between the TICT
and PICT models to be made. The TICT model predicts a
downshift of the ν(ph-N) frequency relative to the ground state
whilst the PICT model requires an up-shift. However, The
crucial ν(ph-N) mode has to date not been identified until our
recent ps-K-TR3 study. We report here the ps-K-TR3 results of
the ICT state of DMABN and its isotopic labeled analogous
DMABN-N15, DMABN-d4, and DMABN-d6 in order to help
vibrational mode assignments. The results provide new
evidence and shed light on the determination of the ICT state
structure.

Experimental arrangements

The experiments were carried out using a TR3 system based on
optical parametric amplifiers (OPAs), described elsewhere10)

with 90o collection configuration12). The pump wavelength was
267 nm. Probe wavelength of 330 nm was used in resonance
with the strong electronic transitions of the ICT state of
DMABN13). Pump and probe beams had 5-10 and 1-5 µJ
energy/pulse, respectively, ~1 ps pulse-length, and parallel
polarisations. Solution filter of trans-stilbene was placed in
front of the spectrometer to block the Rayleigh lines and
scattered pump light. Details of acquisition methods and the
Kerr gate are given in Reference 14. Here we used an improved
system based on benzene with throughput up to 30 %
(excluding polariser losses). Each spectrum shown is the sum of
3 individual background-subtracted spectra with accumulation
times typically of 2000 seconds. The filters attenuated all bands
below 900 cm-1.

Since both the ground and ICT state of DMABN absorb in the
330 nm regain, transient resonance Raman (TR2) spectra of the
ICT state were obtained also by single-color pump probe
method. The 330 nm laser, ~20 ns pulse duration, was

generated by frequency doubling of 660 nm dye (DCM) laser
pulse pumped by 308 nm excimer laser. The detail of obtaining
the TR2 spectra can be found in Reference 15.

Acetonitrile Raman bands were used to calibrate all the spectra
with an estimated accuracy of +/- 10 cm-1 and +/- 3 cm-1 in
absolute frequency for the ps-K-TR3 and TR2 spectra,
respectively. The spectra are not corrected for variations in
throughput and detector efficiency.

Spectroscopic grade solvents were used as received.
Commercial available DMABN was re-crystallized three times
before use. DMABN-N15, DMABN-d6, and DMABN-d4 were
synthesized according to References 3, 16, 17, and their purities
confirmed by NMR and mass spectroscopic analysis. Sample
concentrations were 5 - 10 x 10-3 mol dm-3 for the ps-K-TR3 and
TR2 experiments.

Results

Figure 1 shows Ps-K-TR3 spectra of the ICT state of DMABN,
DMABN-N15, DMABN-d6, and DMABN-d4 in methanol
obtained at 50 ps delay time between pump and probe pulses.

Figure 1. Ps-K-TR3 spectra of the ICT state of (a) DMABN,
(b) DMABN-N15, (c) DMABN-d6 and (d) DMABN-d4 obtained
with 267 nm pump, 330 nm probe wavelengths at 50 ps delay
time in methanol.

Figure 2 shows the TR2 spectra of the four compounds. The
close resemblance of all spectral features in the TR2 to the
corresponding ps-K-TR3 spectra demonstrates that they
originate from the same state, the ICT state of DMABN. This
observation is also supported by the position of the cyano C 1
stretching frequency, which serves as a marker band to identify
the state being probed6,7,9).
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Figure 2.  TR2 spectra of the ICT state of (a) DMABN,           
(b) DMABN-N15, (c) DMABN-d6 and (d) DMABN-d4 obtained
with 330 nm excitation in methanol.

The TR2 data offer superior spectral resolution. For example,
for DMABN and DMABN-N15, the broad strong asymmetric
~1120 cm-1 band observed using the picosecond apparatus is
resolved into two bands at ~1170 and ~1116 cm-1, and the weak
features observed in the corresponding ps-K-TR3 spectra all
appear more clearly in the TR2 spectra, such as the bands at
907, 984, 1221, 1281 cm-1 for DMABN and 903, 987, 1221,
1261 cm-1 for DMABN-N15 (Figure 2). Band frequencies and
relative intensities computed from Lorentzian fitting of the
spectra displayed in Figure 2 are listed in Table 1 with their
tentative assignment included. The assignments were made
based on comparison with frequencies and isotopic shifts of
corresponding modes of the ground state compounds.
Vibrational analysis based on ab initio DFT calculation for
DMABN and its various isotopic labeled analogues has been
reported very recently by Okamoto et al 18) and ourselves 19).

Table 1. Frequencies and provisional assignments of resonance
Raman bands of the ICT state of DMABN, DMABN-N15,
DMABN-d6 and DMABN-d4.

a

a: Relative intensities of bands are indicated inside parentheses

b: From Reference 10

c: Bands are from ps-K-TR3 spectra shown in Figure 1

? band with uncertain assignment.

Discussion

Frequencies of C≡N stretching and ring local modes, observed
at 2096, ~1580, ~1221, ~1170, ~984, and ~756 cm-1 for the ICT
state of DMABN are found to be very similar to those of the
benzonitrile radical anion recorded at: 2093, 1592, 1268, 1178,
991, and 760 cm-1 20). This implies that the benzonitrile
subgroup in the ICT state of DMABN resembles the
benzonitrile radical anion, which is consistent with a full charge
transfer mechanism from the dimethylamino to the benzonitrile
group suggested by the TICT model. Frequency downshift of
the ring CC stretching modes, such as ∆ν = ~ 28 cm-1 for the
Wilson 8a C=C vibration, on-going from the ground state to
ICT state indicates loosening of the ring skeleton upon the ICT
state formation. In addition, the substantial increase in
difference between the Wilson 8a and 19a C=C modes of the
ICT state (131 cm-1) in comparison with the ground state        
(79 cm-1)18,19) implies that the ICT state structure gains some
quinoidal character when compared with the ground state
structure.

Three bands of the ICT state, 1281, 1116, 907 cm-1 were found
to be sensitive to the amino group substitutions. They were
attributed consequently to modes dominated by vibrations of the
ν(ph-N), methyl rocking ( s

Me) and symmetric N-(CH3)2

stretching (νs(NC2)). It is important to note that, comparing with
the ground state, the νs(ph-N) frequency shifts down by
~96 cm-1 for the ICT state.

It has been shown by extensive studies of the geometry and
electronic conformation of aromatic amino compounds that the
νs(ph-N) mode could be viewed as a good probe for evaluating
the bonding configuration around the amino N atom and the
electronic distribution of the aromatic amine compounds21,22).
The frequencies of typical single and double C-N bonds are
~1200 and ~1600 cm-1, respectively. Structure of the ground
state DMABN has been determined by X-ray diffraction and
microwave spectroscopy to be slightly pyramidal with ~11-15o

wagging angle23,24). Its amino conformation is therefore similar
to well studied closely related compound dimethylaniline
(DMA, ~27o wagging angle)21,22). The electronic coupling
between the amino nitrogen lone pair electrons and the phenyl
ULQJ� �V\VWHP��Q �FRQMXJDWLRQ��LV�TXLWH�H[WHQVLYH�LQ�WKH�JURXQG
state of DMABN as indicated by the 1377 cm-1 νs(ph-N)
frequency18,19). Thus, the ~96 cm-1 down shift of this mode on
going from the ground state to the ICT state implies a
VXEVWDQWLDO� GHFUHDVH� LQ� WKH� Q � LQWHUDFWLRQ� DQG� HOHFWURQLF
isolation of the amino from the benzonitrile subgroups. This is
in good agreement with the minimum overlap principle of the
TICT model but contrary to the strong electronic coupling
proposed by the PICT model. It is also consistent with the TICT
model νs(ph-N) frequency shift predicted theoretically by
Dryer and Kummrow11).

In addition, we found that the frequencies and isotopic shifts of
the amino related modes, the ν(ph-N), s

Me and νs(NC2) of the
ICT state of DMABN are similar to those of                    
DMA-H+ (1245, 1132, 900 cm-1). For DMA-H+, involvement of
the nitrogen lone pair in an N-H bond leads to substantial
HOHFWURQLF�GHFRXSOLQJ�IURP�WKH�ULQJ� �V\VWHP��7KH�DPLQR�JURXS
of DMA-H+ has thus been suggested to be a pure pyramidal sp3

hybridization conformation25), different from the planar or near
planar sp2 hybridization conformation of neutral DMA and
ground state of DMABN. The resemblance of the amino related
modes of the ICT state of DMABN to DMA-H+ indicates on the
one hand, the electronic isolation of the amino group from the
rest of the molecule which lends further support to the TICT
model; on the other hand, an sp3 pyramidal character of the ICT
state amino group. Theoretical studies show that a wagging
motion of the DMABN amino group alone cannot lead to a
stable high polar excited state26). However, a mainly twisting
structure combined with some wagging of the amino group
might be a realistic conformation for the ICT state. Such a

Assignment DMABN DMABN-N15 DMABN-d6 DMABN-d4

C≡N 2095(1.00) 2095(1.00) 2095(1.00) 2095(1.00)
C=C (8a) 1580(1.19) 1578(1.50) 1581(1.15) 1553(1.03)

1502(0.60) 1504(0.36)
C=C (19a) 1446(0.17)b 1448(0.13)b

1358(0.12) 1352(0.11) 1358(0.11)

ν(ph-N) (13) 1281(0.08) 1261(0.09) 1249(0.28) 1271(0.22)

ν(ph-CN) (7a) 1221(0.06) 1221(0.04) 1212(0.21) 1105(0.07)
CH bend (9a) 1170(0.18) 1170(0.25) 1166(0.41) 847(0.30)

ρs
Me 1116(0.44) 1115(0.51) 1017(0.33) 1160(0.45)

CH bend (18a) 984(0.06) 987(0.07) 985(0.05)

νs(NC2) 907(0.17) 903(0.22) 801(0.11) 899 (0.01)?
 ring breath (1) 756(0.84) 755(1.13) 747(0.81) 726(0.71)

1+ρs
Me 1856c 1864c 1765c  
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structure has been suggested by CASSCF study of DMABN
performed by Serrano-Andres et al27). We notice that a full
optimisation of the ICT state structure considering both the
twisting and wagging motion and also including possible
solvation effects is still lacking. It is hoped that the data
presented here can stimulate this much needed work.

Conclusion

The ~96 cm-1 downshift of the mode dominated by ν(ph-N)
stretching and close resemblance of C 1� VWUHWFKLQJ� DQG� ULQJ
local mode frequencies of this state to those found in the
benzonitrile radical anion provide unequivocal experimental
evidence of a full charge transfer from the amino to the
benzonitrile subgroup. This is consistent with the electronic
decoupling TICT model. However, because the spectroscopic
evidence shows similarities with protonated dimethylaniline
(DMA-H+), the results also suggest some pyramidal character
for the ICT state amino conformation.
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Introduction

The triplet state of DMABN has been extensively studied
experimentally1-4), and theoretically5,6). Intersystem crossing
(ISC) has been shown to be the principal non-radiative
deactivation channel for singlet excited states, the LE and ICT
state, irrespective of solvent polarity2,7,8). However, the
electronic and structural properties of the lowest triplet (3T1)
state and their sensitivity to solvent polarity thus remain
XQFOHDU��$OWKRXJK�PRVW�ZRUN� VXJJHVWV� D�SODQDU� �QDWXUH� IRU
the 3T1 state irrespective of solvent polarity1-3), the view is
challenged by TRIR studies performed by Hashimoto and
Hamaguchi which identify a twisted charge transfer triplet state
(3TICT) in polar solvent9). In particular, no vibrational bands of
3T1 have previously been reported, other than the C≡N stretch.
Although the frequency of this mode reflects the extent of
negative charge localization on the cyano group, it alone can
not be used to determine structure, which is mostly related to
the conformation of the dimethylaniline subgroup. Frequencies
RI� WKH� DPLQR� QLWURJHQ�SKHQ\O� ULQJ� VWUHWFKLQJ� PRGH� � �SK�1��
and ring modes, such as C=C stretching vibrations, are essential
in evaluation of its bonding configuration10-12). The lack of
structural data has led to controversy on both the triplet
geometry (planar or TICT) and the ISC mechanism. Here we
present and discuss time-resolved resonance Raman (TR3) and
transient absorption (TA) data that directly resolve these issues.

Experimental arrangements

Experimental detail is described in Reference 13. In short, the
ns-TR3 spectra were obtained with 308 nm pump and 532 nm
probe wavelengths. Pump and probe energies were between 0.5
and 1 mJ, the repetition rate was 10 Hz. The spectra were
accumulated over 20-100 min. with pump only and probe only
spectra being subtracted. Argon bubbling conditions were used
on the sample solution to remove oxygen. Acetonitrile Raman
bands were used to calibrate the spectra with an estimated
accuracy of +/- 5 cm-1 in absolute frequency. Transient
absorption was measured using the arrangement described in
Reference 14, with a pump wavelength of 267 nm, under
“magic angle” conditions.

Spectroscopic grade solvents were used as received.
Commercially available DMABN was re-crystallized three
times before use. DMABN-N15, DMABN-d6, and DMABN-d4

were synthesized according to References 15, 16, 17, and their
purities confirmed by NMR and mass spectroscopic analysis.
Sample concentrations were 1 - 5 x 10-3 mol dm-3 for the TA
and TR3 experiments.

Results

TA spectra of DMABN in ethanol from 400 to 700 nm recorded
at various delay times are displayed in Figure 1. A broad band
peaking at ~550 nm grows in as the ~420 nm peak decays on a
timescale extending to 3 ns. An isosbestic point at ~450 nm
indicates conversion between two distinct states. Referring to
the TA and flash photolysis measurement performed by Okada
et al 1) and Köhler et al 2), the early time ~420 nm band was
attributed to Sn – S1 absorption from the 1TICT state, while the
later time ~550 nm band was attributed to Tn – T1 absorption

from the 3T1 state. It is important to note that the temporal
evolution of the TA spectra shows clearly the precursor-
successor relationship between the ICT singlet and the triplet
state of DMABN. The time-dependence of the 1TICT to 3T1

conversion is consistent with the ~2 x 108 s-1 ISC rate constant
reported before7,8). As the ~550 nm Tn – T1

 absorption was also
observed in nonpolar solvent2), we chose 532 nm as probe
wavelength for the TR3 experiments.

Figure 1. Transient absorption spectra of DMABN in ethanol
obtained with 267 nm excitation.

ns-TR3 spectra of the 3T1 state of DMABN in nonpolar solvent
hexane and polar solvent methanol are shown in Figure 1. The
resemblance seen in Figure 2 between the spectra in the two
solvents is striking evidence that the same state is formed in
both solvents. The ~2040 cm-1 frequency of the C≡N band
coincides with the TRIR C≡N frequency recorded by
Hashimoto and Hamaguchi9) in butanol at ~100 ns delay time
and we conclude we are probing the same state here, in both
methanol and hexane. However, our observation of the same
C≡N frequency also in nonpolar solvent is different from the
TRIR study which presents one unusually broad and low
intensity IR absorption band at ~2000 cm-1 in hexane and
attributed to an alternative triplet state.

Figure 2.  ns-TR3 spectra of the 3T1 state of DMABN in hexane
(a) and methanol (b) obtained by using gated O-SMA diode
array detector with 308 nm pump and 532 nm probe
wavelengths at 100 ns delay time.
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In order to help assignment of the observed Raman band and
gain structural information of the 3T1 state, ns-TR3 experiments
were carried out also on DMABN-N15, DMABN-d6 and
DMABN-d4. Their spectra together with that of DMABN are
displayed in Figure 3. Band frequencies and relative intensities
computed from Lorentzian fitting are listed in Table 1 with their
tentative assignment included. The assignments were made
based on comparison with frequencies and isotopic shifts of
corresponding modes of the ground state compounds.

Figure 3.  ns-TR3 spectra of the 3T1 state of (a) DMABN,       
(b) DMABN-N15, (c) DMABN-d6 and (d) DMABN-d4 obtained
by using a CCD detector with 308 nm pump, 532 nm probe
wavelengths at 50 ns delay time in hexane.

Table 1. Frequencies and provisional assignments of resonance
Raman bands of the 3T1 state of DMABN, DMABN-N15,
DMABN-d6 and DMABN-d4.

a

a: Relative intensities of bands are indicated inside parentheses
? bands: with uncertain assignments.

Discussion

Frequencies of the ring modes and dimethylamino group related
modes of the 3T1 of DMABN and their isotopic shifts upon the
methyl and ring deuteration are found to closely resemble the
corresponding modes of radical cation of dimethylaniline
(DMA+)10,11). For example, the 1564 (C=C), 1361 (ν(ph-N)),
1150 cm-1 (methyl rocking, s

Me) have their corresponding

bands of DMA+ at 1568, 1366, and 1166 cm-1. This implies that
the dimethylaniline subgroup of the 3T1 of DMABN possesses a
similar property to DMA+ and a full charge separation from this
group to the cyano group in the 3T1 of DMABN. This is also
supported by the strikingly low frequency of the C≡N stretching
at 2035 cm-1, corresponding to ~185 and 65 cm-1 downshift
from the ground state (~2220 cm-1) and ICT state (~2100 cm-1),
respectively. The reduction in C≡N frequency reflects a
significant decrease of the C≡N bond order that can be
interpreted to be due to intensive localization of the transferred
charge on the C≡N antibonding orbital in the 3T1 state. In
addition, because frequencies of the amino related modes are
similar in the 3T1 and S0 state of DMABN, it is reasonable to
infer that it is the ring that acts as the donor from which charge
is transferred onto the cyano group upon the formation of the
3T1. This charge separation leads to substantial weakening of
WKH� ULQJ� � ERQGLQJ� VWUHQJWK� ZLWK� WKH� DPLQR� JURXS� UHPDLQLQJ
almost intact.

The charge-separated character of the 3T1 proposed here is
consistent with previous results. It accounts for the substantially
higher dipole moment of the triplet state (12 D) than of
S0 (6 D)15). It is also in full agreement with the ESR
measurements of Köhler et al2) and Wagner et al4) who found a
charge-separated 1,4-biradicaloid structure for the 3T1 of
DMABN with high spin density on the cyano group, the amino
JURXS�DFWLQJ�DV� �GHORFDOL]HU�FRQMXJDWHG�ZLWK�WKH�ULQJ�

Experimental and theoretical studies of resonance Raman
spectra of DMA+ and its isotopic analogue show that it
possesses a conjugated planar structure with quinoidal
character. According to the similarity in vibrational frequencies
of related modes, we suggest the same structure for
conformation of the dimethylaniline subgroup in the 3T1 state of
DMABN. Increased quinoidal character of the 3T1 state
comparing with the ground state of DMABN is reflected by the
larger difference between the C=C modes the Wilson 8a and
19a for the 3T1 state (142 cm-1) than the ground state (79 cm-1).

The proposed structure is also in good agreement with previous
work. For example, Köhler et al2) and Günther et al3) suggest
the same structure for the triplet based on the similarity of
phosphorescence and 3Tn – 3T1 transient spectra from DMABN
and forced planar DMABN derivatives. It is also supported by
results of several recent theoretical investigations5,6).

As to the ISC mechanism and its response to solvent polarity,
the temporal evolution of the transient absorption spectra
presented by us (above) and Okada et al1), the ns to ms time
scale 3Tn – 3T1 spectra presented by Wang4) and Köhler et al2),
and the phosphorescence measurements2,3), are all consistent
with the 3T1 state being the only intermediate involved in the
non-radiative deactivation channels of the singlet excited states
of DMABN, independent of solvent polarity. Therefore, ISC
deactivation channels of the singlet excited state of DMABN in
the solution phase can be described as: 1LE � 3T1 � 60 and
1TICT � 3T1 � 60. Due to the significant difference in
electronic and structural properties of the four states involved,
the processes occur through multi-charge-transfer accompanied
by multi-structural reorganization.

Conclusion

Nanosecond time-resolved resonance Raman spectra of the
triplet states of DMABN, DMABN-N15, DMABN-d6 and
DMABN-d4

 have been obtained over the frequency range from
700 to 2300 cm-1. Isotopic shifts identify modes associated with
the dimethylaniline subgroup. There is no significant difference
between spectra recorded in polar and non-polar solvents
implying that the lowest triplet state (3T1) has only one form.
Our results characterize it as planar in structure with a high
negative charge localization on the cyano group and a
substantial loosening of the ring skeleton with conjugation
extending to the amino group. Non-radiative deactivation of the

Assignment DMABN DMABN-N15 DMABN-d6 DMABN-d4

C≡N 2035(1.00) 2035(1.00) 2033(1.00) 2028(1.00)

ring C=C (8a) 1564(1.10) 1562(0.90) 1562(0.87) 1541(1.13)

ring C=C (8b) 1513(0.08) 1510(0.07) 1513(0.08)

methyl def. 1481(1.13) 1475(0.86) 1480(0.98)

ring C=C (19a) 1441(0.63) 1438(0.62) 1442(1.62) 1259(0.23)

methyl def. 1422(0.15) 1422(0.17) 1132? 1441(0.38)

ν(ph-N) 1361(0.43) 1349(0.65) 1360(0.69) 1396(1.10)

ν(ph-CN) 1219(0.17) 1218(0.15) 1221(0.16) 1102(0.38)

CH bend (9a) 1170(0.23) 1168(0.21) 1163(0.07) 815(0.12)

ρs
Me 1150(0.47) 1149(0.36) 1014(0.12) 1166(0.12)

’ρMe 1086(0.27) 1080(0.10) 918(0.24) 1079(0.08)

νs(NC2) 937(0.15) 933(0.17) 808(0.05) 928(0.10)
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singlet intramolecular charge transfer state through ISC is
discussed in relation to the transient absorption spectra.
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Introduction

Many polyhalomethane molecules exhibit characteristic
transient absorption bands after ultraviolet excitation in
condensed phase environments.  A combination of nanosecond
transient resonance Raman experiments and density functional
theory computations has begun to be used to identify clearly
and characterize the photoproduct species that give rise to these
transient absorption bands for a number of polyhalomethanes
containing iodine and bromine atoms2-5).  Excitation of either
A-band or B-band CHI3 and CH2BrI produces the same
iso-CHI3 and iso-CH2I-Br species respectively2,3).  This
suggests that the production of iso-polyhalomethane species
does not occur for a particular transition and probably happens
generally after ultraviolet excitation of n→σ∗ transitions
localized on C-X bonds in the condensed phase.  The lifetime or
stability of the iso-polyhalomethane species produced can vary
considerably and this will likely affect the chemistry of these
species.  We note that we could not detect any isomer species
associated with CH2ClI in room temperature solutions on the
nanosecond time scale2) although the iso-CH2Cl-I species was
readily observed in low temperature (12 K) matrices6,7). A
recent femtosecond transient absorption study for the ultraviolet
photolysis of CH2ClI in room temperature acetonitrile solutions
has been reported8).  This study observed fast formation of a
strong band at 460 nm and a weaker band ~710 nm that decayed
with time constant of ~100 ps.  This was followed by formation
of a new species that had a band at ~370 nm (strong) and
~725 nm (weak).  The first transient absorption bands (at
460 nm and 710 nm) were attributed to formation of the
iso-CH2Cl-I species which has a lifetime of ~100 ps and the
second transient absorption (at ~370 nm) at longer times was
tentatively assigned to an ICl- species8).

Here we report picosecond time-resolved resonance Raman
(ps-TR3) experiments to investigate the identity and formation
of the two photoproduct species observed in the recent
femtosecond transient absorption study of the ultraviolet
photolysis of CH2ClI in room temperature solution.  We utilize
the results of density functional theory computations for several
proposed photoproduct species and compare them to the
experimental results to identify the two photoproduct species as
iso-CH2Cl-I and iso-CH2I-Cl.  Our ps experimental results
indicate the iso-CH2Cl-I species is formed first within several
ps via recombination within the solvent cage of the initially
produced CH2Cl and I photofragments.  The iso-CH2Cl-I
species then decays to form either the more stable iso-CH2I-Cl
species or parent molecule via isomerization reaction(s) 1) .

Experiment

The experiments were carried out using a ps-TR3 apparatus
based on optical parametric amplifiers described in detail
eslewhere9).  Briefly, an 800 nm pulse generated from a
femtosecond Ti:Sapphire oscillator is amplified to 2 - 3 mJ at
1 kHz in a regenerative amplifier.  The output from the

amplifier was frequency doubled in a 2 mm type I BBO crystal
to generate the 400 nm probe pulses for TR3 spectroscopy.  The
267 nm pump wavelength was the third harmonic of the
regenerative amplifier.  Typical pump and probe pulse energies
at the sample were  ~ 5 - 15 µJ with ~ 1 ps pulse duration
(FWHM).

Results and Discussion

Figure 1 shows the ps-TR3 spectra obtained for the
photoproduct(s) following 267 nm photoexcitation of CH2ClI in
acetonitrile solution using 400 nm probe wavelength.  The
Raman spectra appear to be composed of the fundamentals,
overtones, and combination bands of several Franck-Condon
active modes.  Closer inspection of Figure 1 shows that a
Raman band  at ~174 cm-1 appears first and as it decays
(between 3 and 500 ps) a new Raman band ~207 cm-1 begins to
appear at later times (between 300 ps and 2000 ps).  This
suggests that a second photoproduct species is formed following
decay of the first photoproduct species.

Figure 1. ps-TR3 spectra from ultraviolet excitation of CH2ClI
in acetonitrile.  Asterisks ‘*’ mark parts of the spectra where
solvent subtraction artifacts are present.

The first photoproduct species that appears after several ps has
four fundamental bands at ~141 cm-1, 174 cm-1, 376 cm-1, and
724 cm-1 (values from the 30 ps spectrum in Figure 1).  These
bands appear to have overtones and/or combination bands with
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Table I.  Comparison of the experimental fundamental vibrational frequencies (in cm-1) found from the ps-TR3 spectra (this work) to
the calculated B3LYP/Sadlej-PVTZ density functional theory vibrational frequencies.

each other.  The four fundamental Raman bands exhibit good
agreement with the computed vibrational frequencies for iso-
CH2Cl-I but not the other probable photoproduct species shown
in Table I.  For instance, the ~141 cm-1, 174 cm-1, 376 cm-1, and
724 cm-1 experimental vibrational frequencies agree better with
the values computed for iso-CH2Cl-I (at 136 cm-1, 194 cm-1,
420 cm-1 and 760 cm-1 respectively) compared to those for iso-
CH2I-Cl (at 113 cm-1, 236 cm-1, 494 cm-1 and 686 cm-1

respectively).  The first photoproduct species clearly shows two
low frequency Raman bands at ~141 cm-1 and 174 cm-1 that
have a combination band ~303 cm-1.  However, the CH2ClI+

cation has only one low frequency mode below  200 cm-1 at
~191 cm-1 (see Table I) and can be ruled out as the species
responsible for the first photoproduct resonance Raman spectra
shown in Figure 1.  Similarly, the CH2Cl radical has no low
frequency modes below 200 cm-1 and can also be ruled out as
the identity of the first photoproduct species.  The computed
electronic transition energies and oscillator strengths1) are
consistent with the assignment of the first photoproduct species
to the iso-CH2Cl-I species but not the other species examined.
Comparison of our experimental results for both the vibrational
frequencies and the electronic absorption transition observed in
a recent femtosecond study at ~460 nm8) clearly demonstrates
that the first photoproduct species is the iso-CH2Cl-I species.
This is consistent with the proposed assignment of Åkesson and
co-workers8). Thus, we assign the vibrational fundamentals of
the first photoproduct species (iso-CH2Cl-I) as follows:  the
141 cm-1 fundamental to the ν6 C-Cl-I bend mode, the 174 cm-1

fundamental to the ν5 Cl-I stretch mode, the 376 cm-1

fundamental to the ν9 CH2 twist mode and the 724 cm-1

fundamental to the ν4 CH2 wag mode.

The second photoproduct species that begins to appear as the
first photoproduct species disappears in the 300-500 ps region
also has at least two low frequency fundamental modes.  The
CH2Cl radical can thus be ruled out as the second photoproduct
species.  Since there appear to be at least two fundamental
vibrational modes, this also rules out the possibilities of
diatomic photoproduct species like the ICl- ion or ICl molecule.
The CH2ClI+ cation does not seem too likely for the following
reasons:  the computed 379 cm-1 mode is fairly far away from
the experimentally observed 312 cm-1 Raman band, the
computed electronic absorption transitions1) are also far from
the experimental ~370 nm transient absorption band observed
for the second photoproduct species in a recent femtosecond
study8), and the oscillator strengths for the computed electronic
transitions1) are relatively weak.  The most likely candidate for
the second photoproduct is the iso-CH2I-Cl species if we
assume the 312 cm-1 Raman band in the experiment is a
combination band of two lower frequency modes as was
observed in the iso-CH2Cl-I species ps-TR3 spectra.  This would
give a ~105 cm-1 fundamental frequency which forms a
combination band with the strong 207 cm-1 fundamental.  The
105 cm-1 fundamental can be assigned to the iso-CH2I-Cl
computed 113 cm-1 ν6 C-I-Cl bend mode and the experimental

207 cm-1 Raman band could be assigned to the computed
236 cm-1 ν5 I-Cl stretch mode.  The iso-CH2I-Cl computed
electronic transition position at 332 nm1) is reasonably close to
the experimental transient absorption band ~370 nm observed in
the femtosecond experiments8) and the calculated oscillator
strength (0.4008) for this transition is large.  The
B3LYP/Sadlej-PVTZ density functional theory computational
results indicate the iso-CH2I-Cl species is about 4.54 kcal/mol
more stable than the iso-CH2Cl-I species1).  This is consistent
with our assignment of the first photoproduct (which has a
lifetime of ~100 ps) to the iso-CH2Cl-I species and the second
photoproduct species (which has a longer lifetime on the order
of hundreds of ps to nanoseconds) to the iso-CH2I-Cl species.
We note that this situation is similar to that found for the
iso-CH2Br-I and iso-CH2I-Br species.  The iso-CH2I-Br species
was computed to be more stable by  ~4.1 kcal/mol and was the
only species with a sufficiently long lifetime to be observed in
nanosecond transient resonance Raman study3). We note that
the assignment of the second photoproduct species to
iso-CH2I-Cl is not as clear cut as the first photoproduct species
assignment to iso-CH2Cl-I.  However, the assignment of the
second photoproduct to iso-CH2I-Cl is consistent with the
experimental and computational data available at this time.
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Experiment Experiment Calculated iso-CH2Cl-I Calculated iso-CH2I-Cl Calculated CH2ClI+ cation Calculated CH2Cl 
Fig 1. 30ps spectrum Fig 1. 500ps spectrum B3LYP/Sadlej-PVTZ B3LYP/Sadlej-PVTZ B3LYP/Sadlej-PVTZ B3LYP/Sadlej-PVTZ 

  A’  ν1, sym. CH  str. 3119 A1  ν1, sym. CH str. 3114 A’  ν1, sym. CH str. 3002 A’  ν1, CH sym. str. 3134 
         ν2, CH2 scissor 1409       ν2, CH2 scissor 1361       ν2, CH2 def. or sciss. 1321       ν2, CH2 def. or scissor 1361 
         ν3, C-Cl stretch   975       ν3, C-I stretch   794        ν3, CH2 wag 1103       ν3, C-Cl str.   827 

724         ν4, CH2 wag   760       ν4, CH2 wag   686        ν4, C-Cl stretch   783       ν4, CH2 wag   242 
174 207        ν5, Cl-I stretch   194        ν5, I-Cl stretch   236        ν5, C-I stretch   379 A”  ν5, CH asym. str. 3307 
141 105a        ν6, C-Cl-I bend   136        ν6, C-I-Cl bend   113       ν6, I-C-Cl bend   191        ν6, CH2 rock   978 

  A”  ν7, asym. CH str. 3276 A”  ν7, asym. CH str. 3254 A”  ν7, asym. CH str.   3050   
         ν8, CH2 rock 1020        ν8, CH2 rock      869        ν8, CH2 twist    1050   

376         ν9, CH2 twist   420        ν9, CH2 twist   494        ν9, CH2 rock   527   
aValue obtained from subtraction of vibrational frequency for ν5 from the combination band ν5 + ν6 in the 500 ps 400 nm Raman spectrum. 
str.=stretch;  sym.=symmetric;  asym.=asymmetric;  def.=deformation 
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Introduction

Polyhalomethanes have been observed in the atmosphere and
are potentially important sources of reactive halogen species in
the atmosphere.  Polyhalomethanes are also of interest in
synthetic chemistry for cyclopropanation reactions.  Ultraviolet
excitation of gas phase polyhalomethanes usually leads to a
direct carbon-halogen bond breaking reaction(s).  Molecular
beam anisotropy measurements show these primary reaction(s)
typically occur in a time much less than the rotational period of
the parent molecule and photofragment translational
spectroscopy experiments for CH2I2, CH2BrI, and CF2I2,
indicate that the polyatomic photofragment typically receives
large amounts of internal excitation of their rotational and
vibrational degrees of freedom.  This is consistent with the
observation that the direct photodissociation reactions proceed
along multidimensional reactions coordinates as deduced from
resonance Raman (RR) investigations of the short-time
photodissociation dynamics in both gas and solutions.

While the ultraviolet photodissociation reaction of CH2I2 in the
gas phase appears relatively well understood, the situation for
its photodissociation in condensed phases remains murky with
many conflicting reports.  Ultraviolet excitation, direct
photoionization and radiolysis of CH2I2 in condensed phase
environments leads to formation of characteristic absorption
bands ~385 nm (strong intensity) and ~570 nm (moderate
intensity) that have been assigned to several different probable
photoproduct species like trapped electrons2), the CH2I2

+

cation3) or the iso-CH2I-I
4) species.  Several femtosecond

transient absorption experiments have been done to follow the
formation and decay of the photoproduct species2-4).  Although
the three different femtosecond studies exhibited similar results
with a fast rise followed by a fast decay and then by a slower
rise, three different interpretations were given because of their
differing assignments for the photoproduct species responsible
for the 385 nm and 570 nm transient absorption bands.  A
recent nanosecond transient resonance Raman (ns-TR2) and
density functional theory (DFT) investigation5) demonstrated
that the iso-CH2I-I species is mostly responsible for the intense
~385 nm  transient absorption band.

In here, we report picosecond time-resolved resonance Raman
(ps-TR3) experiments that probe the initial formation of the hot
iso-CH2I-I photoproduct following ultraviolet excitation of
CH2I2 in room temperature solutions.  These experiments
establish a connection between the ultrafast time scale and the
longer ns time scale observation of the iso-CH2I-I photoproduct.

Experiment

The experiments were carried out using a ps-TR3 apparatus
based on optical parametric amplifiers described in detail
eslewhere6).  Briefly, an 800 nm pulse generated from a
femtosecond Ti:Sapphire oscillator is amplified to 2 - 3 mJ at
1 kHz in a regenerative amplifier.  The output from the
amplifier was frequency doubled in a 2 mm type I BBO crystal
to generate the 400 nm probe pluses for TR3 spectroscopy.  The
267 nm pump wavelength was the third harmonic of the
regenerative amplifier.  Typical pump and probe pulse energies

at the sample were  ~ 5 - 15 µJ with ~ 1 ps pulse duration
(FWHM).

Results and Discussion

The ps-TR3 spectra obtained for photoproducts produced from
ultraviolet excitation of CH2I2 are shown in Figure 1 (Stokes
and anti-Stokes spectra) for experiments carried out in
cyclohexane solution and in Figure 2 for experiments in
acetonitrile solution.  Figure 3 compares a ns-TR2 spectrum of
iso-CH2I-I in cyclohexane solution (obtained with 309 nm
pump and 416 nm probe excitation wavelengths) to the ps-TR3

spectra with 30 ps and 500 ps pump-probe time delays in
cyclohexane solution and 15 ps and 100 ps pump-probe time
delays in acetonitrile solution.

Figure 1. ps-TR3 spectra of the iso-CH2I-I photoproduct
produced from ultraviolet excitation of CH2I2 in cyclohexane.

Figure 2. ps-TR3 spectra of the iso-CH2I-I photoproduct
produced from ultraviolet excitation of CH2I2 in acetonitrile.

Inspection of Figure 3 shows that the RR spectra are all similar
to one another and suggests that the same photoproduct species
is observed in the ns-TR2 spectrum and the ps-TR3 spectra.
Table I compares the experimental fundamental vibrational
frequencies (ns-TR2 spectrum, ps-TR3 spectra and previously
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reported infrared spectra) to the DFT computations done for
several species (iso-CH2I-I, CH2I2

+ radical cation or CH2I
radical) proposed to be the photoproduct responsible for the
~385 nm transient absorption observed after ultraviolet
photoexcitation of CH2I2 in the condensed phase.  Inspection of
Table I shows that the fundamental vibrational bands of the RR
and infrared spectra have values that agree well with those
computed for the iso-CH2I-I species but not with either of the
other proposed species (the CH2I2

+ and the CH2I).  We also note
the experimental Raman bands assigned to the nominal C-I
stretch (ν3) and CH2 wag (ν4) fundamental of the photoproduct
species exhibit very good agreement with the infrared bands
observed for iso-CH2I2 in low temperature solid matrices.
Isotopic shift data from ns-TR2 spectra and infrared spectra as
well as DFT computed electronic absorption transition energies
and oscillator strengths are all consistent with the assignment of
the photoproduct to the iso-CH2I-I species.  Therefore, the RR
spectra in conjunction with results from DFT computations
unequivocally indicate the iso-CH2I-I species is predominantly
responsible for the ps to ns ~385 nm transient absorption band
in solution.  Comparison of the resonance Raman spectra shown
in Figures 1-3 indicates that this is true for ultraviolet excitation
of CH2I2 in nonpolar solvents like cyclohexane as well as in
polar solvents such as acetonitrile.

Figure 3. A comparison of RR spectra of iso-CH2I-I.

Examination of the ps-TR3 spectra in Figures 1-2 indicates that
Raman bands attributable to the iso-CH2I-I photoproduct begin
to appear within several picoseconds (~8 ps in cyclohexane
solution and ~5 ps in acetonitrile solution) after ultraviolet
excitation of CH2I2 in the solution phase.  These RR bands grow
in intensity as time increases and appear to shift somewhat to
higher vibrational frequencies.  Examination of Figures 1-2
shows that the RR bands tend to shift from lower to higher
vibrational frequency and become more intense as the  iso-
CH2I-I Raman bands appear in the 4 ps to 20 ps time scale.  The
vibrational frequency shifts are only readily apparent at times
between 4 ps and 18 ps in both cyclohexane and acetonitrile
solvents although the changes seem to occur somewhat faster in
acetonitrile.  Our ps-TR3 results show a good correlation with
changes found in the femtosecond transient absorption spectra
observed by Åkesson and coworkers4) in acetonitrile solvent at

times between 3 ps and 50 ps that they tentatively ascribe to
vibrational cooling of the hot iso-CH2I-I photoproduct.  Their
transient absorption spectra between 3 ps and 50 ps show
absorption in the range 350 to 500 nm that is relatively flat,
broad and weak at 3 ps that begins to sharpen and becomes
more intense from 3 ps to 50 ps with most of this change
occurring between 3 and 20 ps.  This behavior is very similar to
what we observe in our ps-TR3 spectra with most of the
vibrational frequency shifts and intensity changes occurring in
the first 20 ps or so with some additional sharpening of the
Raman bands and increase of intensity at longer times.  Our
ps-TR3 results confirm that the iso-CH2I-I photoproduct is
formed vibrationally hot within several picoseconds and then
undergoes subsequent vibrational cooling between 4 ps to 50 ps.
Examination of the anti-Stokes spectral changes as a function of
time in cyclohexane solvent (Figure 1) and acetonitrile solvent
(Figure 2) provides additional support for this interpretation.
Between 5 ps and 100 ps in the anti-Stokes RR spectra obtained
in cyclohexane solvent, the ν3, ν3+ν5, 4ν5+ν6/ν3-ν5, 4ν5 and 3ν5

first grow in intensity and then decrease in intensity until they
are similar to that observed at 1000 ps.  This behavior also
indicates a highly excited iso-CH2I-I species that is
vibrationally cooling between 5 ps and 50 ps.  The anti-Stokes
RR spectra in acetonitrile solvent (Figure 2) also exhibit similar
behavior.

Vibrational Mode B3LYP/ ns RR in C6H12 IR in low T solid 30 ps RR
Sadlej TZVP (ref. 5) in C6H12

CH2I-I (CD2I-I)
A’   ν1, CH2 sym. str. 3131 (2260) ---------- 3028 (2213)
       ν2, CH2 scissor 1340 (1011) ---------- 1373 (1041-1033)
       ν3, C-I stretch   755  (645)   701  (640) 714/705 (645) 694
       ν4, CH2 wag   619  (476)   619  (496) 622-611 (498-486) 606
       ν5, I-I stretch   128  (128)   128  (128) ----------- 121
       ν6, C-I-I bend     99  (93)   ?    (~110) -----------
A”  ν7, CH2 asym. str. 3281 (2451) ----------- 3151 (2378)
       ν8, CH2 rock   865  (697) ----------- -----------
       ν9, CH2 twist   447  (318) 487 ? (352 ?) -----------

CH2I2
+

A1   ν1, CH sym. str. 3103 (2246)
       ν2, CH2 def. 1365 (1003)
       ν3, CI sym. str.   551 (522)
       ν4, ICI bend   114 (114)
B1   ν5, CH asym. str. 3220 (2401)
       ν6, CH2 rock   755 (576)
A2   ν7, CH2 twist   983 (696)
B2   ν8, CH2 wag 1080 (813)
       ν9, CI asym. str.   517 (490)

CH2I

A1   ν1, CH sym. str. 3126 (2252)
       ν2, CH2 def. 1309 (974)
       ν3, C-I stretch   614 (576)
B1   ν4, CH2 wag   234 (180)
B2   ν5, CH asym. str. 3288 (2457)
       ν6, CH2 rock   832 (619)

str.=stretch;  sym.=symmetric;  asym.=asymmetric;  def.=deformation

Table I. A comparison of fundamental vibrational frequencies
(in cm-1) of three proposed products of photo excitation of
CH2I2 in solution.
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Introduction

Water-soluble cationic (metallo)porphyrins complexed with
nucleic acids are widely investigated owing to their possible use
in photodynamic therapy of cancer. Besides the promising
medical applications, cationic porphyrins are interesting also as
specific probes of local nucleic acid base pairs and/or sequence
composition, structure, conformation and dynamics1,2).

Figure 1. Structure of Cu(II) 5,10,15,20-meso-tetrakis(4-N-
methylpyridyl) porphyrin (CuP).

Among (metallo)porphyrins studied in complexes with nucleic
acids, the copper(II) derivative of cationic
5,10,15,20-meso-tetrakis(4-N-methylpyridyl) porphine (CuP,
see Figure 1) has recently attracted particular interest because of
its ability to form, in excited state, transient axially coordinated
complex (exciplex) with an oxygen-containing ligand from its
close proximity1,2). Since a C=O group of thymine (uracil) was
identified as the CuP axial ligand1), formation of the CuP*C=O
exciplex can serve as an indicator of the proper distance and
appropriate orientation between the C=O group and the centre
of the CuP macrocycle, thus providing valuable structural
information about the CuP microenvironment. Besides the
CuP*C=O species, formation of a concurrent CuP*H2O
exciplex (having water molecule as its fifth axial ligand) was
approved2) in aqueous solutions containing free CuP. As both
exciplex species exhibit virtually identical Raman features2),
they cannot be discerned by nanosecond pulse excited
resonance Raman spectra, if the system contains fractions of
both complexed and free CuP. Nevertheless, the CuP*H2O and
CuP*C=O species can be distinguished by their picosecond
time-resolved resonance Raman (ps-TR3) spectra due to
different relaxation kinetics, as their corresponding lifetimes
differ in orders of magnitude ( ~10 ps and ~ 1-3 ns,
respectively2)).

Previously, exciplex formation was studied preferentially with
double-stranded polynucleotides and natural dsDNA having
regular double-helical structure. Apart from the studies1-4)

showing that CuP exciplex can be formed also with single-
stranded poly(dT), poly(rU) and some oligothymidylates
(d(pT)n), no systematic investigation was carried out with
corresponding nucleosides and mononucleotides. Especially
challenging was a question whether and under which conditions
interaction with deoxythymidine (dT) or deoxythymidine
5’-monophosphate (dTMP) units would be sufficient for
exciplex formation, or whether some secondary structure,
provided by sufficiently long oligonucleotide, is required. Our
recent spectrophotometric titration (will be published),

monitored by absorption in the CuP Soret band, revealed that
CuP mixed with dTMP yields two distinct types of molecular
complexes having 1:1 (CuPÂG703��DQG������&X3Â�G703)2) (or
even higher but spectroscopically indiscernible) stoichiometries,
the latter being spectroscopically very close to the CuP
complexed with    d(pT)9 (CuPÂG�S7�9). The aim of the present
study was to show that this spectroscopic resemblance reflects
some common structural features, i.e. that a local environment
favourable for exciplex formation in complexes with single-
stranded oligomers can be mimicked by molecular complexes
with mononucleotides.

Results and Discussion

Titration of the CuP solution (fixed total concentration of
~ 3 × 10-5 M) with dT, dTMP and d(pT)9 was monitored by the
probe-only (∆t = -50 ps) and pump-and-probe (∆t = +50 ps; to
eliminate contribution from the fast relaxing CuP*H2O species)
ps-TR3 spectra. Nucleotide concentration was increased
stepwise to cover fully the interesting region of the nucleotide-
to-porphyrin ratio (R). Instead of pumping via relatively weak
CuP Q-band (~ 550 nm) used in the recent ps-TR3 study2), a
single colour arrangement ( λpump = λprobe = 420 nm) with
excitation in the CuP Soret band (~ 424 nm) was applied to
increase conversion of the CuP into its excited state. Undesired
Raman scattering from the intense pump pulses (pulse energy of
~ 9 µJ at the sample) was rejected by means of a Kerr gate (3 ps
resolution). Details of the experimental setup and the Kerr gate
were given elsewhere5). The ps-TR3 spectra were normalized
using an internal intensity standard (~ 982 cm-1 Raman band of
the 0.2 M SO4

2- present in all samples).

Figure 2. Normalized probe-only ps-TR3 spectra of the CuP
mixed with dTMP. Nucleotide-to-porphyrin ratio of
~ 10 (a), ~ 100 (b), ~ 600 (c) and ~ 5000 (d).

As illustrated by the CuP mixed with dTMP (Figure 2), probe-
only excitation yields CuP ground-state Raman features (ν2 and
ν4 bands) regardless of the nucleotide-to-porphyrin ration R,
whereas the pump-and-probe spectra (Figure 3) exhibit also
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CuP exciplex features (ν2* and ν4* bands), the relative intensity
of which increases with R.

Figure 3. Normalized pump-and-probe ps-TR3 spectra of the
CuP mixed with dTMP. Nucleotide-to-porphyrin ratio of
~ 10 (a), ~ 100 (b), ~ 600 (c) and ~ 5000 (d).

For all (oligo)nucleotides studied, detailed analysis of the
ps-TR3 data by means of a factor (SVD) analysis revealed
gradual spectral changes in their probe-only ps-TR3 spectra as
well. The changes reflect an increasing fraction of the
complexed CuP. Under experimental conditions used in the
present study, the extent of the spectral changes in the pump-
and-probe ps-TR3 spectra (overall decrease of the total Raman
signal and intensity ratio between exciplex and ground-state
features) for the CuP complexed with dTMP at R ~ 5000 was
found to be virtually identical with that of CuP complexed with
d(pT)9, R > 10 (i.e. [d(pT)9]/[CuP] > 1). Thus, at extremely high
concentrations of mononucleotide, the CuP can form molecular
complexes providing an environment similar to that generated
by a secondary structure of the oligonucleotide. Nevertheless,
since two distinct molecular complexes of 1:1 and 1:2 (or
higher) stoichiometries can be formed with dTMP (and dT),
effectiveness of the exciplex formation (evaluated directly from
the pump-and-probe ps-TR3 spectra by means of the factor
analysis) was confronted with their relative fractions.

Figure 4. Distribution of the CuP complexes as a function of
the dTMP-to-CuP ratio vs. effectiveness of the CuP*C=O
exciplex formation.

A close match between exciplex effectiveness and distribution
curve of the CuP.(dTMP)2 complex (Figure 4) clearly identifies
species responsible for exciplex formation. Nevertheless, slight
deviation from the CuP.(dTMP)2 distribution seems to suggest
substantial participation of the complexes of stoichiometries

higher than 1:2. Concerning the complexes with dT, similar
behaviour was observed as for complexes with dTMP.

Figure 5. Distribution of the CuP complexes as a function of
the d(pT)9-to-CuP ratio vs. effectiveness of the CuP*C=O
exciplex formation.

In the case of d(pT)9, a single spectral species attributable to a
1:1 CuP.d(pT)9 complex was revealed by spectrophotometric
titration (will be published). As shown on Figure 5, the same
complex is fully responsible for the CuP exciplex formation.

Conclusions

By means of the Kerr gated ps-TR3 spectroscopy it was shown
that CuP*C=O exciplex can be effectively formed in molecular
complexes with dTMP as well as dT. Nevertheless, among two
spectroscopically distinct complex species formed with
mononucleotides, only molecular complexes of higher
stoichiometries than 1:2 seem to provide a microenvironment
favourable for exciplex formation. Considering contemporary
thoughts about requirements for axial coordination giving rise
to exciplex1,2), some structural features of the CuP molecular
complexes with mononucleotides can be suggested:

The 1:1 species can be characterised by a more-less «coplanar»
arrangement of the porphyrin macrocycle and thymine planes,
thus stabilised mainly by stacking interactions. It is formed
preferentially in the CuP mixtures with dT and dTMP at low
nucleotide-to-porphyrin ratios, and is not favourable for the
CuP*C=O exciplex formation.

The 1:2 (and higher) species is characterised by a more-less
«perpendicular» arrangement of the porphyrin macrocycle and
thymine planes. It is stabilised by van der Waals’s interactions
of other types than stacking and formed preferentially in the
CuP mixtures with dT and dTMP at extremely high nucleotide-
to-porphyrin ratios. Its structure seems to be favourable for
CuP*C=O exciplex formation.

References

1. P Mojzes, L Chinsky and P-Y Turpin
J. Phys. Chem., 97 4841, (1993)

2. S G Kruglik, P Mojzes, Y Mizutani, T Kitagawa and P-Y
Turpin, J. Phys. Chem. B, 105 5018, (2001)

3. V A Orlovich, V V Ermolenkov, S G Kruglik, P Mojzes
and P-Y Turpin, Spectroscopy of Biological Molecules:
Modern Trends (Eds.: P Carmona et al), Kluwer Acad.
Publ., 393, (1997)

4. V S Chirvony; V A Galievsky; I V Sazanovich and P-Y
Turpin, J. Photochem. Photobiol., 52 43, (1999)

5. P Matousek, M Towrie, A Stanley and A W Parker
Appl. Spectrosc., 53 1485, (1999)

CuP + dTMP
∆t = + 50 ps

[dTMP]/[CuP]
0.01 0.1 1 10 100 1000

R
el

at
iv

e 
F

ra
ct

io
n

0.0

0.2

0.4

0.6

0.8

1.0

Free CuP
CuP.dTMP
CuP.(dTMP)2

Exciplex

Wavenumber [cm-1]
1050 1200 1350 1500 1650

st
an

da
rd

ν4ν4*
ν2ν2*

a)

b)

c)

d)

∆t = + 50 ps
CuP + oligo(dT)9 

∆t = + 50 ps

[oligo(dT)9]/[CuP]
0.001 0.01 0.1 1 10

R
el

at
iv

e 
F

ra
ct

io
n

0.0

0.2

0.4

0.6

0.8

1.0

Free CuP
CuP.oligo(dT)9

Exciplex



Lasers for Science Facility Programme – Chemistry

Central Laser Facility Annual Report 2000/2001                           92

Introduction

In recent years we have been engaged on a research programme
directed towards characterisation of the free radical scavenging
properties of carotenoids and the properties of the carotenoid
radical products arising from such reactions 1-5).
Epidemiological evidence suggests that diets rich in fruit and
vegetables can reduce the risk of cardiovascular disease and
certain types of cancer.  Dietary carotenoids are constituents of
fruit and vegetables and there is much interest in their potential
protective properties.  One possibility is that carotenoids
function as free-radical scavenging antioxidants, intercepting
oxygen-centred radicals (Scheme 2) such as peroxyl radicals,
which arise as propagating species during lipid peroxidation
(Scheme 1) for example.  Hence, it has been suggested that
carotenoids may act as chain-breaking antioxidants thereby
reducing oxidative stress in organisms by scavenging damaging
peroxyl, alkoxyl and other radicals.  We have previously
combined nanosecond laser flash photolysis, pulse radiolysis
and TR3 to study the kinetics of carotenoid reactions with
numerous free radicals as well as advancing understanding of
the reaction mechanisms and properties of carotenoid
radicals 1-5).

Precursor

ROO.

ROOH

Initiation

Propagation

Termination

R.

O2

ROO.

ROO. ROO.

R. +

+ RH R.+

+ Products

Scheme 1.  The principal steps involved in free-radical induced
lipid peroxidation.

Figure 1.  Structure of 7, 7’-dihydro-β-carotene (77DH).

Electron Transfer

H-atom abstraction

Addition

ROO. CAR+

ROO. CAR+

ROO. CAR+

ROO- CAR.+
+

ROOH +

ROO-CAR

CAR

Scheme 2. Possible reactions of carotenoids (CAR) with
peroxyl radicals.

For carotenoids to act as antioxidants in this way, the carotenoid
radicals produced must not be capable of propagating free-
radical chain reactions, which could result in pro-oxidant
behaviour.  In order to address this issue it is necessary, first of
all, to establish whether carotenoid radicals react with oxygen.

The work reported here focuses on the spectroscopic and kinetic
properties of the different types of carotenoid radicals that are
formed as a result of scavenging reactive peroxyl radicals
derived from carbonyl pre-cursors (Scheme 3) in polar and non-
polar environments.  The methods used include nanosecond
laser flash photolysis coupled with kinetic UV-VIS-NIR
absorption spectroscopy and TR3.

O O

H2C

O

O
O

O

O

hν
 (266 nm)

H2C

k-CO (~3 x 106 s-1)

O2 O2

O2

phenylacetylperoxyl
benzylperoxyl

DBK

Scheme 3.  Generation of peroxyl radicals by laser photolysis
of dibenzyl ketone (DBK).

Results and Discussion

Laser excitation (266 nm) of dibenzyl ketone (DBK) in hexane
or methanol containing carotenoid leads to the α-cleavage
products shown in Scheme 3.  In the absence of oxygen the
carotenoid is stable to the experimental conditions and no
bleaching of the ground state absorption is evident, indicating
low reactivity towards benzyl radicals.  However, in the
presence of oxygen rapid bleaching of the carotenoid absorption
is observed in both methanol and hexane with bimolecular
quenching rate constants in the range of 109 M-1 s-1 (measured
directly or by competition kinetics using a free radical probe).
Detailed studies of the oxygen concentration dependence of the
extent of carotenoid bleaching strongly suggests that
phenylacetylperoxyl (PAP) radical is primarily responsible for
the observed carotenoid reactions and that the contribution from
reaction with benzylperoxyl radical is insignificant under these
conditions.

Contrasting behaviour is observed in methanol and hexane,
despite the fact that the reactions are rapid in both solvents.  In
methanol transient absorption features are observed in the
visible and near infrared, and there are at least two near infrared
absorbing carotenoid radical species (at ~690 and ~780 nm for
77DH, Figure 3) displaying different kinetic behaviour.  In
hexane no near infrared absorption features are observed, but
strong visible absorption bands are apparent (Figures 2 and 4).
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Figure 2.  Transient absorption spectra for 77DH (~10-5 M)
following 266 nm excitation of DBK in air-equilibrated hexane.
The spectrum in light blue is the absorption spectrum of 77DH.
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Figure 3.  Transient absorption spectra for 77DH (~10-5 M)
following 266 nm excitation of DBK in air-equilibrated
methanol.
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Figure 4.  Transient absorption spectra for DODEC (~10-5 M)
following 266 nm excitation of DBK in air-equilibrated hexane.

Kinetic evidence suggests that in hexane a carotenoid radical
adduct is formed, which decays by 1st order kinetics, possibly
leading to an epoxide (Scheme 4).  The radical adduct is not
scavenged by oxygen, probably due to extensive resonance
stabilisation.  The lack of oxygen scavenging discounts a pro-
oxidant effect for these types of radicals.  However, the
fragmentation of the radical may give rise to other peroxyl
radicals (e.g. benzylperoxyl in this particular case), which could
contribute to pro-oxidant effects.

O

O
O

H O

O

O
O2

Scheme 4. Radical addition of PAP to the polyene chain of a
carotenoid.

In methanol near infrared absorption bands characteristic of the
carotenoid cation radical are observed (780 nm for 77DH).
However, other absorption features are observed in the red/near
infrared and in the visible region.

Resonance Raman Spectra

The TR3 spectra of the PAP-CAR radical adducts are dependent
on the carotenoid.  For 77DH the ground state band
corresponding to the C=C stretch at 1553 cm-1 moves to lower
wavenumber (~1495 cm-1, see Figure 5) in the radical adduct,
reflecting a decrease in the C=C bond order.  In contrast
(Figure 6), the C=C stretch of the DODEC-PAP radical adduct

is at higher wavenumber (~1565 cm-1) than the DODEC ground
state (1508 cm-1), reflecting an increase in C=C bond order.
These differences between 77DH (8 conjugated double bonds)
and DODEC (19 conjugated double bonds) may be due to
differences in the site of attack on the polyene chain between
these two carotenoids.  However, theoretical calculations are
required to assess the impact on C=C bond order of radical
addition at different sites.
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Figure 5.  Time resolved resonance Raman spectrum of the
77DH-PAP radical adduct using DBK in hexane with 266 nm
pump (0.8 mJ) and 455 nm probe (1.2 mJ) at a time delay of
5 µs.  The spectrum is corrected for background fluorescence,
but not for ground state bleaching.
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Figure 6.  Time resolved resonance Raman spectrum of the
DODEC-PAP radical adduct using DBK in hexane with 266 nm
pump (0.75 mJ) and 390 nm probe (1.1 mJ) at a time delay of
10 µs.  The spectrum is corrected for background fluorescence,
but not for ground state bleaching.
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Introduction

Raman spectroscopy is an extremely powerful tool for
characterizing the physical and chemical properties of materials.
It is widely employed as both a research and a routine analytical
tool in industrial and academic laboratories, and ongoing
developments in laser, optical and detector technology mean
that it will continue to grow in importance. However, in some
cases intense fluorescence swamps the weak Raman signal.
This, along with possible laser-induced sample damage, is the
major disadvantage of what is otherwise a very versatile tool.

The usual approach to avoid fluorescence is to change the laser
wavelength to avoid electronic excitation, but it is not always
possible to find an effective wavelength.  Sometimes this
necessitates using a near-IR (NIR) laser and an interferometer
detector (Fourier Transform Raman spectroscopy).  However,
NIR-excited Raman spectroscopy is inherently insensitive,
giving relatively low signal/noise (S/N) data, and a number of
systems still fluoresce strongly or decompose under NIR laser
excitation.  Also, self-absorption in organic and aqueous
systems can significantly distort spectral intensities and make
quantitative analysis difficult. Therefore, alternative ways to
obtain Raman spectra from highly fluorescent samples are still
needed.

One “generic” solution that has been under development for
three decades is to use a pulsed laser and time-resolved
detection to allow the Raman photons to be discriminated from
the broad fluorescence background. The Raman interaction time
is virtually instantaneous (<< 1 ps), whereas fluorescence
emission is statistically relatively slow, with hundreds or
thousands of picoseconds elapsing between electronic excitation
and radiative decay. If we illuminate a thin transparent sample
with a very short (~1 ps) laser pulse, all of the Raman photons
will be generated within 1 ps, whereas most of the fluorescence
photons will be emitted at much longer times (nanoseconds).  If
the detection system is gated so as to detect only those photons
scattered or emitted during the laser pulse, we will collect all of
the Raman photons but reject the majority of the fluorescence.

Two rather different time-resolved approaches have been most
effective in yielding high quality Raman data from highly
fluorescent materials. The first used a streak-camera to provide
time-resolved Raman data (~10 ps resolution, up to 2 kHz
repetition rate)1). This gave an estimated improvement of ~280
for a fluorophore with τf ~ 4 ns. The second method used a Kerr
gate with ~3 ps full width at half maximum (FWHM) and
650 Hz repetition rate. The Kerr gate was used to time-resolve
the light that is allowed to pass into a spectrograph-CCD
combination2). This system achieved three orders of magnitude
suppression of the background from a fluorophore with
τf ~ 2 ns, and produced excellent Raman signals that were
completely obscured in the ungated spectra.

Both of the systems noted above have been demonstrated to
work well using liquid samples that were doped with
fluorescent dyes. However, many industrially relevant samples
are clear or opaque solids (powders, films, fibres…), where
there is potential for (a) multiple reflections that can blur the

time response and (b) laser absorption and damage. The latter is
a concern because although the average laser power of an OPA
may be only a few mW, the peak power can be rather high
(MW), which raises the possibility of non-linear absorption and
damage. The aim of this work was therefore to establish
whether this same technology provides useful Raman data from
industrially-relevant materials, and to study the effect of
multiple scattering / reflections in heterogeneous materials.

Experimental

Spectrometer

The laser and Kerr-gated detector system used in this work were
designed and constructed at the Rutherford Appleton
Laboratory, Oxfordshire, UK, and have been described in detail
elsewhere2,3). In the experiments on solid samples described
here, the original collection mirror has been replaced with a
10 cm focal length, f/2 collection lens. In all of the experiments
described in this article, the exciting laser wavelength was fixed
at 400 nm, with a pulse rate of ~1 kHz, a pulse width of ca 1 ps,
a peak pulse power of between 1 - 5 MW and an average power
of 1 - 5 mW at the sample.  The beams were focused to a spot
diameter of 200 - 400 µm, and scatter was collected at ~90o

geometry with respect to the probe beam.  Before this work it
was not known whether the high peak pulse powers would
cause significant degradation of solids, since in the past it has
only been used on flowing liquids. Therefore, we tested the
system using a number of solids that fluoresce under visible
excitation. Spectra were obtained in gated mode, and also from
the same sample with the gate permanently “open” (by rotating
the polarizer after the Kerr cell to be parallel to the one before
the cell and turning off the laser beam that drives the cell). For
bands at around 1600 cm-1, the spectrometer transmission in the
'open' state was about a factor of 3 lower than for gated
operation. This is because in the gated configuration, the
polarizer after the Kerr gate is aligned with the spectrometer
axis of maximum transmission. The presented data are not
corrected for this difference. It should also be noted that the
throughput of the gate, given by the efficiency with which the
beam polarisation can be rotated, could in theory reach 100 %,
but is typically ~ 40% for liquids.  The efficiency for light
scattered from solids is typically lower, and can vary with
sample geometry. The precise origin of this has not been
investigated.

For one of the samples, comparative Raman data were also
obtained using a Perkin Elmer 1760 FT-Raman spectrometer
(1064 nm laser), operating with 100 mW of laser power on the
sample and acquiring data at 16 cm-1 resolution.

Samples

Three polymer films were examined in these studies, namely
PEEK (poly(aryl-ether-ether-ketone)), ~ 250 µm thick, a
polyimide (Upilex SGA, ~ 25 µm thick), and a developmental
grade of PPS (poly(phenylene sulphide)), ~ 100 µm thick. ICI
PLC supplied all the samples, which were a light “straw”
colour, bright yellow and dark brown respectively. All of these
samples exhibit intense fluorescence under visible laser
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excitation. We also studied powders, PEEK and trans-stilbene
(ex Aldrich).  The PEEK was used as supplied, and trans-
stilbene was ground in a pestle and mortar. In each case the
particles ranged from ca. 10-100 µm diameter; no attempt was
made to accurately quantify the size distribution. Only the
PEEK powder showed significant fluorescence; the trans-
stilbene was only used to examine the temporal response of
elastic and inelastic light scattering in powders.

The films were held as self-supporting samples in the probe
laser beam, which was incident at ca. 45o to the film normal.
The Fresnel (’specular’) reflection from the sample interfaces
was blocked before the collection lens by a small beamstop.
The powders were lightly pressed into a small cup (ca. 3 mm
diameter and 5 mm deep) and the laser beam was directed onto
its surface, again at about 45o incidence.

Results and Analysis

Fluorescence rejection from film samples

Figure 1 shows (a) the 400 nm ungated, (b) the 1064 nm FT
Raman and (c) the 400 nm Kerr gated Raman spectra of the PPS
film. The fluorescence (τf ~ 600 ps) was overwhelming with
ungated 400 nm excitation, and even the FT Raman spectrum
was heavily distorted by the intense fluorescence background.
FT Raman spectroscopy is usually the method of choice with
such highly fluorescent samples, but in this case the Kerr-gate
approach was superior.  With Kerr-gating, we obtained an
improvement of ~200 in signal/background. Obviously, this
approach cannot always succeed; with some samples the
fluorescence intensity will be so overwhelming, or the lifetime
so short, that even a background suppression of some 2 or 3
orders of magnitude will not yield a useable spectrum, and there
remains the possibility of sample damage. Some materials will
always exist for which no Raman spectrum can be obtained,
irrespective of gating technology or laser wavelength.  Good
Raman spectra were also obtained from both the PEEK film
Upilex SGA film.
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Figure 1.  Fluorescence rejection from PPS film. Fluorescence
rejection from poly(phenylene sulphide) film. Both of the
visible spectra were averaged over twenty 20 scans, the FT
Raman spectrum was averaged over 100 scans (~130 s total
acquisition time). Excellent rejection was achieved, and the
gated spectrum is superior to the FT-Raman spectrum in this
instance. The band near 650 cm-1 is due to the CS2 symmetric
stretch in the Kerr cell. Spectra are offset for clarity.

The temporal response of scattering in powders

With powders or heterogeneous materials, both the laser beam
and the scattered light will suffer refraction and reflection at
particle/air interfaces, or any other refractive index
discontinuities, and so will undergo diffuse reflection. Some
will re-emerge from the sample and be collected, while a
significant amount will be scattered and lost. Therefore,
depending on particle refractive index, absorption coefficient
and size/shape, it is possible that after incidence of the laser

pulse, light will re-emerge at times that are significantly longer
than the laser pulse duration. This will induce temporal
broadening of both the Raman and the fluorescence fluxes, and
could potentially reduce the discrimination of these signals.
Therefore it was decided to study the temporal response of the
diffusely reflected Rayleigh and Raman scatter from powdered
samples. As far as we are aware, this type of study has not been
previously reported.

To study this effect, we obtained spectra of trans-stilbene as a
function of the temporal position of the Kerr gate (see Figure 2).
This particular material was used since it produces very strong
Raman signals and good S/N spectra in a short time. In these
spectra the notch filter in front of the spectrometer was tilted to
allow a small fraction of the elastically-scattered light to reach
the detector, so that we could monitor simultaneously both
Rayleigh and Raman signals (at ∆ν = 0 and ∆ν ~ 1600 cm-1)
respectively. The gate was moved incrementally to later times
relative to the position that maximised the Rayleigh signal
(t = 0). The selection of spectra shown in Figure 2 were taken at
5, 10, 15, 20, 30, 40, 70, 100 and 150 ps respectively. The
spectrum at t = 0 was not shown since it cannot easily be
displayed on the same scale. However, it should be noted that
while the Rayleigh signal was typically four times more intense
at 0 ps than at 5 ps, the Raman signal was of similar intensity in
each case. The inset to Figure 2 shows how the Rayleigh
intensity falls more rapidly than the Raman signal. After 100 ps
the Rayleigh band was about 1 % of its intensity at t = 5 ps,
whereas the residual Raman signal was still about 30 % of that
at 5 ps (see inset) and is easily detected even after 300 ps. This
proves that the scattered light from this powder is no longer
confined to the 1 ps laser duration, but also demonstrates that
the Rayleigh and Raman bands obey different “decay kinetics”.

Trans- stilbene spectra

16000    Raman shift (cm-1)

In
te

n
si

ty
 (

a.
u

.)

t = 5, 10, 15,  20,  30,  40,  70,  100,  150 ps

0

0.2

0.4

0.6

0.8

1

1.2

1.4

0 50 100 150 200 250 300 350

Time (ps)

In
te

n
si

ty
 (

a.
u

.)

Raman

Rayleigh

Figure 2.  Time resolved spectra of trans-stilbene powder, each
the average of fourteen 2 s acquisitions.  Both the Rayleigh and
Raman signals are significantly broadened compared to the
incident 1 ps laser pulse, and the Raman signal decays more
slowly than the Rayleigh line.

Implications for time-resolved Raman spectroscopy of
powders

At first sight these findings might imply that the S/N of time-
resolved data from powders could be reduced. Because the
broadening is asymmetric in time, good fluorescence rejection
can always be obtained by positioning the gate at t = 0, but if
the Raman signal is dramatically broadened, a short gate cannot
efficiently capture it and will reject both fluorescence and
Raman bands. To test this hypothesis we recorded the spectrum
of a sample of highly fluorescent PEEK powder. This material
was not chemically identical to the PEEK film, in that it had a
much shorter fluorescent lifetime (ca. 50 ps as opposed to
300 ps). Figure 3 compares the ungated and gated spectra of the
powder; we observed a ~ 40-fold improvement. Clearly, in this
case any temporal broadening that occurred did not seriously
degrade the Raman signal.
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Figure 3. Fluorescence rejection with PEEK powder. Each
spectrum was averaged over twenty 3 s scans. Again, the
fluorescence background was efficiently rejected.

Future Work

To our knowledge, the possibility of utilizing time-resolved
Rayleigh and Raman spectroscopy to study diffuse reflection
has not been previously explored, and this study represents
merely a preliminary investigation. The following questions
immediately arise. Can the temporal response of the scattering
be related to particle properties such as size, shape, packing,
and optical absorption? How reproducible are the temporal
curves? Can the effect provide insight into the optics of diffuse
scattering or the nature of dense powders or dispersions? Can
the particle size be reduced sufficiently to eliminate the effect?
Can the shape of the Raman response be understood on a
quantitative physical basis?

Probably the most immediately fruitful future work would be

i) to compare the Raman and Rayleigh profiles from samples
prepared with well-defined particle size distributions, to
thoroughly investigate the effect of particle size,

ii) to investigate the effect of optical absorption and

iii) to analyse very thin powder samples, in order to minimise
the possibility for diffuse reflectance.

Of course, further studies are also needed to assess to what
extent temporal blurring prevents effective time-resolved
fluorescence rejection with powders; our present work is
inconclusive in this respect.

We hope to report these studies in future publications. A full
account of the presented work has been submitted for
publication4).

Conclusions

Kerr-gated picosecond time resolved Raman spectroscopy
dramatically reduces the fluorescent background from solid
materials. With powdered materials, the Raman and Rayleigh
temporal response following irradiation with a 1 ps laser pulse
can be significantly broadened, due to the long intra-sample
path-lengths that arise when photons are diffusely reflected.
Photons can re-emerge from a powder hundreds of picoseconds
after termination of the irradiating pulse, blurring the temporal
distinction between Raman and fluorescence photons. It
remains to be seen whether this temporal blurring will limit the
general applicability of time resolved fluorescence rejection
with powders.

As an aside, these effects could also have implications for
pump-probe studies of powders. In the presence of diffuse
reflectance it becomes difficult to define precisely the time
between the pump and probe pulses, since the pump photons
could persist for significant time periods.
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Introduction

Chirality plays a vital role in the action of pharmaceuticals on
the human body. The interactions between such molecules and
an enzyme binding site (itself formed from chiral sub-units)
depend on the shape adopted by the molecule which is itself a
complex balance between bonded and non-bonded forces.
Hydrogen bonding is ubiquitous, both externally with the
binding site and with water molecules, and internally between
the functional groups of the molecule itself.

The ephedra series of pharmaceuticals (see Figure 1) share a
number of structural characteristics with the natural
neurotransmitter adrenaline and have similar pharmacological
effects, principally on the cardiovascular system. Ephedrine
differs from its diastereoisomer pseudoephedrine by the change
of one chiral centre. This seemingly minor change increases the
melting point from 36°C in ephedrine to 120°C in the case of
pseudoephedrine. Such dramatic changes indicate differences in
inter-molecular interactions in the crystal phase. To examine
similar effects in an isolated system we have studied ephedrine
and pseudoephedrine in the environment of a jet-cooled
supersonic expansion1).

In recent years, there has been a determined effort by a number
of groups to explore the conformational preferences of small
biomolecules2,3). Powerful techniques such as infra-red ion-dip
spectroscopy have been used to probe the hydrogen bonding
nature of OH, NH and CH functional groups. The extraordinary
sensitivity of such groups to the local hydrogen bonding
network provides an ideal means to probe the conformational
landscape. The technique is even more powerful when
combined with time-of-flight mass spectrometry with its ability
to mass separate ions. Such a combination allows an infra-red
spectrum to be obtained which is both mass and energy
selected; a situation which is crucial for the study of weakly
bound clusters. Two distinct experiments were carried out;
firstly the UV laser was tuned onto a resonant band and the IR
scanned over the region of interest (3100-3800 cm-1) to obtain a
resonant ion-dip infra-red spectrum (RIDIRS). The second
configuration consisted of a fixed IR frequency and the
scanning of the UV laser allowing the identification of features
in the UV spectrum originating from the same conformer.

The combination of such techniques with high-level quantum-
chemical calculations allows the assignment of discrete
conformational structures to experimental features with a high
degree of confidence. Advances in computer technology mean
that calculations on small biomolecules (containing up to
twenty or thirty atoms) with methods that include electron
correlation (e.g. second order Moller-Plesset perturbation
theory) and with large basis sets which include polarisation and
diffuse functions are now routine.

Ephedrine

The Resonant 2-Photon Ionisation (R2PI) spectrum of
ephedrine is shown in Figure 2. It consists of one dominant
feature (A) and a considerably weaker band (X) which was
identified by spectral hole-burning. Also shown in Figure 2 are
the RIDIRS spectra of both features which consist of an intense
peak around 3500 cm-1 assigned to an OH vibrational mode
(A: 3493 cm-1 and X: 3540 cm-1) and a much weaker feature at
3378 cm-1 in A due to the NH stretching mode. The red-shift of
the OH band relative to a free alcohol (~3660-3680 cm-1)
indicates the presence of a hydrogen bond in which the OH
groups acts as the proton donor. The two features to the blue of
the OH mode for feature A are assigned to combination bands
of the OH stretch with low-frequency torsional motions of the
side-chain.

Ab-initio calculations, performed at a variety of levels, indicate
that the lowest lying conformers of ephedrine consist of those
with an intramolecular hydrogen bond between the functional
groups of the side-chain in which the OH acts as proton donor
and the NH group as acceptor. Structures with the opposing
geometry are found to lie considerably higher in energy
(ca. 10 kJmol-1). The four low-lying structures are shown in
Figure 3 with the relative energies from MP2/6-311G**

Ion-dip Spectroscopy of Ephedrine and its diastereoisomer pseudoephedrine

P Butz, R T Kroemer, N A Macleod, L C Snoek, F O Talbot, J P Simons

Physical and Theoretical Chemistry Laboratory, South Parks Road, Oxford, OX1 3QZ

Main contact email address: jpsimons@physchem.ox.ac.uk

Figure 1.  Molecules of interest.

Figure 2. Resonant 2-Photon Ionisation (R2PI) spectrum of
ephedrine (top panel). The lower panel shows experimental IR
spectra of features A and X.  Also shown are calculated infra-
red spectra for the three low-lying conformers from
B3LYP/6-31+G* calculation. Scaling factors of 0.9734 for
OH modes and 0.956 for NH modes were derived from
previous work on related molecules.
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calculations. The notation (AG(a)) refers to the arrangement
(anti or gauche) of the CCCN and OCCN atom chains while the
term in brackets (a or b) refers to the configuration of the amino
group. At all levels of theory the extended AG(a) conformer is
found to be the global minimum followed by the GG(a) and
AG(b) structures. The remaining conformer (GG(b)) is found to
much higher energy and would not be expected to appear in our
experiments.

Figure 3. The four low-lying conformers of ephedrine. Relative
energies (kJmol-1) are from MP2/6-311G** calculations and
include a zero-point correction.

Vibrational frequencies were calculated using hybrid density
functional theory (B3LYP/6-31+G*). These are shown for the
three low-lying conformers in Figure 2 and are scaled by factors
of 0.9734 for OH and 0.956 for NH. These empirical factors
have been derived from previous work on related systems1,4,5).

The assignment of feature A in the R2PI spectrum to the global
minimum structure (AG(a)) is straightforward; agreement
between experimental and calculated infra-red spectra is
excellent. However, a problem arises when we try to apply the
same criteria to feature X. Good agreement between experiment
and theory is found, not for structure GG(a) which is the most
stable conformer after AG(a), but for structure AG(b). Previous
work on rotational band contours of the UV spectrum of
ephedrine is also in agreement with this conclusion1). Therefore
we assign feature X to conformer AG(b). The apparent absence
of the GG(a) structure will be discussed later.

Pseudoephedrine

The R2PI spectrum of pseudoephedrine is shown in Figure 4.
Clearly, it is very different from that found for ephedrine.
Spectral hole-burning allows us to identify four distinct
conformational structures (A, B, C and X in Figure 4). The IR
spectra of all four features are also shown in Figure 4. These are
similar to those of ephedrine in that they all have a feature in
the region of 3500 cm-1 due to OH (A: 3437 cm-1, B: 3477 cm-1,

C: 3515 cm-1 and X: 3454 cm-1) with the considerably weaker
NH mode around 3350 cm-1 (A: 3378 cm-1, C: 3328 cm-1 and X:
3383 cm-1).

Ab-initio calculations on pseudoephedrine reveal that the same
four conformers as in the case of ephedrine are the lowest-lying
structures. These are shown in Figure 5 with relative energies
from MP2/6-311G** calculations. In contrast to ephedrine all
four such conformers are relatively low-lying with the AG(a)
structure again the global minimum. Calculated vibrational
spectra (B3LYP/6-31+G*) are shown in Figure 4 and, in
comparison with the experimental IR spectra, allow the
assignment of all four experimental features to discrete
conformational structures (A: GG(b), B: AG(a), C: GG(a) and
X: AG(b)). Such assignments are in good agreement with
previous work on the partially resolved rotational contours
obtained using laser-induced fluorescence spectroscopy1).

Discussion

The conformational landscapes of ephedrine and
pseudoephedrine are a subtle and complex balance between a
number of interactions. Dominant among these is the
intramolecular hydrogen bond between the functional groups of
the side chain. The geometry of the chain constrains the bond to

Figure 4. R2PI spectrum of pseudoephedrine (top panel). The
lower panel shows the infra-red ion-dip spectra of features A,
B, C and X. Calculated IR spectra are from B3LYP/6-31+G*
calculations using scaling factors of 0.9734 for OH and 0.956
for NH modes.
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a non-optimum configuration with OH…N distances in the
region of 220 pm and OHN angles around 120°.

These compare with the values from the phenol-ammonia
cluster7) (OH…N: 199 pm and ∠OHN: 170°). However, the
range of the vibrational frequency of the OH mode for all six
structures is of the order of 100 cm-1 indicating the presence of
other interactions that influence the strength of the hydrogen
bond (and hence the resulting red-shift) through co-operative
effects. Examination of the structures presented in Figures 3 and
5 provides some clues to the identity of these interactions; in
particular structures GG(a) and GG(b) of pseudoephedrine.
These two conformers (assigned to features C and A
respectively) differ only in the configuration of the amino
group. However, the OH stretching frequency of GG(b) is red-
shifted by approximately 80 cm-1 relative to that of GG(a). The
secret lies in the orientation of the two methyl groups of the
side-chain relative to each other and to the aromatic ring. In
structure GG(a) the two are arranged in a gauche fashion
reminiscent of that of butane and the N-methyl group points
away from the ring. A further stabilising influence is provided
by a hydrogen bond between the NH group and the π-system of
the aromatic ring. This is manifested in the red-shift (and
greater intensity) of the NH stretch (see Figure 4). The
inversion of the amino-group (equivalent to exchanging the
methyl group and the proton) results in a structure (GG(b)) in
which such an interaction is no longer possible; instead the
N-methyl group points directly towards the aromatic ring. To
alleviate this destabilising influence there is a significant
distortion of the side-chain which has the (beneficial) side-
effect of improving the geometry of the intramolecular
hydrogen bond. Furthermore, the two methyl groups are

orientated in the most energetically favourable staggered
configuration. This combination of factors greatly depends on
the local structure of the side-chain and is highly dependent on
the absolute configuration of the chiral centres.

The combination of experiment and theory has allowed us to
discern the conformational landscapes of ephedrine and
pseudoephedrine. In the case of the former the assignments of
discrete structures to experimental features provides a suprising
result. Two conformers were observed corresponding to the
AG(a) and AG(b) structures. The conformer GG(a),
intermediate in energy between these structures was not
observed. Calculations using a number of methods and basis
sets failed to resolve the situation; indeed, the relative energies
of AG(b) and GG(a) remained remarkably stable at all levels of
theory. Calculations on the relaxation of GG(a) to the global
minimum (AG(a)) yield a barrier greater than 1000 cm-1, far
greater than that found for systems in which conformer
relaxation is significant7) and we do not expect such a pathway
to be viable in this case. We can only speculate on the absence
of this structure from the experimental spectra; a weak
transition moment and the lack of facile relaxation pathways
from higher conformers to GG(a) may both play a role.

Ephedrine-Water complexes

The R2PI spectra of ephedrine-water recorded in the monomer
(M+), monomer-water1 (MW1

+) and monomer-water2 (MW2
+)

mass channels are shown in Figure 6. A number of features due
to water clusters are observed (B, C, C*, D and E).
Fragmentation of the cluster after ionisation with the resulting
loss of at least one water molecule is common and we
tentatively assign features C and E to a water1 cluster, B and D
to water2 and C* to water3. Currently we are attempting to
confirm these assignments by ion-dip experiments.
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Infra-red ion-dip spectra of the water1 clusters (peaks C and E)
are shown in Figure 7 along with calculated vibrational spectra
for the three lowest-lying structures. At present, the
experimental spectra do not extend to the region where the
OH…N mode is expected. Relative energies and structures of
the three low-lying water1 conformers are shown in Figure 8.
On the basis of comparison between (the incomplete)
experiment and calculation we tentatively assign feature C to
the AG(a)-W1 structure and peak E to the GG(a)-W1 cluster.

Figure 6. R2PI spectra of ephedrine-water clusters recorded
in the monomer (M+), monomer-water1 (MW1

+) and
monomer-water2 (MW2

+) mass channels.

Figure 5. Calculated structures of pseudoephedrine.
Relative energies (kJmol-1) from MP2/6-311G** and
include a zero-point correction.
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Figure 8. Structures of the three lowest-lying water clusters of
ephedrine. Calculated energies are from MP2/6-311G** and
include a zero-point correction.

Discussion

Hydration of ephedrine occurs across the intramolecular
hydrogen bond; one strained H-bond is replaced with two more
conventional bonds (OH(eph) → O and OH(wat) → N). To
accommodate this, the side-chain is significantly distorted from
the monomer geometry (the OCCN dihedral angle opens by
approximately 20°); interactions between the methyl groups and
between the NH and the aromatic ring are altered which, in
turn, influences the relative stability of the individual
conformers.

However, in the case of ephedrine hydration has only a minor
effect on the relative energies of the conformers. It is interesting
to note that, contrary to the case for the monomer, the singly
hydrated cluster of structure GG(a) is observed. Such a situation
has been noted for a number of small biomolecules8) and is
usually attributed to the inhibition of non-radiative decay of the
excited electronic state by cluster formation. In the case of
ephedrine we can only speculate about the behavior of structure
GG(a) and its hydrate. Future work, currently in progress, will
extend the infra-red spectra to cover the remaining OH band.

Conclusion

The conformational landscapes of the diastereoisomers
ephedrine and pseudoephedrine have been examined using a
combination of ab-initio calculations with a variety of
experimental techniques. Assignments of experimental features
to discrete structures have been made by comparison of
experimental infra-red spectra with calculated vibrational
spectra; two conformers were assigned in ephedrine and four in
pseudoephedrine. In all six structures the principal stabilising
factor was an intramolecular hydrogen bond between the
functional groups of the side-chain with the OH group acting as
proton donor. Secondary interactions, including methyl-methyl
and NH-π, modified both the relative energy of the conformers
and the strength of the principal hydrogen bond through co-
operative effects. In the case of ephedrine the assignment of the
weaker conformer was contrary to the calculated relative
energies. The absence of the GG(a) conformer was tentatively
explained by a weak transition dipole-moment and the lack of
facile relaxation pathways to this structure from higher
conformers. However, the 1:1 hydrate of this structure could be
observed experimentally. Little or no change in the relative
energy of the conformers was found on hydration.
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Figure 7. Infra-red ion-dip spectra of ephedrine-water1

(features C and E). Also shown are calculated spectra for the
three low-lying conformers (GG(a)-W1, AG(a)-W1 and
AG(b)-W1) calculated at the B3LYP/6-31+G* level with a
scaling factors of 0.976 and 0.956 for OH and NH modes
respectively.
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Introduction

Molecular lanthanide complexes show promising properties as
phosphors in thin film organic electroluminescent displays.  The
narrow lanthanide emission bands offer superior spectral purity,
while the chemical flexibility of the complexes provides a
platform for manipulating the physical properties of the emitter.
Up to now, complexes containing β-diketonate ligands have
attracted much attention. Recently a high efficiency green
electro-luminescent device based on an organo-terbium
complex has been reported1).  This complex contains three
1-phenyl-3-methyl-4-(trimethylacetyl)pyrazol-4-one (tb-pmp)
ligands.  Since the performance of an organolanthanide-based
light emitting diode (OLED) depends on the efficiency of the
transfer of excitation energy to the lanthanide ion, we have
sought to understand the relevant photophysical properties of
these tb-pmp based OLED materials.  Here we present the
results of a study of the Gd(tb-pmp)3 and Tb(tb-pmp)3

complexes.
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Figure 1. TCSPC 360nm excitation, 470nm detection, 38 ps
instrument function (grey)  upper: Tb(tb-pmp)3   17ps decay
lower: Gd(tb-pmp)3  40 ps decay.

Experimental

Fluorescence decays were obtained by time-correlated single-
photon counting (TCSPC), following excitation by a frequency-
doubled mode-locked Ti :sapphire laser (Tsunami, Spectra-
Physics 150fs) operating at 360nm with a pulse repetition rate
of 80MHz.  The detection system consisted of a monochromator
(H10, Jobin-Yvon) followed by a micro-channel-plate
(R3809U, Hamamatsu).  A combination of colour and
interference filters were used to remove scattered laser light.
Samples used were in powdered form in e.p.r. tubes. The
instrument response function, obtained from the sample
scattering detected at the laser wavelength, had FWHM of 38ps.

Conclusions

TCSPC and related results have enabled us to determine an
energetic and kinetic scheme for the intramolecular transfer of
energy from the ligand to the Tb(III) 5D4 emissive state:

5D4

7F6

S1

500 cm-1
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40 ps
2 sµ 200 ns
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Figure 2.  Intramolecular energy transfer scheme.

Although ISC is fast in these materials, we have demonstrated
that ligand-to-metal energy transfer proceeds almost entirely
through the singlet (S1) state of the ligand, rather than from the
triplet (T1) as concluded in many previous OLED studies2). Any
population of the triplet state in Tb(tb-pmp)3 leads to decreased
quantum efficiency.The importance of this work for OLED
design, is the subject of a recently submitted paper3).
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Introduction

Two-photon fluorescence excitation (TPE) spectroscopy, using
a tuneable nanosecond pulsed laser, provides a good probe of
parity-conserving transitions in the solid state that are
inaccessible to one-photon spectroscopy.  We have used this
technique previously to obtain polarised f-f spectra of Tb(III),
Eu(III) and Sm(III) ions free of phonon structure, that
conclusively identify large numbers of crystal-field levels1).
Although some 100 or so electronic states can be identified in
each of these ions, these constitute a small fraction of the full
manifold of the fN states.  As such, they provide only limited
scope for testing an empirical Hamiltonian.  We have now
reported the energies of almost all the forty f-electron states
expected for the much simpler case of the f12 Tm(III) ion in a
cubic site2), with the aim of identifying more clearly the
limitations of a conventional crystal field (CF) Hamiltonian.

The crystal field is expressed as the sum of 1-electron operators:
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qki
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q

k
qCF iuBH

,,

)()( )( (1)

where )()( iu k
q  is a unit tensor operator for the ith f-electron, of

rank k where k = 2, 4, 6, and q is restricted by symmetry.  A
rigorous test of the validity of this simple model needs a large
energy level data set, and a small number of CF parameters.
The cubic environment provided by the elpasolite lattice
requires only two such parameters, B0

(4) and B0
(6) , and is ideal

for this purpose.

A more realistic Hamiltonian introduces the influence of
electron-correlation on the CF3), and includes a spin-correlated
part, the SCCF, described by the additional perturbation:
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However, alternative physical mechanisms can also be
described by this form of parameterisation.  One such applies
particularly to those lanthanides (e.g. Sm(III), Eu(III), Tm(III),
Yb(III)) that have low-energy ligand-to-metal-f charge-transfer
(CT) states.  Configuration interactions between these CT states
and the fN manifold provides a description of f-orbital covalency
that can incorporate a degree of spin-polarisation.  Tm(III)
ought to provide the simplest and most clear-cut demonstration
of this effect, because CT transitions occur at particularly low
energy.

Experimental

We chose broadband emission in the range 300-400 nm as a
probe of the 2-photon absorption in Tm(III) crystals. This
wavelength region is far from the exciting wavelengths
(550-600 nm) and eliminates the detection of scattered laser
light. It encompasses emissions 3H6 ← 1D2  at 355 nm (should
internal cross-relaxation processes depopulate 1I6) together with
the transition 3F4 ← 1I6 at 345 nm. Photons were counted for a
period of 1 ms following a 100 microsecond delay after the
laser pulse. The emission lifetimes at 350 nm and 450 nm for
5% doped Tm(III) crystals was ~250 microseconds at 77 K.

In lanthanide 2-photon absorption, it is essential that there be a
window at the laser wavelength free of 1-photon absorption, in
order to avoid resonant excited state absorption (sequential
2-photon absorption or upconversion).  In Tm(III) the
sparseness of excited states makes the likelihood of 1- and
2-photon coincidence improbable.  No up-conversion
fluorescence was detected in the regions used for the excitation.

The most significant region of the excitation spectrum, in the
region of the 1I6 origin, for which no data had previously been
available from single photon studies, is shown in Figure 1 at
two different temperatures. The energy axis (wavenumber)
represents the single-photon excitation energy or twice the
energy of the exciting laser beam. The symmetries of the states
are identified from their polarization: knowledge of hot band
(56 and 148 cm-1) structure2) allows identification of forbidden
transitions. The line designations (30-37), in the Figure, label
some of the 40 crystal field electronic states.

34000 34200 34400 34600 34800 35000 35200 35400 35600 35800 36000

37

3P
1

1I6

3P0

148 cm-177K

Cs2NaY0.95Tm0.05Cl6
 

56 cm-1

34000 34200 34400 34600 34800 35000 35200 35400 35600 35800 36000

35 3634333130

10K

Wavenumber (cm-1)

Figure 1.   TPE spectra for Cs
2
NaTm0.05Y0.95Cl

6  
1I6, 

3P0,1.

Results

Due to the small number of electronic states, assignment of the
spectrum is relatively straightforward on the basis of a
1-electron crystal field operator, using the F-shell program of
M.F.Reid. The crystal field parameters are given in column 2 of
Table 1.

Table 1 illustrates the very large deviations from 1-electron
theory. Best fit effective crystal field parameters for the subset
of energetically high-lying singlet states of the Tm(III) ion
exceed those of the subset of low-lying triplet states by ~60%.
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Levels All  “Triplets”  “Singlets”

No. Levels 36 14 10

B0

(4)  /cm-1 1919 1483 2396

B0

(6) /cm-1 214 189 250

Table 1. Crystal field parameters, B, for Tm(III).

From Equation (3) we also derive SCCF parameters
(c0

(4)= +0.41, c0
(6)= +0.24).  These values are some of the

largest ever reported, values of  |c|= ~0.1 being more common
for the lanthanides, and express mathematically the breakdown
of 1-electron crystal field theory.

A comparison with other lanthanide hexa-halide complexes
predicts CT transitions in TmCl6

3- near 210 nm (48000 cm-1).
Transfer of an electron to Tm(III) f12, of either spin, generates
CT states derived from the same f13 doublet configuration of the
thulium(II) ion.  However CT states at 48000 cm-1 generated in
this way, should mix much more effectively with the singlet
states of Tm(III) near 35000 cm-1, than with the energetically
distant triplets.  We believe that the much increased CF in the
singlet states of Tm(III) in a chloride environment, as expressed
in large positive SCCF coefficients, is therefore dominated by
the influence of differential CT mixing and covalency.

Conclusions

We have obtained two-photon excitation spectra for
thulium(III) in the elpasolite Cs2NaYCl6:Tm.  37 out of the total
of 40 crystal field levels have been assigned, with the aid of a
one-electron crystal field Hamiltonian, representing the most
extensive data set so far reported for Tm(III) at a cubic site.

Deviations from 1-body crystal field theory have been shown to
be very large (~60%) for Tm(III) in Cs2NaYCl6:Tm.  This result
is underpinned by two-photon selection rules and polarisations
that provide a secure assignment of the majority of the CF
components of the characteristic 1I6 multiplet.  These deviations
are well described by the use of spin-correlated CF parameters.
We believe the clear failure of the 1-body model in the Tm(III)
ion is a consequence of the preferential admixture of low-lying
ligand-to-metal charge-transfer states into the singlet states of
the ion, leading to a large increase in the effective one-body
crystal field parameters, relative to those in the triplet states.
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Introduction

The photophysics of organometallic complexes has attracted a
wide level of interest over recent years on account of the very
applied nature of their emissive properties: e.g. for
semiconductor devices, non-linear optical components and
light-emitting diodes. The origin of these properties lies in the
nature of the excited-states of these materials1,2). The effects are
prevalent in organometallic species due to their low-valent
metal centre and the high degree of covalency between the
metal and its ligands which results in the presence of various
types of low energy excited states. The accessibility of these
various states and thus the energy, intensity and lifetime of the
associated emission depends inherently on the metal type and
the nature of the ligands. In principle, one can therefore tune
materials to exhibit specific emissive properties by judiciously
varying the metal and ligand type. However, this requires a
thorough knowledge of the exact nature of excited state that is
responsible for the emission. This is no trivial matter, since this
emissive state is usually a mixture of various types of low-lying
excited states. One can infer a certain level of information
indirectly through UV/vis spectroscopic measurements by
comparing the different emission wavelengths, lifetimes and
quantum yields for a given series of complexes e.g. 3,4). Such
inferences can be supported by theoretical molecular orbital-
based calculations e.g. 5). Such work undoubtedly provides
invaluable preliminary information. However, in Cambridge
and Bath we are developing a new crystallographic technique
that will enable us to see the nature of the excited state
directly6). This technique exploits the recent advances in single-
crystal X-ray diffraction instrumentation and pump-probe
technology such that the crystal structure of a compound, whilst
in its excited-state, can be realised.

Structural manifestations of excited-states

There are essentially seven possible types of excited states
present in organometallic complexes: (i) metal-centred (MC)
states, (ii) intraligand (IL) states, (iii) metal-to-ligand charge-
transfer (MLCT) states, (iv) ligand-to-metal charge-transfer
(LMCT), (v) metal-to-metal charge transfer (MMCT), (vi)
metal-to-solvent charge transfer (MSCT) and (vii) solvent-to-
metal charge transfer (SMCT).

MC or IL excited states correspond to electronic transitions
between two orbitals on the same metal or ligand respectively.
Low energy MC states are present in compounds where the
M-M interatomic distance in the ground state is shorter than
twice the sum of van der Waals radius of the metal and the
shorter the distance the lower the energy of the excited state1).
This distance is perturbed in the excited state, either contracting
or expanding depending on the nature of the orbitals involved.
Low energy IL excited states occur in complexes where its
binding to a metal does not alter significantly its electronic
nature from that in its unbound state. Its involvement in
emissive properties will also alter the relevant distances within
the ligand but these are less detectable than the aforementioned
M-M perturbations since the initial distances in ligands are
markedly smaller and thus also are the changes in them.

MLCT and LMCT states originate from electronic transitions
from a metal-centred orbital to a ligand-localised orbital and
vice versa respectively. MLCT type transitions are commonly
involved in the photophysics of organometallic complexes since

the metal is low-valent and the ligand acceptor orbitals are low
in energy. In contrast, the contribution of a LMCT state to
emissive phenomena in organometallic complexes is rare4). This
is because the carbon based ligand donors are high in the
spectrochemical series which results in ligand field energies that
are much larger than excited states arising from other types of
transitions. Indeed, LMCT states are generally observed only in
organometallic complexes that contain metals in high oxidation
states. The contribution of either MLCT or LMCT states to the
character of the emissive state will perturb markedly the
electron density between the metal and the ligand concerned,
compared to that in the ground state.

MMCT states involve electronic transitions between orbitals on
two metal centres. In the majority of cases, these states are the
result of sigma-bonding to sigma-antibonding transitions and
thus lead to efficient M-M bond breaking2). Such states are
poorly characterised but those of low energy are likely to be
most prevalent in cluster complexes where the MMCT states
are more delocalised over the core of the metals. In contrast,
MSCT and SMCT states that arise from electronic transitions
from a metal-centred orbital to a solvent-localised orbital and
vice versa respectively, involve a bond making process. In
common with MMCT states, only a handful of MSCT and
SMCT states have been characterised for organometallic
complexes despite the fact that emission wavelengths and
lifetimes of such materials are commonly altered significantly
by the presence of different solvent media and in comparison to
solid-state measurements.

The character of the emissive state can also change significantly
with temperature since the different types of electronic
transitions are affected to various degrees by thermal effects,
thus rendering different levels of mixing of excited states in
differing thermal conditions7). Such temperature effects tend to
be most stark in cases where metal-based electronic transitions
show strong spin-orbit coupling on cooling, thus increasing
their excited state energies to the extent that an energy cross-
over with an unaffected IL state is incurred. This renders the
formerly preponderant metal-based character absent and the IL
state dominant in the emissive state. This will evidently affect
the wavelength of the emissive state. Furthermore, IL states
often occur via a spin-forbidden transition and thus emission
lifetimes can increase dramatically with temperature in such
cases. In more general terms, an increase in emission lifetime is
usually concurrent with a reduction in temperature to some
extent anyway due to the increase in quantum yield (population)
of the emissive state. Given that our ultimate goal is to be able
to tune organometallic materials to tailor specific physical
properties, it is crucial that we obtain a comprehensive
understanding of the true character of their emissive states, both
at ambient and low temperatures.

Experimental methodology and results

In order to identify and quantify the type of excited-state in
hand, one needs to be able to assess the nature of the associated
electronic perturbations ensuing. The determination of an
excited-state crystal structure via single-crystal X-ray
diffraction is an ideal way to realise such information since the
change in the electron-density distribution between the ground
and emissive state, in affected areas of the molecule, can be
mapped out using this technique. Moreover, where the changes
are sufficiently distinct, differences owing to excited-state
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perturbations can be detected simply by analysing changes in
certain bond-geometries.

Practically, however, the development of pump-probe single-
crystal X-ray diffraction is non-trivial, especially given the
typically ephemeral nature of excited-states, and the struggle to
achieve a sufficiently high percentage of molecules in their
excited-state within a crystal, without destroying it (maximum
possible conversion appears to be ~20-30%). In all of the
experiments reported herein, the careful optimisation of the
lasing power density was therefore an important consideration,
the laser used in this case being the NSL-4 10Hz Nd:YAG laser.
Another major consideration was to collect data as fast as
possible and, in this respect, we have exploited the recent
advances in single-crystal area-detector technology, all
experiments being conducted using an Enraf Nonius Kappa-
CCD diffractometer (Figure 1). Such an instrument enables one
to collect a full data-set in minutes to several hours, thereby
allowing excited-state structure determinations on compounds
with long-lived excited-states (>30 minutes) using basic steady-
state methods. In this respect, experiments were performed on
the compound, Na2Fe(CN)5NO.2H2O, since it has an
anomalously long-lived excited-state lifetime, τ = 107s. This
excited-state structure has already been determined using
similar X-ray diffraction methods by Coppens et al6), who is a
pioneer in this new field, and thus, these experiments served as
an ideal means to test the technique with our experimental set-
up. Two conventional data collections were performed on the
compound, one with the laser (at λ=488nm) optically pumping
the crystal for ~2 hours between the two experiments. The first-
order difference obtained yielded the perturbation with respect
to the excited-state as realised by Coppens et al6).

Figure 1.  An annotated photo of a basic Enraf Nonius Kappa-
CCD diffractometer. C = crystal position, D = detector,
M = microscope, X = X-ray housing, source and shutter. The
four degrees of angular freedom of the sample are marked with
green arrows. In the experiments described herein, the cooling
apparatus is not shown but comes in from above and the laser
beam comes in from the back right, near the X-ray collimator
(the pencil-shaped object to the right of the crystal).

Many components of the experimental set-up were optimised
during this period, before turning our efforts to the more
demanding continuous optical-pumping methodology, the target
compound here being the 4,4’-dihydrobenzophenone:4,13-
diaza-18-crown-6 complex. Here, an XRD experiment was
performed in tandem with continuous optical pumping
(λ=488nm), and the difference between these results and that of
the ground-state structure determined, prior to pumping, was
ascertained. This compound has an emissive lifetime of 50 ms

at 50K and we estimate that this continuous pumping
methodology can be used with our set-up for compounds with
lifetimes > 20ms, under optimum conditions. Results showed a
perturbation in the hydrogen-bonding geometry: for the contact,
O-H…N (labelled ‘A’ in Figure 2), the H…N distance in the
ground/excited state structure was found to be 1.71(2)/1.78(2)Å
respectively.

Figure 2. The hydrogen-bonding network of 4,4’-
dihydrobenzophenone: 4,13-diaza-18-crown-6.

Whilst we are currently restricted to studies of compounds with
excited-state lifetimes of > 20 ms, further work is in progress to
enable the study of compounds with notably shorter emissive
lifetimes (of the order of µs).

Concurrently, we have also been carrying out similar work
using synchrotron radiation, where the pulsed X-ray source,
inherent to a synchrotron, can be time-gated with respect to the
laser pulse, such that a nanosecond time-structure can be
realised. In this regard, the laboratory set-up described above
was also very useful for the preliminary checking stages of a
nanosecond time-resolved synchrotron X-ray diffraction
experiment that we performed at the ESRF, France, on a Re
carbene complex8) (Figure 3) in November 2000. The data from
this experiment are still being processed, owing to the
concomitant modifications required to adapt standard XRD
data-processing software routines for this developmental work.
However, what is expected is a perturbation of the Re-C bond
and immediate surrounding geometry since the accompanying
time-resolved UV/vis measurements on this compound predict
that 3MLCT, d(Re) -> π*(diimine) transitions dominate the
emissive state character of the compound. Data pre-processing
indicates a perturbation of ~0.6Å in the cell parameter, b, and
during the experiment the crystal colour changed from yellow
to red upon optical pumping (λ = 400 nm, using a femtosecond
laser provided by the ESRF).

Further work is also in progress regarding the determination of
excited-state structures as a function of temperature. As
mentioned earlier, the lifetime and/or the character of the
emissive-state of a compound can change dramatically with
temperature. All of the experiments described above were
carried out using an Oxford Cryosystems Cryostream that
operates down to a temperature of 100K. However, by lowering
the sample temperature further, one can often increase (by up to
several orders of magnitude) the excited-state lifetime of a
given compound, such that steady-state or continuous optical
pumping methodologies become viable for the determination of
their excited-state crystal structure. In order to exploit this
temperature effect, at the close of the Laser Loan Pool period,
we took receipt of the newly-developed Helix© open-flow
helium cryostat cooling system (Tmin = 28K) and conducted
preliminary tests with this as a part of the experimental set-up,
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as an alternative to the Oxford Cryosystems Cryostream. Such
feasibility tests have proved very positive, such that we should
be able to capitalise on the benefits of this additional ancillary
equipment in subsequent development work.

Figure 3. A schematic chemical diagram of the Re carbene
complex studied at the ESRF.

Conclusions

Given the highly challenging experimental nature of this
project, the bulk of the work in these initial stages of our
developmental programme has comprised the testing and
optimising of several test-case compounds. This has led to
several promising results alone, and has afforded a firm basis of
a good initial experimental set-up for further work. It has also
enabled us to perform important preliminary work on our first
very short-lived (nanosecond time-resolution) target compound
which has potential as a building block for light-emitting-
diodes. These results are being analysed at present but show
promise at these early stages. Plans for further experiments and
instrument development are now in place, including aims to
realise microsecond lifetime experiments and to explore the
temperature effects of the excited-state through the greater
exploitation of the new Helix© cooling system (Tmin=28K) to
the experimental set-up.
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Introduction

Colloidal particles with radii in the nm to µm range may,
depending on their wettability, adsorb very strongly at the oil-
water interface1).  Oil-in-water, water-in-oil and multiple
emulsions can be stabilized by particles alone for a wide range
of applications including agrochemical, cosmetic and
pharmaceutical formulations2).  The aim of the study described
here was to use the laser tweezer apparatus developed at the
Central Laser Facility, RAL to probe the lattice forces present
within 2-D monolayers of spherical particles at an oil-water
interface.

The particle monolayers

The system examined consisted of monodisperse, polystyrene
spheres of 2.6 µm diameter which were spread at the interface
between water and a mixture of decane/undecane.  The upper
oil phase composition was adjusted so as to have the same
viscosity as the lower water phase.  The polymer particles were
spread by injecting a dispersion of the particles in iso-propanol
directly onto the oil-water interface using a microsyringe.
Following this procedure, all particles injected end up at the
interface (i.e. none are in the bulk liquids) and the particle
concentration within the interface is easily adjusted by variation
of the amount injected.  The small amount of iso-propanol
spreading solvent is almost entirely lost by dissolution in the
bulk liquids; surface tension measurements have shown that
only minor traces are adsorbed at the oil-water interface.

Figure 1. Optical micrograph of 2.6 µm diameter polystyrene
spheres adsorbed at the oil-water interface.  The particle centre-
to-centre separation is 5.8 µm.

Figure 1 shows a micrograph image of a particle monolayer
prepared as described above.  Owing to the presence of very
long range lateral repulsive forces between the particles (acting
over many µm), the particle monolayers spontaneously form
ordered 2-D hexagonal lattices.  Adjustment of the particle
surface concentration enables the particle centre-to-centre
distance L to be varied over the range 4 to 15 µm.  Based on
monolayer surface pressure studies, the origin of the long-range
repulsion between particles is thought to be electrostatic
repulsion acting through the oil phase and resulting from a
small fractional ionization of dissociable surface groups present
on the particle surfaces1).  Capillary forces, resulting from

distortion of the oil-water interface caused by particle buoyancy
effects, are estimated to be insignificant here, i.e. the oil-water
interface is estimated to be virtually planar.

For this particle/solvent system, the contact angle formed
between the oil-water interface and the particle surface is
estimated to be 70 - 80o, measured through the lower water
phase1).  Hence, the particles are slightly more immersed in the
lower water phase than the upper oil phase.  Equal immersion in
both phases would correspond to a contact angle of 90o.

The laser tweezer apparatus

The laser tweezer setup is fully described in Reference 3.
Briefly, the sample is mounted on the stage of an inverted
microscope.  The trap laser (continuous wave, variable power
Nd:YAG) enters the sample from below and is focused by the
microscope objective.  In the configuration used here, the trap is
formed at the waist of the beam focus which is located in the
plane of the oil-water interface.  Figure 2 shows a schematic
side view of the sample cell, particle monolayer and laser beam
light path.  Key features of the apparatus include: (i) the ability
to steer a single trap and the creation of multiple, steerable traps
using fast-response acousto-optic deflection of the trap laser,
(ii) sensing of the particle deflection within the trap using a
position sensitive detector, (iii) the trapping force experienced
by a single particle can be varied (in the pN range) by
adjustment of the incident power of the trap laser, (iv) the
microscope stage can be moved laterally under computer
control using piezoelectric translators and (v) fast frame
microscope image acquisition for subsequent image analysis.
For the experiments described here, the acousto-optic deflector
and position sensitive detector were still under development and
were not used.

Figure 2. Schematic side view of the sample cell showing the
particle array adsorbed at the oil-water interface and the trap
laser light path.

Determination of lattice forces within the particle
monolayers

A single particle, either isolated or within a 2-D crystalline
array of particles, was trapped using a set laser power.  We then
applied an oscillatory lateral movement to the microscope stage.
The lateral position profile was a smoothed triangular waveform
of amplitude larger than the centre-to-centre particle separation
L.  The maximum stage velocity, and hence that of the liquid
plus particle array surrounding the trapped particle, was vmax.
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The trapping laser power was then decreased to determine the
critical power P* which was just sufficient to hold the particle
within the trap against the forces associated with the fluid plus
particle array motion as a function of the velocity vmax.

The variation of P* versus vmax for a single isolated particle in
the absence of a particle array was used to obtain the calibration
conversion of P* into force values.  The hydrodynamic drag
force fdrag experienced by a sphere, of radius a, with a liquid of
viscosity η, and moving with a velocity vmax is given by

maxdrag av6f πη=                             (1)

Equation (1) is strictly applicable only in isotropic,
homogeneous fluids.  For the case of a particle located in the
oil-water interface, Equation (1) remains true when the
viscosities of the two liquids are equal and the particle is
equally immersed in both liquids (corresponding to the contact
angle being 90o).  However, for the system considered here, the
contact angle is not exactly 90o and hence the use of equation
(1) to convert values of P* to fdrag introduces a small systematic
error.

Figure 3. Variation of ftotal with vmax for an isolated particle and
arrays with lattice spacings L (in µm units) as indicated in the
legend.

Figure 3 shows plots of the measured force ftotal versus vmax for
an isolated particle and for a series of 2-D crystalline arrays of
different particle centre-to-centre separations L.  For the
isolated particle, the plot is linear with zero intercept, indicating
that the critical hydrodynamic drag force required to free the
particle from the laser trap is proportional to vmax , as expected
from Equation (1).  For particle arrays with L > 6 µm, the plots
are approximately parallel to the isolated particle case but the
intercepts increase with decreasing L.  This observation
indicates that the measured total force ftotal is the sum of two
terms as follows.

( ) ( )Lfvff latticemaxdragtotal += (2)

The first term, fdrag, is the velocity dependent hydrodynamic
drag force, equal to that seen for the isolated particle.  The
second term, flattice, is a velocity independent (at least
approximately) force associated with the flow of the lattice
around the laser trapped particle.  The force flattice is a function
of the lattice spacing parameter L.

For lattice spacings L < 6 µm, the slope dftotal/dvmax increases
sharply.  When the particle surface concentration is high, the
force associated with the lattice flow around the trapped particle
becomes dependent on the velocity.  The crossover in behaviour
at which flattice switches from being velocity independent to
being velocity dependent appears to occur at a fairly sharply
defined value of lattice spacing L of about 6.5 µm.

The variation of flattice with lattice spacing (expressed as L/2a,
i.e. normalized relative to the particle diameter) is shown in
Figure 4.  The plot of flattice with lattice spacing has a similar
shape to that of the plot of monolayer surface pressure versus
lattice spacing, as described in Reference 1.

Conclusions and future outlook

We have successfully determined the force exerted on a particle
adsorbed at the oil-water interface as 2-D crystalline arrays of
adsorbed particles flow around it.  This force, flattice, is
approximately velocity independent for L/2a > 2.3.  For smaller
lattice spacings, there is a crossover in behaviour and flattice

becomes velocity dependent.  The force flattice decreases with
increasing lattice spacing, similar to the variation of monolayer
surface pressure.

Following these first laser tweezer experiments with 2-D
particle arrays at the oil-water interface, a number of interesting
questions remain unanswered and are currently being pursued.
The force flattice is expected to be related to the equilibrium
particle-particle force versus separation relationship.  We plan
to measure this equilibrium force law directly using the
acousto-optic deflector to create two traps with controlled
separation.  The position sensitive detector will allow
measurement of the force on one trapped particle as a function
of the distance to the second.  Secondly, we are currently using
molecular dynamics simulations to model the dynamic force
flattice for different velocities using an assumed equilibrium force
law.  Lastly, we are planning experiments with a range of
different particle types, oils and aqueous phases in order to
elucidate the origins of the very long range inter-particle
repulsion.

The laser tweezer facility at RAL offers a powerful, user-
friendly tool to probe colloidal interactions in a very wide range
of synthetic and biological systems, both at interfaces (as in this
study) and in bulk phases.

Acknowledgements
We thank ICI, Wilton and the Central Laser Facility, CLRC for
financial support.

References

1. R Aveyard, JH Clint, D Nees and VN Paunov Langmuir,
16 1969 (2000)

2. BP Binks and SO Lumsdon, Langmuir, 16, 8622 (2000)

3. D Nees, S.W. Botchway, M Towrie, AD Ward, AW Parker
and A Burgess, Central Laser Facility Ann. Rep.
1999/2000, 209.

0

5

10

0 100 200 300 400

vmax/micron s
-1

f to
ta

l/p
N

isolated

12.45

10.35

10

9.7

8.7

7.2

7.1

6

5.8

0

1

2

3

4

5

6

0 2 4 6 8

L/2a

f la
tti

ce
/p

N
Figure 4. Variation of flattice with normalized lattice spacing
L/2a.



Lasers for Science Facility Programme - Chemistry

109                            Central Laser Facility Annual Report 2000/2001

In  bu ffer

In  D N A
11 :1

Introduction

Metal complexes which bind to DNA have been studied
extensively by a number of research groups over recent years,
with emphasis on understanding the photophysical and redox
perturbations that are imposed through interaction with the
DNA strand1-4). The implications for clinical/diagnostic utility
and for enhancing the understanding of natural DNA-mediated
biological mechanisms are considerable.

Previous picosecond time-resolved resonance Raman (ps-TR3)
experiments performed at the CLF by the Queen’s group
focused on providing definitive ultrafast dynamic and electronic
characterisation of the key lowest excited states involved in the
biologically relevant ‘light-switch’ photophysical effect,
exhibited by the complex [Ru(phen)2dppz]2+ (1)  (phen = 1,10
phenanthroline; dppz  = dipyridophenazine)1). This effect
manifests as a marked enhancement of luminescence of the
complex when intercalated through the dppz ligand to DNA, or
in non-aqueous solvent. The ultrafast studies proved to be
confirmatory of the presence of two key dppz-based 3MLCT
states, the relative energy ordering of which is tunable through
local solvent environment of the dppz ligand. Interestingly
ps-TR3 studies also appeared to point to the existence of a third,
solvent sensitive ‘precursor’ state through which the excited
complex progresses, prior to arriving at the lowest MLCT
states2).

N

N

phen tap

N

N

N

N

RuIIRuII

N

N

dppz

RuII

N

N

Figure 1.   Diagram of Ligand Structures.

Recent ultrafast studies at CLF have been centred on other
metal complexes containing the intercalating dppz ligand. One
complex, [Ru(tap)2dppz]2+ (2) (tap = 1,4,5,8
tetraazaphenanthrene), is structurally analogous to (1). The tap
ligand is a structural analogue of phenanthroline, with extra
nitrogens at the 5 and 8 positions. Binding to DNA persists
through the dppz ligand. However, preliminary nanosecond
transient Raman investigations on this system have suggested
that the lowest excited MLCT state is based on one of the tap
ligands(3). Further, preliminary photophysical evidence has
been acquired describing photooxidation of guanine base by the
excited state of (2), when bound to DNA, resulting in formation

of the electron transfer species [RuII (tap)(tap.-)(dppz)]+ and G.+

3) . Preliminary ps-TR3 experiments have been carried out also
on the complex [Re(CO)3dppz.py]+ (3),4) for which initial
nanosecond studies have suggested prominent involvement of a
triplet π -π∗  lowest excited state centred on the dppz ligand.

Results and Discussion

(a) [Ru(tap)2dppz]2+

Picosecond transient absorption (ps-TA) spectra of (2) in buffer
are shown in Figure 2 (a). The wavelength range covered was
sufficient to encompass both the regions of ground state
depletion between ~ 400 - 500nm and of positive transient
absorption beyond 500nm. The overall ∆A profile here is
typical of that for a 3MLCT state of Ru-polypyridyl complexes.

Figure 2.   Picosecond transient absorption spectra of (2): (a) in
buffer, (b) [DNA phosphate]:[Ru] ratio of 11:1. Recorded by
multichannel detector at a range of time delays between –1 and
1500ps after excitation at λex. = 400 nm (ca. 1ps pulse duration).
Shown for each kinetic series is a kinetic plot derived through
integration of signal intensities at pixel values between
430 –475nm and 490 – 505 nm for each trace within the series.

As mentioned above, the 3MLCT state in this case is ‘tap-
based’. Interestingly however, upon changing the time delay
between pump pulse and interrogating continuum, the precise
wavelength at which the absorption profile crosses the ∆A zero
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line (at ca. 500nm) shifts gradually to longer wavelength as the
time delay is increased. Also, in the region of excited state
depletion, an unusual effect was observed, in that the bleach did
not reach its maximum extent immediately following the
excitation pulse but gradually increased over the time range
interrogated. Further, the profile of the bleach region changed
gradually with time, depleting more with time at longer
wavelengths, than on the shorter wavelength side, indicating
depletion of a transient absorption which had been countering
the bleach more on the long wavelength side. These
observations suggest progression through an absorbing
intermediate excited state. Absorption due to this state, while it
must overlap significantly with the absorption of the later
3MLCT state in the region beyond 500 nm, also seems to extend
further to the short wavelength side of 500nm. Parallel
investigations of (2) in acetonitrile showed a very similar series
of spectra, indicating little solvent dependence for the spectral
changes, in contrast to the marked solvent-dependent
photophysics of (1) 1,2) .

Figure 2 (b) shows ps-TA spectra recorded of (2) in DNA at a
[DNA phosphate]:[Ru] binding ratio of 11:1. Clearly, the
kinetics are significantly perturbed upon DNA binding,
observable through comparison of the integrated kinetic plots
shown for the ‘bleach’ and ‘zero-absorbance’ regions with the
respective plots for the complex in the absence of DNA. There
are marked differences from Figure 2 (a) at the zero ∆A point,
which appears not to shift to longer wavelength with increasing
time delay. Indeed, the reverse tends to occur in this case
(although the effect is smaller), the shortest wavelength ‘zero
absorbance’ cross-over actually corresponding to the longest
time-delay (1500 ps). Also, the profile of the ground state
bleach no longer follows a pattern of delay steadily increasing
with time, nor does the profile of this region change
significantly with time delay as was observed in the absence of
DNA. However, the main region of positive absorption does
seem to follow a pattern similar to that seen for the complex in
absence of DNA.

These spectral distinctions observed when (2) is bound to
DNA are subtle but significant. The differences become
especially evident upon comparison of the kinetic plots
derived from both the regions of ‘bleach’ and ‘zero’
absorbance cross-over (Figure 2  (b)), with the corresponding
kinetic plots for the complex in the absence of DNA (Figure 2
(a)). The overall perturbation to the spectra in the presence of
DNA can be ascribed to the grow-in of a transient absorption.
The fact that the main region of positive absorption does seem
to follow a pattern similar to that seen for the complex in
absence of DNA, suggests progression to a state characterised

by the same π∗−π∗ transitions, most likely of the anionic tap.-

species. A tap.- moiety present in the species would account for
the absorption in the wavelength region beyond 500nm.

Consideration of complementary evidence, from such studies as
luminescent lifetime/steady-state measurements and
nanosecond TR2 spectroscopy, indicating that the excited state
of (2) when bound to DNA is quenched3) suggests that the most
likely conclusion from the ps-TA data is that photo-induced
electron transfer from the DNA base, guanine, to the lowest
3MLCT state of (2) is taking place:

RuIII(tap.-)(tap)(dppz) + G → RuII(tap.-)(tap)(dppz) + G.+

The RuII species resulting from such an electron transfer to the
RuIII centre, would obviously bear considerable resemblance to
the complex in its electronic ground state, with the obvious
difference that one of the tap ligands would now be in anionic
form. One effect of this extra electron density on a tap ligand
might be to destabilise the dπ-orbitals of the RuII centre, thus
causing a red-shift in the remaining MLCT transitions of the
reduced complex (as illustrated in Figure 3 - inset). Given the
original positions of the MLCT absorption bands of the ground
state complex, the reduced transient species may reasonably be
expected to exhibit MLCT absorption in the wavelength region
around or below 500nm. What we see then in the picosecond
transient absorption data for (2) bound to DNA, is this reduced
species undergoing what can be described as a dynamic
perturbation caused by the electron transfer from the guanine.
An electrochemical ‘model’ for the guanine-reduced transient
species has in effect been provided by the first reduced species
of (2) generated in an optically transparent thin-layer
electrochemical cell. The electronic absorption spectrum of this
species shows depletion of MLCT absorption bands and a
concomitant grow-in of absorption further to the red3) .

Figure 4.   ps-TR3 spectra of (2) in buffer at 400/480 nm pump
and probe at various delay times. Inset: Series of spectra
generated through subtracting the pure excited state spectrum at
1500 ps from each excited state spectrum at early times.

Thus, as summarised in the scheme of Figure 3, a plausible
photophysical picture which may now be associated with the
ps-TA spectra of (2) in the absence and presence of DNA runs
as follows:

Excitation and progression to a 3MLCT state takes place via an
intermediate state (as yet unspecifiable) over the time range
studied (1.5ns). In the absence of DNA, the 3MLCT state forms
efficiently and is readily identifiable by the spectra discussed
above. A similar process has been observed for the complex in
acetonitrile.
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Figure 3.   Scheme illustrating photophysical pathway of (2) in
presence and absence of DNA.
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When (2) is bound to DNA, an extremely rapid electron transfer
from the guanine base to 3MLCT takes place upon formation of
the latter. The electron transfer is too fast to be resolved here on
the timescale used. Thus, the spectra appear to represent
transition from the intermediate state to the reduced species,
occurring at a similar rate to the process above in absence of
DNA. In actual fact, progression through the intermediate
species represents the rate-determining step for forward electron
transfer with DNA (a process which has never been monitored
directly by spectroscopic means due to the almost instantaneous
nature of the process in nucleic acids), the intermediate state
itself being at too negative a potential to induce the electron
transfer process. The reverse electron transfer process is
expected to occur beyond the time range probed.

Preliminary ps-TR3 experiments have been performed on (2) in
absence of DNA in an attempt to probe more extensively the
photophysical processes in the sub-nanosecond time-regime.
These initial spectra, recorded with 480 nm probe wavelength in
order to attempt to establish resonance with the intermediate
state, are shown in Figure 4. Spectral subtractions have been
used to provide evidence of sub-picosecond dynamics in the
TR3 series. Similar experiments are presently being carried out
on (2) in presence and absence of DNA under more optimised
conditions of spectral resolution and sample concentrations.

Figure 5. (a) ps-TR3 spectra of (3) in buffer at 400 / 480 nm
pump and probe at various delay times; (b) Pure excited state
spectra generated through subtraction of the –20 ps spectrum,
cancelling on ground state features; (c) Series of spectra
generated through subtracting the pure excited state spectrum at
1000 ps from each early delay pure excited state spectrum.

(b) [Re(CO)3dppz.py]+

Picosecond-TR3 spectra recorded of (3) at 400nm pump /
480nm probe over time delays spanning 4 – 1000 ps are shown
in Fig. 5 (a). Bands at later time delays are consistent with those
observed in complementary nanosecond TR3 studies performed
in Belfast, and are attributable to formation of the intraligand
triplet π−π* state of dppz, from which it decays over several
hundred nanoseconds. However, further manipulation of the ps-
TR3 data, through subtraction of ground state (Figure 5 (b)) and
subsequent subtraction of the 1000 ps pure excited state spectra
from those at earlier time delays (Figure 5 (c)), reveals a
process occurring over approx. 100 ps. Whilst ‘long-lived’
vibrational cooling cannot be ruled out due to the presence of
the co-ordinated CO groups, it is conceivable that this dynamic
event represents conversion from an earlier excited state.
Furthermore, the bands distinct to the spectra at early times, as
revealed through the subtractions in Figure 5 (c) are coincident

with some known bands of the dppz
.-
 radical anion. Thus, the

480nm probe wavelength may be in pre-resonance at early
times with the long-wavelength transitions (~ 500nm) of a state
which is MLCT in nature. Further ultrafast experiments are
planned in order to determine the precise photophysics of this
complex in a variety of media. Preliminary evidence of photo-
induced electron transfer between DNA and this complex4) is
presently being sought at experiments at the CLF.
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Introduction

Myosin is a motor protein that converts the chemical energy of
ATP into mechanical work. This enzyme exists in all eukaryotic
cells. The most commonly known myosin type is myosin II
located within muscle and is responsible for its contraction.
Actin is the other essential component of muscle. Actin and
myosin form a filamentous structure (the sarcomere) and
contraction is the consequence of relative movement of a
myosin filament and actin filaments.

Myosin alone has a relatively low ATPase activity, but this
increases greatly in the presence of actin. ATP turnover (from
binding to product release) is a multiple-step reaction. Based on
the simplified Lymn-Taylor model1), myosin binds to actin
strongly in the absence of ATP. Upon addition of ATP the two
proteins dissociate and during ATP hydrolysis myosin goes
through a large conformational change (pre-power stroke).
During product release (inorganic phosphate and ADP) myosin
rebinds to actin and in a reverse conformational step (power
stroke) it pulls the actin filament thus causing contraction.

Recently, the most studied myosin II originates from
Dictyostelium discoideum, because it offers a very efficient
expression and molecular biology system, its catalytic fragment
crystallizes relatively easily and it behaves similarly to myosin
II-s from other sources. Myosin (Dictyostelium) has been
crystallised in the presence of different nucleotide analogs that
mimic certain conformational and kinetic states. The atomic
structures show essentially two different conformations called
open and closed states. In a theoretical approach they were
assumed to be the post-power stroke and pre-power stroke
states, respectively.

The kinetic mechanism of ATP hydrolysis by all myosin II
appears similar. Although the absolute values of the rate
constant of equivalent steps may differ, their ratios are such that
a similar distribution of nucleotide states is obtained during the
steady state. The mechanism has been studied mainly by
following intrinsic fluorescence changes of myosin. In our
studies we used a recombinant mutant Dictyostelium myosin
catalytic domain (W501+ mutant) in which all of the tryptophan
residues, except W501, were replaced with phenylalanine.
These mutations do not affect the enzymic properties but give a
very efficient experimental tool. W501 is the only native
tryptophan in Dictyostelium myosin that responds to the
addition of a nucleotide and so by eliminating the others non-
responding background signal is reduced. W501 is located in
the region where the main conformational change occurs during
the open-closed transition coupled with the pre-power stroke
and the power stroke.

By modifying the Bagshaw and Trentham scheme, we
established an eight-step model2) for the myosin ATPase
reaction:

M+ATP �0�$73� 0†ATP �0$73� 0$'3�3L

(M†ADP.Pi) 0†ADP+Pi �0�$'3� 0�$'3

In this scheme “†” and “*” indicate a fluorescence decrease and
enhancement, respectively. The fluorescence decrease is related
to the conformational change coupled with nucleotide binding.
The large increase indicates the open-closed transition followed
by the hydrolysis step. States in parentheses are present at near
negligible concentrations. Under the usual conditions of assay,
the M*ADP.Pi state predominates during the steady-state
hydrolysis of ATP. By adding the Pi analog AlF4 to the
D. discoideum M†ADP complex (open state), a stable
M*ADP.AlF4 complex (closed state) can be made which has an
enhanced fluorescent state and provides a useful analog of the
M*ADP.Pi state for spectroscopic studies. Care is required,
however, in relating a particular analog state to a particular
ATPase intermediate because in many cases these complexes
exist as a mixture of conformations.

We further investigated the W501 tryptophan fluorescence to
find whether single states can be coupled directly to certain
spectroscopic states 3).

Time-resolved Fluorescence Measurements

Time-resolved fluorescence measurements were carried out
using the time-correlated single-photon counting method at the
Rutherford Appleton Laboratory, Central Laser Facility.
Samples (5-25 µM) were excited at 296 nm, achieved with a
frequency-doubled, cavity-dumped, mode-locked synchronously
pumped dye laser (Spectra-Physics model 3500) operating at
4 MHz with a pulse width of 10 ps. The fluorescence emission
was collected via a WG335/UG11 filter combination (WG320
was used for tyrosine emission) using an MCP-PMT
photomultiplier tube (Hamamatsu, R3809U) with response time
of 85 ps. The WG335 filter was used in preference to the
WG320 filter in these studies to minimize the potential
scattering artifact and tyrosine contribution to the signal. Time-
resolved anisotropy was measured through a film polarizer
(Halbo Optics, DPUV-25) in the emission channel, and the
vertical and horizontally polarized light was collected
sequentially. The total emission intensity for lifetime
measurements was calculated by summing Iv + 2·Ih. A wedge
depolarizer was placed in front of the photomultiplier tube, and
the G factor of the detector was confirmed as unity by excitation
with horizontally polarized light. The data were collected in
1024 channels (width 40 ps) using the Becker and Hickl GmbH
(Berlin) single time-correlated single photon counting pc card
module (SPC-700). The standard functions of the single photon
counting setup, such as time-to-amplitude converter and
constant fraction discriminator, were computer-controlled with
software supplied with the SPC-700 module.

Results

Time-resolved fluorescence measurements were carried out in
the absence and presence of nucleotides and nucleotide analogs.
We found that lifetime decay was well fitted by two
FRPSRQHQWV� ZLWK� � YDOXHV� RI� WKH� RUGHU� RI� �� DQG� �� QV�
Interestingly on addition of nucleotides, these lifetimes did not
change significantly; rather, the fractional amplitudes changed.
The change in mean lifetime is in the direction expected from
the observed emission intensity, ATP and ADP. AlF4 causes a
relative increase in the 5 ns component and an increase in the
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overall emission intensity, whereas ADP causes a smaller
change in the opposite direction. So the nucleotide induced
changes in emission intensity contain a dynamically quenched
component. However, quantitative comparison shows that the
change in lifetime is only a partial explanation of the change in
emission intensity. In all of the three states (apo, ADP, ATP (or
ADP.AlF4)) a significant statically quenched component exists.
Thus, a large proportion (������RI�WKH�SRSXODWLRQ�:����IRUPV
a ground state complex with a quenching centre that changes
the absorption characteristics and causes the exited state to
return to the ground state by a nonradiative mechanism.

Also we measured steady-state and time-resolved anisotropy of
the W501+ mutant. In the steady-state measurement, we found
no significant anisotropy change on addition of any nucleotide.
The value observed of 0.21 at 20 ºC was close to the limiting
value of 0.23 measured in the presence of 90% glycerol at 9 ºC.
In contrast, anisotropy dropped to 0.1 in the presence of 7 M
guanidium hydrochloride, a denaturating agent. These data
suggest that W501 is very immobile in its native environment.
The difference between the limiting anisotropy value and the
theoretical maximum value of 0.4 is indicative of a difference in
the angle between the absorption and emission dipoles and/or
small amplitude, high frequency motions (t<<1 ns) that lead to
partial depolarization.

These steady-state studies were complemented with time-
resolved anisotropy measurements. As expected, a high limiting
anisotropy value was observed (around 0.2) with only a slight
decay over 40 ns in all records. The short lifetime of tryptophan
results in a limited ability to follow the anisotropy decay
beyond 10-20 ns. However, because a protein solution is
randomly oriented, there should be no residual anisotropy at
infinite time, and the data may be analyzed by force fitting to an
exponential function that decays to zero. With such an analysis,
VLQJOH�URWDWLRQDO�FRUUHODWLRQ�WLPHV�� ��RI� WKH order of 50-70 ns,
were obtained for all nucleotide states of the D. discoideum
motor domain (Table I). We found no systematic difference in

 for the different nucleotide states in three independent runs.
This time scale is close to that expected for the whole protein
molecule. Although we cannot rule out a second slower
rotational correlation time, the calculated limit from the whole
protein motion indicates that this would not be longer than
about 150 ns. As a control sample we measured the anisotropy
decay of human serum albumin (molecular weight 66,000 Da)
under the same conditions and found the rotational correlation
WLPH�� ��RI�WKH�VORZ�FRPSRQHQW�WR�EH����� ns at 20 °C, in good
agreement with 38.6 ns determined by phase fluorometry.
Overall, the time-resolved anisotropy data corroborate the
steady-state values and demonstrate that the W501 has little
independent motion relative to the rotational correlation time of
the whole protein in all nucleotide states examined.

Conclusions

In conclusion, the time-resolved fluorescence data presented
here show that W501 experiences at least three different
microenvironments. The coupling between the occupancy of the
nucleotide site and the W501 environment does not correspond
to a simple one-to-one relationship. Rather, nucleotide binding
allows the W501 side chain to redistribute among different
environments on a time scale of >5 ns and <20 µs. It is therefore
not possible to equate a particular nucleotide state or a particular
gross conformation (open or closed state), to a unique set of

coordinates for W501 and its surrounding residues, as might be
implied by some crystal structures. This behavior has been
reported in other probe studies that reflect gross conformational
rearrangements of the myosin motor domain. Nevertheless, the
crystal structures are valuable in defining the potential
environments that surround the W501 side chain.

Figure 1.  Schematic diagram to show the interconversion of
W501 microstates and their relationship to nucleotide states.
Panel a, the mechanism of W501 fluorescence quenching
involves three microstates, one of which (M0) is statically
quenched (effective fluorescence lifetime = 0), whereas the
other two (M1 and M5) have lifetimes of close to 1 or 5 ns.
Panel b, microstates are in rapid equilibrium compared with
chemical steps and gross conformational changes and are
distributed according to the fractional occupancy.
Panel c, corresponding transitions as applied to the first three
chemical steps of the ATPase pathway.
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Fluorescence lifetime Anisotropy

State
Relative fluorescence

emission
Relative

absorbance
Quantum

yield
Relative quantum

yield A1  1 A2  2

Relative normalized
area Ass A0 �

ns ns ns
Apo 1.00 1.00 0.058 1.00 0.42 1.00 0.58 4.92 1.00 0.210 0.209 59  ± 4
ATP 1.85 1.13 0.095 1.64 0.25 1.11 0.75 4.78 1.18 0.216 0.191 59  ± 2
ADP 0.82 1.00 0.047 0.82 0.45 0.91 0.55 4.74 0.92 0.214 0.194 54  ± 2
ADP · AlF 1.88 1.14 0.095 1.64 0.27 1.37 0.73 4.82 1.19 0.216 0.203 68  ± 4

Table 1. W501 spectroscopic properties.
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Introduction

A high-flux biological irradiation facility has been designed for
use with the RAL laser-plasma induced ultrasoft x-ray source.
The high intensity and broad beam, together with the reduced
x-ray source-to-sample distance has been used to overcome the
high attenuation of low energy x-rays and produce high dose
rates in the sample, enabling a range of biological and chemical
endpoints to be measured. A polypropylene target is of
particular interest emitting characteristic x-ray lines ranging
from ~300 eV up to ~ 500 eV, with the main x-ray line
(C VI Lα) at 367eV.

Knowledge of the x-ray spectrum is important, not only to
determine the average x-ray energy incident on the sample but
also for accurate dosimetry.

Sample irradiation

Samples are irradiated in glass walled dishes (3cm internal dia.)
with a 0.9 µm mylar base. These samples typically include
mammalian cells grown on the mylar base as an attached
monolayer (~ 5 µm thick). Alternatively, lymphocytes or
plasmid DNA are spread evenly across the mylar base under a
CR39 disc to form a uniform layer (typically 8 µm thick).
These samples are positioned directly above the source of
x-rays, which were produced by focusing KrF excimer laser
pulses onto a moving polypropylene tape. Between the x-ray
source and the dish is helium gas at atmospheric pressure and a
UV/light filter.

Dosimetry

Dosimetry is carried out by replacing the sample dish with a
photodiode. This is then cross-calibrated before and after each
exposure with a second monitor photodiode with identical
filters, which is then used to monitor the dose during sample
irradiations. The main dosimetry photodiode also has a 0.9 µm
mylar dish base filter to allow for attenuation in the sample dish
base.

For monoenergetic x-rays of energy E, the photon fluence on
the incident surface of the sample, Φs, is given by equation (1)

AHeds kkΦ=Φ                               (1)

The photon fluence incident on the main dosimetry diode is
given by equation (2)

SAE

Q
d =Φ                                               (2)

where Q is the charge collected by this diode through an
aperture, area A. The sensitivity of the x-ray diode is energy
dependent and in the case of soft x-rays is given by equation (3)

[ ]deS SiSi ρρµε )/(exp)/( −=              (3)

where e is the electronic charge, ε is the energy required to
generate an electron hole pair in silicon, (µ/ρ)Si the mass
attenuation coefficient of the x-rays in silicon which has density
ρSi  and d is the dead layer thickness of the detector. The target
to sample dish distance, ts, is 53.9 mm compared with a target to

diode distance, td, of 74.7 mm. The correction factor, kHe, for
the increased helium path is given by equation (4)
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where (µ/ρ)He and ρHe respectively represent the mass
attenuation coefficient and density of helium. The
experimentally determined factor kA, corrects for the variation
in photon flux across the whole of the sample area compared to
the smaller region, A, seen by the diode.

The absorbed dose at the entrance surface of the sample can be
calculated by using the equation (5)

( ) ED senssurf ρµ /Φ=                                   (5)

where (µen/ρ)s is the mass energy absorption coefficient of the
sample. These low energy x-rays are attenuated in the sample,
therefore the mean absorbed dose in the sample can be
calculated by using the equation (6)
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where (µ/ρ)s and ρs represent the mass attenuation coefficient
and the density of the sample with thickness xs.

The mass energy absorption coefficient of the sample and the
mass attenuation coefficients of the sample, helium and silicon
are all energy dependent. Therefore for a spectrum of x-ray
energies, these equations would have to be integrated over the
whole energy range. Attenuation through the sample will
typically result in an increase in the mean x-ray energy with
depth. For accurate dosimetry it is important not only to know
the relative intensities of the main x-ray lines but also to
determine the contribution of the continuous background x-ray
spectrum, which extends to much higher energies. This may
dominate if the main characteristic lines are heavily attenuated
by the system.

Monitor photodiode

main dosimetric diode

mylar filter

UV/light filter

mylar filter on apertureUV/light
 filter

polypropylene tape

KrF eximer laser
pulses ( λ=248nm)

x-rays

helium at atmospheric
pressure

Wheels containing up
to 8 attenuators each

Figure 1. Schematic of experimental set-up used for attenuation
measurements.

Attenuation measurements

To access the contribution of the background x-ray continuum,
attenuation measurements were made. This was achieved by
comparing the ratio of charge collected from two photodiodes

X-ray spectrum characterization for biological dosimetry

M A Hill , D L Stevens

MRC Radiation & Genome Stability Unit, Harwell, Didcot, Oxon., OX11 0RD, UK

W Shaikh

Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, UK

Main contact email address: m.hill@har.mrc.ac.uk



Lasers for Science Facility - Biology

Central Laser Facility Annual Report 2000/2001                           116

with various thicknesses of attenuating films positioned in front
of the main dosimetry diode (now 141 mm from the target).
This is shown schematically in Figure 1.

The results of initial experiments performed using mylar and
aluminium attenuators, with and without a mylar dish base filter
and using a 0.4 µm aluminium UV/light filter, are shown in
Figure 2.

Figure 2. Attenuation data obtained with a 0.4 µm aluminium
UV/light filter.

The gradients of these attenuation curves after traversing a
0.9 µm mylar dish base corresponds to that expected from
x-rays with energies in the range 650 to 700 eV. This is much
higher than the energy of the characteristic emission lines. The
graphs also indicate a further increase in the average x-ray
energy with increasing attenuation.

On-going experiments are testing the use of titanium UV/light
filters, which have an absorption edge at ~ 450 eV, to help
reduce the higher energy component.

Conclusions

The results indicate that the background x-ray continuum is
critically important for these experiments. The x-ray spectra can
also be determined by theoretical simulations. The intention is
to compare these experimental data with those predicted by
simulations in order to obtain realistic x-ray spectra for
dosimetric calculations.
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The molecular dynamics of DNA repair

Interactions between proteins and nucleic acids have
traditionally been analysed by gel electrophoresis. These
conventional molecular biology techniques require that bulk
proteins and nucleic acids are isolated from many thousands or
even millions of cells. A reasonable amount of product has to be
present in order for it to be stained and visualised in a gel.
Radio-labeling of the constituents of interest increases the
sensitivity of detection, but the radioactive emission from the
labeling isotopes is measured on a bulk population of
molecules. Organic molecules can now be labeled with an array
of fluorescent markers. Together with the recent developments
in optical microscopy, this has made direct visualisation of the
territory of a single molecule possible.

Using the traditional analytical gel methods, biologists relied on
deriving models to describe the dynamics of molecular
interactions which led to the final result. In many cases these
models remain untested and some of the more challenging and
thought provoking concepts were considered not to be testable.
Technological advances, which have opened the way to
examination of molecular biological machinery at work in the
cell, provoke a robust challenge to this view.

Currently, one of the most intriguing questions which is stirring
scientific activity is ‘how is DNA synthesis (the duplication of
genetic material) organised at the architectural level in the
cell ?’ Considering that the DNA in each human cell would be
3 metres long if stretched out, the packaging and making of new
DNA in a 10 micron nucleus must be very intricate. The
disputed concept is whether the proteins which duplicate the
DNA track along the DNA or the DNA moves through fixed
protein complexes as it replicates.

It is known that chromatin ( DNA + histones ) is organised in
loops around fixed sites at the nuclear matrix1). These loops are
pulled through these sites and loops with new DNA extruded
during DNA replication. These loops are 200-300nm in size.

DNA may be damaged by UV-C light (ca. 260nm) which
induces distortions in the DNA. The predominant distortions
produced are cyclcobutane pyrimidine dimers (CPDs) and 6-4
photoproducts (6-4pps). The cell can execute a repair system to
remove these lesions. This is known as nucleotide excision
repair where a piece of DNA containing the lesion is cut out and
new DNA synthesised in its place. The polymerases which
carry out the repair replication are the same enzymes that are
responsible for DNA replication during cell division. It would
seem, therefore, reasonable to suppose that this DNA repair
activity may be organised in a similar manner to that of normal
synthesis.

The DNA lesions can be tagged by fluorescent markers on
antibodies or proteins which bind to the lesions. These will then
form positional markers on the DNA, which if not repaired
quickly, may reveal movement of the DNA in an interval
following the induction of the lesions. This could only be
revealed if the lesions are induced in a very small area, at best,
as small as the 200 –300nm chromatin loops. The probability of
detecting such small changes will be increased if the induction
of lesions is projected in a recognisable pattern in a cell nucleus.
Distortion of the pattern as well as the time dependence of

disappearance of elements of the pattern will reveal the nature
of the dynamics or the repair system. If the number of lesions is
kept low, there will also be more chance of detecting repair at a
site where proteins are fixed. Larger amounts of damage will
place a greater demand and induce the cell to make new
proteins. The diffusion of these proteins may obscure the fact
that repair is taking place at fixed sites.

Putative model of movement of DNA damage sites

Figure 1. A site of DNA damage which is indicated by the
yellow star is drawn closer  to the replication factories as the
DNA loops are drawn through the matrix attachment sites.

Figure 2.  Diagram showing dimensions of the mammalian cell
and the pattern of induced DNA damage.

An equally important reason for inducing the low levels of
lesions in distinct patterns is to confirm the authenticity of the
staining by fluorophore tagged proteins. If the distribution of
fluorescent markers reflect the original pattern, it confirms that
markers are binding to DNA lesions and not creating artifacts of
fluorescent aggregates.

At least two approaches are being tried to create a microfocused
pattern of DNA damage in a cell nucleus.

The first is using UV light of  248nm wavelength which is very
near to the peak of absorption of DNA and the induction of
CPDs. An attenuated 248nm UV laser beam is projected
through a mask with a pattern of 10µm holes on a 400µm
square. The filtered light is then passed through a 100x UV
microscope objective. This should reduce the pattern of light
from the objective to 100nm holes on a 4µm square, but
because of the diffraction limitations of the light the hole size is
likely to be, at best, 200nm. The cells are grown in a culture
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dish with a base of fused silica which sits on a precision xyz
stage. Glycerol is placed between the objective lens and the
silica base of the cell dish in order to minimise the diffraction of
the light.

A second approach uses multiphoton absorption processes to
induce patterns of DNA damage in the cell nucleus. The
~250-260 nm pseudo UV focused light is generated from near
infra-red laser pulses through multi-photon reactions.

An antibody to thymidine dimers has been used to stain DNA
damage sites in cell nuclei. Recent results are very promising
and indicate that we can induce submicron  areas of DNA
damage in a cell nucleus.

Intercellular gap junction communication

The survival of individual cells which have been exposed to
radiation is determined by the effectiveness of the DNA repair
mechanisms described above, but recent research has shown
that cells in populations do not have to be directly irradiated in
order to suffer damage. An important dynamic cellular process
which controls the spread of the effects of damage through a
cell population is gap junction intercellular communication
(GJIC). It is not possible to study the mechanisms of  GJIC in
irradiated cells unless the radiation is carefully confined to
single cells. The dispersal of tracks or  the range of penetration
of radiation of high photon energy will not ensure that direct
radiation effects will be limited to the territory of one cell at a
time. This is most important if  GJIC is the focus of interest as
cells will have to be in contact with each other.

The energy of Cu x-rays from the CLF laser plasma x-ray
source are low enough (1.1KeV) that the interaction of the
radiation with cellular components can only take place in cells
on which the x-rays impinge. Thus it is one of the few sources
in the world which can be used to study gap junction
communication in irradiated cells with some reliability. The
x-ray spectrum from the laser plasma source is sufficiently soft
for long range scattering to be very weak.

Using the CLF x-ray source, we previously observed a
situation where toxic effects were passed from irradiated to
non-irradiated cells. A monolayer of cultured cells was partially
shielded from the x-rays, but death of cells in the shielded areas
also took place. Amplification of cell death took place only in
confluent irradiated cell cultures, suggesting that the mechanism
requires cell to cell contact. Since death of non-irradiated
neighbour cells did not occur in non-contacting irradiated
monolayers, the toxic effects were not spread by reactive
oxygen species (ROS) or cytokines (death molecules) released
into or generated in the culture medium.

We designated this amplified cell death in the irradiated
confluent monolayers ‘contagious cell death’ since it appears to
require inter-cellular contact in order to occur. A prime
regulator of this effect is therefore likely to be the functioning
of gap junction communication. Gap junctions act like valves
between cells which are in contact and control the passage of
stimulatory or inhibitory molecules between cells. They are not
highly selective as to the molecules they allow to pass but can
be ‘open’ or ‘closed’. In this way, they control a social co-
operation between cells of the multicellular organism and play a
vital role in tissue development and function. They are
comprised of a hexameric arrangement of connexin molecules
which allow the inter-cell transfer of low molecular weight
materials (<1kDa). Their role is thought to be important in
maintaining tissue homeostasis and co-ordination and they are
particulary important in the control of cell proliferation 2). Gap
junctions may also be able to mediate the transfer of potentially
damaging molecules such as ROS and Ca++. Under conditions
of extreme toxicity, gap junctions close, presumably to protect
the tissue against the spread of toxic species which promote

necrosis. There are several implications regarding the spread of
damage to neighbouring cells including:

i) the amplification of damage to embryonic cells during
development;

ii)  the amplification of radiation induced mutation;

iii)  the potential for ‘bystander’ ( i.e remote) effects in
radiotherapy;

iv) significant amplification of effects of low doses of
radiation such as may be received from environmental
contamination.

The laser plasma x-ray source is a highly appropriate and
necessary tool to use for the study of ‘bystander’ effects in
radiation. It can produce x-rays which are spatially very well
defined. This means that a single cell, lines of cells of only one
cell width, groups of several cells or a number of single cells
spatially separated may be exposed to radiation with no risk of
the radiation at the shielded cells. The number and pattern of the
cells irradiated can be dictated by the design of the mask
through which the x-rays reach the cell monolayer. It is
essential that the mask be machined to produce very well
defined sharp edges when the x-rays travel through the micro-
spaces. This technology provides a means whereby effects
transmitted from irradiated cells to non-irradiated cells may be
quantified as the number of cells and the geometry of an area of
cells exposed can be determined with some reliability. Because
of this spatial control of the x-rays, it is an especially suitable
source to use to determine the role that GJIC plays in radiation
bystander effects. A further advantage over most soft x-ray
sources, is that because of the pulsed nature of the source, the
dose of x-rays can be controlled and as the system is capable of
delivering 3Gy s-1, a substantial dose may be given in a very
short time.

Sharp edged focused radiation from the laser plasma soft
x-rays

A 25µm x 3mm slit was manufactured in a disc of stainless
steel of 13µm thickness which was fitted into the wall of the
chamber directly above the point of the laser plasma. Stainless
steel is completely opaque to the 1.1KeV x-rays. An aluminium
filter (3µm thick) placed between the x-ray source and the x-ray
outlet excluded all visible and UV light. The 1µm Hostaphan
base of the cell culture dish is also opaque to UV light. Film
with a layer of radiochromic chemical a few microns thick on
one surface (Gafchromic Film , ISP Technologies Inc.) was
placed face down on Hostaphan over the micro-slit in the
stainless steel. This was then exposed to the x-ray plasma for
several minutes. A sharp edged image exactly 25µm wide and
3mm long was obtained on the film as shown in the micrograph
below.  This supports the idea that these x-rays will not spread
to cells that are not directly above the slit in the mask.

Figure 3. Image of 1.1KeV Cu x-Rays through the 25 micron
slit.

Gap junction intercellular communication was studied in
primary rat hepatocytes 3) and an immortalised cell line,
MH1C1. The MH1C1 cell line originates from the epithelium of

25 microns
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rat liver hepatoma but despite it’s tumorgenic phenotype, was
shown to express connexin 32 (Cx32) 4). This led to the
expectation that these cells may have functioning gap junctions,
but when tested by a scrape loading assay and compared to
another cell line, WB F344 (non-transformed rat liver epithelial
cells) there was virtually no migration of the lucifer yellow dye,
a gap junction indicator, through the monolayer of contacting
cells. WB F344 cells have been shown to express connexin 43
which may be a more reliable indicator of functioning gap
junctions 4).

              A                       B

Figure 4.  A. The migration of lucifer yellow dye through a
confluent population of WB F344 cells can clearly be seen. The
dye was loaded by scratching the cell monolayer as shown.
B.   MH1C1 cells subjected to the same procedure show no
spread of the dye indicating cellular gap junctions process.

Partial irradiation of cell monolayers

In preliminary experiments, MH1C1 cells were grown to
confluence and irradiated through a slit, 3mm in length and
200µm in width. The incident dose of radiation was 100Gy. The
irradiated cells over the slit were stained with 10µM
dihyroethidium which fluoresced at 488nm excitation. In
contrast, contacting cells which were shielded from the
radiation showed no staining. Dihyroethidium is oxidised by the
superoxide anion to produce ethidium bromide which
intercalates with DNA. No spread of the dye to non-irradiated
cells was observed.

Figure 5. Partially irradiated �� WKURXJK� VOLW� ���� P� [� �PP�
monolayer of MH1C1 cells stained by dihyroethidium.

Cells were also irradiated over a 25µm x 3mm slit with an
incident dose of 100Gy. Helium in the interior of the target
chamber was replaced with vacuum which ensured close
contact of the hostphan base of the cell dish with the micro-
machined slit in the stainless steel mask. This time an area of
cells greater than 25µm in width was stained with the
dihyroethidium dye. Since the MH1C1 cells had been shown to
lack GJIC, it was concluded that the downward pull created by
the vacuum on the hostaphan membrane over the slit imposed a
stress on adjoining cells which caused them to produce reactive
oxygen species.

Caution must therefore be exercised when using markers such
as dyes that identify reactive oxygen species or dyes which stain
calcium ions. Changes in the cellular levels of these species can
be produced by stress induced by the technical procedures
themselves.

The spread of these changes amongst contacting cells may also
reflect membrane potential effects as well as gap junction
transport.
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Abstract

Two-photon fluorescence correlation microscopy of fluorescent
biomolecules provides spatially resolved measurements of
concentration and mobility, potentially allowing one to quantify
the kinetics of drug distribution and action in situ. The use of
two-photon fluorescence excitation offers substantially better
performance when compared with conventional fluorescence
methods. We present the basic features of an experimental set-
up based on a relatively simple fibre-optic interface with our
existing research microscope. Preliminary experimental results
with two-photon excitation are presented for a suitable dye.
Despite some technical problems the proposed design is simple,
requires relatively low-cost optics and has a reasonably low
dispersion on the optical elements.

Introduction

Fluorescence correlation spectroscopy (FCS) provides
information about fluorescent particle concentration and
mobility in a small volume illuminated by a focused laser beam.
The method has been used extensively in recent years to probe
various biochemical interactions between molecules. The
method has even been used to measure binding at cell surfaces
and to probe the internal microenvironment of individual cells.
We are attempting to use the technique to gain insight into the
dynamics of fluorescently labeled biopharmaceuticals in living
tissue. The method is attractive because it is the only optical
method that could potentially provide a measure of absolute
concentration (i.e. particles per femtolitre) with µm-level spatial
resolution. Moreover, by measuring the characteristic particle
transit time within the illuminated volume, the method
quantifies the rate of tissue penetration and processes such as
hindered diffusion and binding. Hence the method is extremely
attractive for the study of biopharmaceutical pharmacokinetics,
where the microscopic dispositon of large, complex biological
molecules in living tissue is a prevalent problem.

The light absorbing and scattering properties of most tissues are
a practical barrier to the use of FCS in vivo. The use of two
photon fluorescence excitation could overcome these problems
by providing a fluorescence excitation source that better
penetrates tissue with less photo-damage. The advantages of
two-photon fluorescence excitation in applications such as
laser-scanning confocal fluorescence microscopy are well
documented1). The advantages of two-photon excitation are
deeper penetration of red and near-infrared light into the turbid
tissue allowing excitation of specific biological molecules
labelled with fluorescent dye in their native environment inside
the cells, better background rejection of out-of-focus
fluorescence, and a lower threshold for photobleaching and
photo-damage of living cells. In combination with conventional
microscopy, two-photon fluorescence correlation provides
molecular dynamics measurements at high spatial resolution.

The principle of two-photon spectroscopy is that a fluorescent
molecule absorbs two photons nearly simultaneously, instead of
a single higher-energy photon, to cause the transition to the
metastable excited state. As the probability or equivalently the
cross-section of this process is significantly less than for  single-
photon absorption it is necessary to provide sufficient power
density to achieve the two-photon event. The lifetime of usual
fluorophores in the excited state is of the order of a few
nanoseconds so the excitation pulse should be even shorter to
attain a suitably high power density with a suitably low average
flux. A traditional source providing ultra-short pulses is a

titanium-sapphire laser. It can generate femtosecond pulses with
a repetition rate of 80-100 MHz. A high repetition rate is
necessary to renew the population of the excited state each time
after the fluorescence has decayed. Another important
parameter is the peak power. It was estimated that a focused
beam power of several tens of milliwatts is sufficient to reach
the saturation level for maximum output fluorescence.

The aim of the present study was to provide a simple fibre optic
interface for easily and safely adding a TPCM capability to an
existing wide-field fluorescence microscope. It was desirable to
use fibre optics because of the safety and practical
considerations of operating in a biological laboratory. We
wanted to avoid direct contact of the laser output with a
biohazard environment whilst also limiting the possible
exposure of biological scientists to a naked, high power, nearly
invisible beam. We recognised that the transmission of pulses
through fibres and the microscope optical elements would
broaden pulses and limit the peak power. This article is focused
mainly on the technical aspects and feasibility of a novel
experimental set-up for TPCM.

Materials and Methods

The two-photon correlation set-up consists of a modified Nikon
upright research microscope E800, femtosecond titanium-
sapphire laser and computer-based correlator. The optical
arrangement is shown schematically in Figure 1. The basic
element of two-photon excitation is a laser source generating
femtosecond pulses. It includes the pump laser, Spectra Physics
Millennium, with an output of 5 W and Tsunami femtosecond
Ti:Sapphire laser all mounted on an optical breadboard. The
nominal pulse width in the wavelength range 790-850 nm is
80 fs with repetition rate 82 MHz and with average output
power up to 1 W at optimal conditions.

Figure 1.  Schematic of optical arrangement for two-photon
correlation experiment.

Laser output is launched into a fused gradient index coupler
(50/125mm, Laser 2000) using a Gradium achromatic doublet
(Newport). The effective lens NA matched to the NA of the
fibre to ensure a stable light split and no modal noise due to
environmental perturbations. To ensure a stable modal pattern
the splitter legs were each 2m long. The unused splitter legs
were index matched to reduce reflections. Typically a launch
efficiency of 70% was achieved. Similar optics were used to
refocus the light for collection.

We used the same fibre as both the source and detector aperture.
In most cases a single mode fibre is preferred to serve as a
source to allow a diffraction limited spot and minimum
temporal spread of the pulse. However single mode fibres are
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efficient only on a narrow wavelength range and have a low
numerical aperture making them inefficient for combined
emission and detection of different wavelengths. Whilst the
multimode fibre can support a very large number of modes
entering and emerging from the fibre under the different angles,
these finally give rise to high pulse dispersion and enlargement
of the effective illumination spot. The gradient index fibre
reduces this by its parabolic index profile making it an optimum
compromise. The incorporation of the excitation and emission
light into single fibre path offers flexibility, stable alignment
and safe operation of the whole optical scheme. We used a
multimode fibre coupler to split the optical signal in ratio 50:50
onto two equivalent arms. One was coupled to the titanium-
sapphire laser and the other delivered fluorescence to a
photodetector. The last tip of the fibre was connected directly to
a spectrum analyser which traced continuously the shape of
pulses and effectiveness of coupling.

The fibre output was collimated into a parallel beam using a
good quality achromatic lens so that the diameter matched the
diameter of the back aperture of the microscope objective. The
rear port of the microscope and the  video port were used
equivalently for coupling light into the Nikon microscope. The
sample was viewed in epifluorescence mode, in most cases with
a 40X/0.6 Plan Fluor objective.

In order to reject background laser illumination caused by
multiple reflections inside the fibre coupler a fibre optics
U-bracket assembly (OZ Optics Ltd.) was inserted into the path
of the fluorescence. It was designed to transmit light from the
optical fibre, across an air gap, and back into a second fibre
with low losses. The assembly itself served as a spatial filter
providing  better conditions for focusing the fluorescence light
at the average wavelength 530 nm and discriminating against
other wavelengths, in particular and most importantly the laser
wavelength. But, since a large amount of laser light could still
propagate beyond this, low-pass and band-pass filters were
inserted into the air gap to select a particular fluorescence band.

The detection system was the same as used previously for
single-photon experiments2). Fibre output was focused onto the
face of a silicon avalanche photodiode (APD) which operates in
single photon counting mode (SPCM-AQ-121, EG&G). Output
of SPCM directly fed the computer-based correlator
(ALV-5000/Fast, ALV-GmbH, Langen, Germany). Correlation
data was analysed by ALV-software and SigmaPlot’2000
package by using a Marquardt nonlinear least-square fitting
routine.

During femtosecond pulse propagation through the fibre optics
and microscope glass, pulses are spread in time due to group
velocity dispersion. It was estimated previously3) that the final
pulse width at the sample should be on the order of 150 fs.
Most implementations avoid the use of fibre elements in their
set-up design as introducing additional pulse dispersion.
However this  implies mounting quite bulky laser equipment on
the same vibration isolated surface together with the
microscope. This can sometimes  be unacceptable. For example,
when working with biological hazards the laser equipment
should be well separated from chemical and biological hazards
to avoid dangers of contamination. Fibre optics offers flexibility
in design, safety, and stability in performance. We examined the
spectral broadening introduced by the fibre. On the photographs
below we present the undisturbed spectrum from the laser and
the spectrum at the fibre output. The actual deterioration of
pulse characteristics was less than 30%, which implies a
broadening of the final pulse width to 100-110 fs. In the case of
sufficient peak intensity this pulse broadening is tolerable.

A conventional step index fibre is often used in optical
arrangements but this suffers from modal dispersion. Often
fibre length is restricted to reduce this problem but this leads to

a second problem of unstable modal patterns which may be
affected by environmental factors and give rise to false signals.

The gradient index fibre coupler allows a mere 30%
(20-30 femtosecond) increase in pulse width whilst allowing a
highly stable alignment even with a fibre length of 4m. Whilst
monomode fibre is costly and requires a very high degree of
cleanliness the GRIN fibre is highly economic
($0.5/metre) and less prone to cleanliness issues making it more
suited to many microscopy applications. Two-photon operation
in the near IR region increasingly allows these standard
communications fibres and components to be used.

The crucial element is the microscope objective, which should
have excellent achromatic properties and near IR light
transmission. Good achromatic performance is important
because the focus point for both excitation and emission
wavelengths, widely separated in two-photon spectroscopy,
should coincide as two-photon excitation is a highly "confocal"
event. The fluorescence can be excited uniquely within the focal
plane and nowhere else.

The power at the sample is reported3) to require a few tens mW
well focused on the sample. Despite the 50% loss of power
associated with the fibre coupler the major power loss occurred
at the interface with the microscope optics.

Results and Discussion

Two-photon excitation spectra for traditional fluorophores are
not widely available in the literature. Although the excitation
wavelength for the two-photon process is roughly twice that of
the single photon process, significant deviations have been
reported. As the data about two-photon absorption cross
sections is quite limited, we have compared the fluorescence
intensity from different dyes on the different wavelengths
within the tunable range of the Ti:Sapph laser. Rhodamine 6G
absorbs single photons at 528 nm (green) peak and emits the

Figure 2. Laser emission spectra. Undisturbed (upper) and
passed through multimode fibre (lower).
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fluorescence photons at a peak of 551 nm in the yellow region.
We observed a maximum in rhodamine 6G fluorescence when
excited at a wavelength between 800 and 830 nm that is slightly
less then reported previously4) (850 nm). Another fluorophore
we used was calcein, which can absorb single photons around
494 nm (blue) and emit in a bright green spectrum around
517 nm. We found that calcein had a bright emission yield with
maximum excitation around 765 nm. Both fluorophores could
be excited at the same wavelength, for example at 780 nm and
had  distinguishable emissions – one  green and the other
yellow, that may find further application in dual-colour
fluorescence spectroscopy or cross-correlation spectroscopy.

We attempted to observe two-photon absorption by molecules
of PicoGreen fluorophore in the presence of DNA. This
fluorophore is an extremely sensitive marker of dsDNA for
quantitative measurement of small amounts of DNA, with
excitation at 502 nm for single photon absorption, and emission
at 523 nm. Despite our expectations we were unable to observe
any two-photon fluorescence. We hypothesise that this absence
of fluorescence is due to the relatively low power density in our
system.

Calibration

An autocorrelation function was recorded from the cell filled
with an aqueous solution of calcein. The data were recorded
with an average photon count rate of 2.5 kHz. The excitation
wavelength was 780 nm. The autocorrelation decay time
constant at 2 ms leads to an estimate of the detection volume
diameter as 3 µm. The theoretical equation for a single diffusing
component2) gives a good fit to experimental data shown by the
solid line in Figure 3.

time, ms

1e-4 1e-3 1e-2 1e-1 1e+0 1e+1 1e+2 1e+3 1e+4 1e+5

-1

0

1

2

3

Figure 3. The experimental autocorrelation function for Calcein
diffusion in water.

The triplet state is not apparent in the data. In contrast, an initial
rapid decay in the autocorrelation function is observed in the
equivalent single-photon correlation experiment. With two-
photon excitation, it may be difficult to reach the power
saturation at which transient non-emission states are induced.
The same effect has been reported for Rhodamine 6G and Texas
Red4).

In conclusion we developed an experimental set-up for two-
photon correlation spectroscopy with flexible design
appropriate for biological applications in which it is desirable to
isolate the laser system from the potentially hazardous
environment. The optical scheme is based on the incorporation
of excitation and emission light into the single fibre pathway
allowing the automatic alignment of illumination and detection
areas and good stability of the whole scheme. Although, due to
femtosecond pulse propagation through the fibre, pulses were
spread in time due to group velocity dispersion, the gradient

index fibre which we used allowed a mere 30%
(20-30 femtosecond) increase in pulse width.

We were able to produce two-photon fluorescence with highly
focused laser light on the microscope stage that could be
observed even by the naked eye.  Further optimisation of the
optical parameters is needed to improve some performance
characteristics such as the spot size, excitation pulse width and
peak power.

We examined appropriate fluorescent dyes that can perform
efficient two-photon excitation. We found that Rhodamine 6G
and Calcein have comparable emission yield characteristics and
overlapping excitation spectra. Both of them can be
successfully excited at 780 nm whilst their fluorescence
emissions lie in different spectral bands – around 517 nm for
Calcein and 551 nm for Rh6G. The cross-correlation or dual-
colour experiment can be developed on the basis of our design
implementing the same fibre coupler that will split the
fluorescent signal into two equivalent arms with additional
spectral filtering of each component.

We calibrated our set-up by measuring the translational
diffusion of Calcein molecules in water. The estimated size of
spot was around 3 mm.

Despite difficulties of good maintenance of expensive and
bulky laser equipment,  two-photon excitation microscopy is an
extremely sensitive and precise technique for measuring
molecular dynamics within femtoliter excitation volumes. This
major advantage of two-photon technique can be exploited
when imaging thick and turbid biological samples.
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Introduction

In the development of the laboratory x-ray microscope1) careful
source characterisation is needed. This requires determination
of the laser-plasma source size and spectral emission
characteristics, both of which have been carried out previously
using the original LSF target chamber and (reversed) audio tape
targets2,3). However, in that work the diffraction grating used in
the transmission grating spectrometer was not calibrated in
terms of its efficiency. Although a degree of self-calibration
was possible in the analysis, quantitative spectral intensities
could not readily be obtained. Also, the measurements had not
been performed using the target chamber built for the x-ray
microscope or using a range of targets to identify materials
suitable for elemental and chemical state mapping, which
require a tunable source.

In this report a preliminary analysis of spectra recorded with
calibrated transmission gratings is presented (although it should
be noted that the calibration analysis is not complete). The
spectra were recorded on Kodak DEF film using a range of tape
targets. The x-ray microscope target drive was designed to use
video tape, since this provides more “tracks” than audio tape
does, allowing longer times between tape changes. In earlier
microscopy experiments it had been observed that reversed
BASF Vision video tape appeared to give higher emission in
the C VI Lyα line at 3.37 nm than other types of video tape did,
possibly due to a carbon coating on the tape. The
characterisation was therefore carried out for several
commercially available video tapes, reversed to present the
plastic (Mylar) or carbon surface to the laser beam and
unreversed to form a metallic plasma suitable for a tunable
source. Uncoated Mylar was also used.

Unfortunately the lasers in the LSF x-ray laboratory performed
inconsistently during the experiments, making quantitative
comparisons between the different types of tape difficult.

The gratings

The gratings were made by electron-beam lithography followed
by nickel electroplating. The nominal period was 300 nm, with
a mark to period ratio of approximately 0.5. The spectral
resolution is determined by two instrumental effects, the
number of grating lines illuminated and the variation in
incidence angle across the grating3). The former gives better
spectral resolution as the grating aperture increases while the
latter gives worse and thus there is an optimum aperture size, of
≈ 20 µm for the experimental parameters in use. Gratings were
therefore made with square aperture sizes of 15µm, 20µm and
30µm (Figure 1a). They are supported by 500×500 µm silicon
nitride (Si3N4) membranes on 5×5mm silicon chips, and the
Si3N4 around the gratings is coated with thick nickel so that it
is reasonably opaque to soft x-rays. Each chip contains two
gratings, as shown in Figure 1b. The lines of each grating are
perpendicular to those of the other so that, with a horizontal
x-ray beam, one will diffract horizontally and one vertically,
eliminating alignment problems.

The incident and diffracted intensities of the gratings have been
measured over a range of wavelengths at the Beijing
Synchrotron Radiation Facility. An example of a diffraction
pattern, recorded at a wavelength of 4.43 nm, is shown in
Figure 2a; the zero-orders of both gratings can clearly be seen,
as can the two first-order peaks of one of the gratings. Higher
orders of the monochromator are also visible. The first-order
peaks are asymmetrical due to the spectral resolution of the

monochromator. To allow the most accurate determination of
the diffraction efficiencies the peaks have been fitted to
two-dimensional Pearson IV distributions3), which take account
of the asymmetries, and an example of a fit is shown in
Figure 2b. The fits show that the actual grating periods are
≈260 nm, indicating a possible mis-calibration during the
lithography stage, while the shorter wavelength data contains
components due to second-order diffraction from the grating,
indicating that the mark/period ratio is not quite 0.5. The
quantitative analysis of these results is continuing.

Laser-plasma spectra

For each tape/grating combination spectra were recorded for a
range of laser shots, typically several hundred to several
thousand. This was to allow self-calibration of the film, but
since so many shots were needed, the variable laser
performance may mean that this will not be possible. In the
preliminary analysis, the spectra for each combination have
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Figure 1. (a) An electron micrograph of one of the gratings.
The distances x are either 15 µm, 20 µm or 30 µm. (b) The
orientation of the two gratings on each chip.
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Figure 2. (a) Diffraction from the grating recorded at
λ = 4.43 nm using the Beijing synchrotron. The intensity scale is
logarithmic, and the zero orders are saturated. (b) Fit to the
diffraction spectrum (except the zero orders) using the Pearson
IV function.
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been summed, after the film densities were measured on a
calibrated microdensitometer at King’s College (see Table 1).

Tape
15 µm

Grating
20 µm 30µm

Total no.
of shots*

BASF Vision, r¶ ✘ (a) ✓ (b) ✓ (a)22000
(b)5250

BASF Vision, u‡ ✘

Fuji SD, r ✓ ✘ ✘ 70000

Fuji SD, u ✓   5900

Fuji Super, r ✘

Fuji Super, u ✘

TDK, r ✘

Mylar ✘ ✘ ✓ 11000

Table 1. Summary of data taken and analysis state
✓ Spectrum recorded, densitometered and partially analysed
✘ Spectrum recorded and densitometered but not yet analysed
¶ tape reversed, carbon or Mylar plasma
‡ tape unreversed, metal plasma
*for (partially) analysed spectra only.

Examples of the summed spectra are shown in Figure 3.
Although these have not yet been analysed in detail, some
comments can be made. First, for the unreversed video tapes
and Mylar, any spectral features at wavelengths longer than
that of the C V He α at 4.02nm are due to higher orders of the
diffraction grating. Second, the BASF reversed and Mylar
spectra taken with the 30 µm aperture grating are similar, as
would be expected. The spectral features of the BASF
spectrum appear to be sharper; this is probably because more
shots were needed to record the Mylar spectrum since the
lasers were not performing so well then, and thus accumulated
noise is larger. The unreversed Fuji SD spectrum, which should
result from a metal plasma, does show some carbon and
oxygen lines, from the Mylar substrate, indicating that the
coating was thin enough to be fully removed and allow some
Mylar plasma formation. The BASF reversed spectrum taken
with the 20 µm aperture grating appears to be less well
resolved than that taken with the 30 µm grating, again probably
resulting from the larger number of shots necessary due to the
smaller aperture; the minimum in the spectral broadening
versus grating aperture curve is rather broad and there should
be little difference between the two spectra. The FUJI SD
reversed spectrum taken with the 15 µm grating shows little
except for the C VI Lyα, due to the small aperture and the
resulting large number of shots.

The further analysis of the spectra will involve fitting the lines
to the Pearson VII function3) and the recombination edges to
the Pearson IV function. Combined with the calibrated
diffraction grating efficiencies this will allow absolute line
intensities to be determined.
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Figure 3. Spectra obtained using different tapes and grating
apertures. (a) BASF reversed, 30 µm aperture. (b) Uncoated
Mylar, 30 µm. (c) Fuji SD unreversed, 30 µm. (d) BASF
reversed, 20 µm.
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Introduction

For the past 20 years lithography has been one the key
technologies in the semiconductor industry.  As the relentless
decrease in minimum feature size continues in line with
Moore’s Law, radiation with ever shorter wavelength is being
used in lithography systems. No less than four possible
alternative technologies are being investigated for the
replacement of deep UV. These are proximity X-ray
lithography, extreme-UV projection, electron projection
lithography and ion projection lithography.

Proximity X-ray lithography (PXL) has been under
development since the early 1970s.  Drawbacks of PXL include
the requirement for a 1:1 mask and the small 10-20µm gap
between mask and substrate.  The X-ray source for PXL can be
either a synchrotron or point source.  The synchrotron is
expensive and bulky but has higher throughput than the
alternative.  These can have an exposure intensity of around
45mW/cm2 across a 30×30mm field, corresponding to an
exposure time of about 2s per field.  The alternatives to
synchrotron are point source systems.  These are usually of the
laser-driven plasma type and are cheaper and smaller than
synchrotron sources.  One such source exists at the CLF and has
been described elesewhere1).  This is being used in conjunction
with a novel method of X-ray mask production being developed
at the University of Dundee2).

Laser direct writing is another technology which has been the
subject of much interest in recent years.  Here a film of a metal-
containing compound is exposed to a laser beam to directly
produce high-resolution patterns.  Such a technique offers the
advantages of a greatly simplified manufacturing method in
addition to the flexibility of ‘mask-free’ processing.  We have
been studying both the composition and surface morphology of
laser irradiated organometallic films3-5).

This report describes two main areas of research: X-ray
lithography mask manufacturing and the production of
interconnects.

Experimental Details

X-Ray Lithography

We have developed a novel method for the fabrication of X-ray
masks at the University of Dundee.  To provide good pattern
transfer with a reasonable absorber film thickness, elements
with high atomic number such as gold or platinum are used.
The metal-containing organic compound is deposited onto an
X-ray transparent silicon nitride membrane by vacuum
evaporation. The thickness of this precursor film is typically of
the order of 1µm.  Precursor materials include dichloro(1,5-
cyclooctadiene)platinum(II) and chlorotriphenylphosphine
gold(I).  The thickness of the deposit produced by the electron
beam patterning of the organometallic film is dependent on the
initial film thickness, the density and metal content of the
organometallic.  The relative thickness of metal remaining after
complete decomposition of the organometallic film can be
between 2 and 13% of its original thickness depending on the
particular compound.  A film of dichloro(1,5-
cyclooctadiene)platinum(II), reduces in thickness by around
87% when completely decomposed i.e. if a 1µm film of
organometallic was completely disassociated it would leave

behind a 130nm layer of pure platinum.  Figure 1 shows the
relative transmission of films of pure platinum of various
thickness.  It can be seen that at the X-ray energy of interest,
1.2keV, a 100nm film of platinum reduces the intensity of the
transmitted X-ray signal by up to 50%.  Obviously, thicker
metal films would offer greater contrast and therefore
potentially better X-ray transfers but a trade-off must be met
between contrast and resolution.  The limiting factor is the
thickness of the precursor film, i.e. forward scattering of the
electron beam during the writing of the mask limits the
attainable lateral resolution to around that of the initial film
thickness (i.e. 1:1 aspect ratio).
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Figure 1.  Relative transmission of various platinum films.

The electron beam exposures were performed in a modified
scanning electron microscope (JEOL T220).  Several additions
and alterations were made in order to make the SEM operate as
an effective pattern generator.  An electromagnetic beam blank
was added to allow rapid control of the electron beam which is
necessary to prevent the unwanted exposure of the film.  A
liquid nitrogen-cooled aperture was placed close to the sample
in order to condense any volatile decomposition products to
prevent the contamination of the column and to enhance the
filament lifetime.  The sample was mounted on an aluminium
stage equipped with a calibration grid for beam alignment and
Faraday cup for beam current determination.  The position of
the electron beam was controlled using the microprocessor-
based ELPHY Quantum software.  The voltage applied to the
beam deflection coils is controlled by a 16 bit digital-to-
analogue converter allowing 216 or 65536 beam steps.  In
practice, the beam diameter is much greater than the smallest
step allowed by the hardware and the step size used is typically
around 25nm.  The dwell time (i.e. the length of time that the
beam is held stationary) determines the dose given to each
pixel.  Following exposure the unexposed material is simply
removed by rinsing in acetone followed by isopropyl alcohol.
The organometallic film is behaving in an analogous manner to
a negative-tone electron beam resist.  Exposure to the electron
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beam causes the irradiated material to become less soluble in
the rinsing solvent.  Figure 2 shows a contrast curve for
dichloro(1,5-cyclooctadiene)platinum(II).  This sample was
irradiated with 30keV electrons.  The thickness of the film after
exposure was measured by atomic force microscopy.
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Figure 2.  Contrast curve for dichloro(1,5-cyclooctadiene)
platinum(II).

From Figure 2 it can be seen that the sensitivity of this
particular organometallic is approximately 50mC/cm2.  At this
dose the thickness of the electron beam written deposit is
approximately the same thickness as the precursor film.
Absorber patterns with dimensions of 200nm can routinely be
produced using this technique.  When thinner organometallic
films are used, even narrower line widths down to 60nm can be
produced.  Figure 3 shows an example of a high-resolution
metal pattern produced by electron beam irradiation of
dichloro(1,5-cyclooctadiene)platinum(II).

Figure 3.  Scanning electron micrograph of high-resolution
absorber pattern.

X-Ray exposures were performed using a copper Lα source
with photon energies of around 1.2keV.  A beryllium filter was
used to prevent the UV-exposure of the resist and also to
prevent target debris from contaminating the mask assembly.
The resist used in the recent experiments (Shipley DUV3) was
specifically manufactured for deep-UV lithography and
consequently was not very sensitive to the soft X-ray radiation
used here.  At around 80mJ/cm2, the sensitivity to copper
X-rays was around four times less than the resist used in our
previous experiments and it also had poorer contrast properties.

Laser Processing of Organometallic Films

The second series of experiments performed in the UV X-ray
lab were to investigate the effect of deep UV irradiation on the
organometallic films.  These experiments aim to investigate the
possible application of organometallic materials in the
production of interconnects.  For use as interconnects it is
essential that the electrical conductivity of the deposited
material is close to the value for the bulk metal.  A consequence
of using organometallic materials is that the laser-irradiated
films invariably contain impurities, which are predominantly
carbonaceous.  The simplest method to remove these is to
anneal the films.  This not only purifies the deposit but also
results in a marked improvement in its electrical properties.
Figure 4 shows the improvement in resistivity as a function of
annealing temperature for a film of laser irradiated
cis-dichlorobis(triphenyl-phosphine)platinum(II).
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Figure 4.  Effect of Annealing on resistivity of laser irradiated
organometallic films.

Annealing to 1000°C improves the conductivity of the films by
over four orders of magnitude.

An alternative approach to the formation of interconnects is to
produce a pattern of platinum containing material which can
then be copper plated to produce a highly conductive copper
film. In this case a film of a platinum-containing organometallic
is irradiated to produce a seed layer.  This is then coated with
copper in an electroless plating bath.  This is a catalytic process
and only takes place in the presence of a metal such as platinum

Figure 5.  Scanning electron micrograph of 5µm wide copper
plated tracks.
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or palladium.  The key advantage of this process is that the
metal layer does not need to be pure and can also be very thin
(<10nm).  This is ideally suited to these materials and we have
demonstrated the ability to produce good quality 5µm metal
tracks with conductivities close to that of the bulk metal.
Figure 5 shows an example of copper tracks produced using this
technique.

Conclusions

We have demonstrated the fabrication of X-ray masks by the
electron beam irradiation of organometallic films.  Platinum
lines of widths down to 60nm can be produced although the
thickness of these deposits would require a resist of higher
contrast than that currently available for successful X-ray
lithography.

The production of metal tracks for interconnect applications has
also been demonstrated.  Two main methods of fabrication have
been used: 1) irradiation of the organometallic film followed by
a thermal processing step and 2) laser irradiation followed by
electroless copper plating.
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Introduction

As a result of the widespread introduction of stringent
emissions standards in European countries there is considerable
interest in the development of fully premixing burners for use in
gas-fired domestic water heaters1). Burners which mix the
whole of the combustion air with the fuel before combustion
commences offer a number of potential advantages over
conventional partially premixing designs in terms of reduced
emissions of NOx and CO2 and increased thermal efficiency,
compactness and flexibility. They also possess one very
undesirable characteristic, however, viz. their propensity to
excite unacceptable vibrations when incorporated within sealed
heating systems. This vibration problem is the principal
obstacle to the successful utilisation of fully premixing burners
in these systems at the present time.

It is known that the vibration problem is caused by the
establishment of a resonance between a fluctuation in the rate of
the heat release in the premixed flame and one or more of the
natural acoustic modes of the burner enclosure and flue.
Fluctuations in the rate of heat release are accompanied by
movements of the flame front which generate sound, a
proportion of which is reflected back towards the burner by the
containing enclosure. If the reflected sound has the effect of
amplifying a particular flame fluctuation then it closes a
positive feedback loop with the amplification of the original
fluctuation as the system gain. The oscillation is thus self-
amplifying until non-linear effects cancel any further gain and a
limit cycle is established which repeats itself indefinitely.

Whilst the general dynamic character of such unstable
couplings is well understood, the analysis and prediction of
resonant behaviour in any given circumstances remains
problematical because little is known about the mechanisms by
which the flame responds to the acoustic feedback. A
programme of fundamental research has therefore been carried
out at Leicester in which fully premixed flames, stabilised on
practical designs of burner, have been subjected to simulated
acoustic feedback of various frequencies and amplitudes. By
imaging the flames at different phases of the incoming sound
waves qualitative and quantitative information has been
provided about both the mechanism of the flame response and
the resultant system gain. The work was carried out during the
year under review using equipment made available from the
Loan Pool under Loans LP7 E1/2000 and LP14 E3/2000.

Experimental details

The flames visualised in the experiments were laminar fully
premixed methane-air flames, in most cases supplied with a
quantity of air which was 30% in excess of the stoichiometric
requirement. They were stabilised on a range of specially made
test burners which replicated the essential features of practical
designs. These were fabricated from plaques of refractory
ceramic and contained parallel arrays of slots, each
approximately 1.2 mm in width. They differed from each other
in the spacing of the slots, the topography of the firing surface
and certain other key details. The reactant mixture issued from
the slots with a velocity of up to about 4 m/s, each slot
supporting a separate flame a few mm in height and shaped, in
cross section, like an inverted vee (Figure 1).

The acoustic feedback was simulated by means of a very large
horn loudspeaker and the experiments were carried out in a
semi-anechoic chamber.

Figure 1. Unperturbed flames on typical test burner.

The part of the flame it was required to image was the flame
front - a region less than 1 mm in thickness in which essentially
all of the parent fuel is consumed and the bulk of the heat
release takes place. The use of a planar laser-induced
fluorescence (PLIF) technique was essential for this purpose but
there was concern that images of the flame front formed in the
established way2) using fluorescence from OH would be
seriously degraded by persistence of this dissociated specie into
the burned gas. An alternative technique which had been
developed during a previous laser loan and which used
fluorescence from CH was therefore employed instead.

To implement the technique the third harmonic of a Spectron
SL805G Nd:YAG laser was used to pump an Exalite 392A dye
solution in a Sirah PrecisionScan dye laser, the output from the
latter being tuned to one of the lines in the Q branch of the
B2Σ-←X2∏(0.0) absorption band of CH at a wavelength close
to 390 nm. The beam was formed into a thin sheet and used to
illuminate a cross section of the region immediately above the
top of the burner. Rapid electronic energy transfer in the flame
from the excited ν=0 vibrational level of the B state of the CH
to the ν=1 vibrational level of the A state then produced
fluorescence from the transition A2∆→X2Π(1,1) which could
be detected at wavelengths near 430 nm. The fluorescence in
this band was collected with an f/2 lens, separated from
scattered laser light with a narrow band-pass filter and focussed
onto an intensified CCD array. Because of the weakness of the
fluorescence at the detection wavelength it was necessary to
integrate the fluorescence generated by several hundred
identically phased pulses of the laser to produce a clear image
of the flame front.  The image intensifier was gated off between
pulses to reject background emissions at the detection
wavelength from the flame and burner.

More than twenty complete sets of images were produced in
total, the matrix of test conditions involving six different sound
frequencies, four sound pressure levels, three mixture
equivalence ratios, four mixture velocities and seven variations
of burner design.
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Figure 2. Oscillating flames imaged at 90° increments of phase.

Figure 3. Correlation between heat release rate and acoustic
pressure for case of Figure 2.

Results

Four representative flame images, taken from one of the test
sequences, are presented in Figure 2. The flames are here
oscillating at a frequency of 600 Hz and the pressure level of
the sound waves incident on the burner is slightly in excess of
130 dB. It can be seen that each flame responds to the acoustic
forcing in a strictly periodic manner, growing in length and
forming a swollen head which, if the disturbance grows to a
sufficiently large amplitude, detaches itself from the main body
of the flame. Similar patterns of oscillation were seen in most of
the test cases although the amplitude of the oscillation and its
phase relationship to the acoustic field varied from case to case.

Qualitative and quantitative information extracted from the
image sequences is being used to improve our understanding of
the very complex aeroacoustic mechanisms by which the flames
respond to acoustic feedback in practical situations and also to
determine the extent to which the sound waves are amplified or
damped by the flame oscillation. The critical parameters in the
latter context are the instantaneous rate of the heat release in the
flame (which can be estimated quite accurately from detailed
examination of the individual images) and its phase relation to
the acoustic pressure. Figure 3 shows the correlation between
these two parameters for the flame oscillation of Figure 2. In
this particular case the heat release rate and the acoustic
pressure are in phase with each other only for part of the cycle
and so, by Rayleigh’s criterion3), the amplification of the sound
waves by the flame oscillation will have been relatively weak.
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Introduction

It has previously been shown to be possible to pole the cores of
optical fibres by exposing them to guided, coherent,
fundamental and second harmonic radiation from a Q-switched
and mode-locked infrared laser1). The cores of fibres usually
consist of germanosilicate glass which is photosensitive to light
of wavelength 240 nm2) due to a germanium defect absorption
band situated near 5 eV. This means that, when a Nd-YAG laser
is used as the source, the poling phenomenon must depend on
multiphoton processes. Interfering processes involving two
second harmonic photons and two fundamental and one second
harmonic photon produce polarization in the fibre core of the
correct spatial period for quasi-phase matching of fundamental
to second harmonic waves.

In earlier experiments3) two-photon interference between
forward and backward waves, launched into fibres from a single
frequency argon laser, produced Bragg reflection gratings. The
presence of these gratings, now known as Hill gratings after
their discoverer, was revealed by two-wave mixing.

In the experiments described below an attempt has been made
to use novel processing and interrogation geometries to extend
the scope of photosensitive phenomena in germanosilicate
fibres. The next section describes the processing of fibres with
visible and UV radiation from a frequency doubled argon laser
while the following one shows how two-wave mixing might be
used to detect the presence of any axial polarization produced.

Finally, in a concluding section, the motive for the search for
axial, rather than transverse, core polarization is discussed.

Visible/UV laser processing of fibres

Some specimens of single mode optical fibre having a high core
germanium content were first shown to be sensitive to pulsed
infrared radiation by repeating the experiment4) in which
processing with IR and second harmonic radiation produced a
grating and made the fibre into a quasi-phase matched second
harmonic converter. On the assumption that interference of odd
and even photon absorption is the basis for the phenomenon
observed, an attempt was made to axially pole specimens of the
same type of fibre by exposing them simultaneously to
fundamental and second harmonic radiation from the LSF loan
pool frequency doubled argon laser. The intra-cavity doubled
laser provided 100 mW of UV output (244 nm) and, with the
visible filter removed, about 40 mW visible output (488 nm)
coherent with the UV. Since the attenuation coefficient of the
UV radiation in germanosilicate glass is known5) to be about
0.1 mm-1, it was necessary to use transverse rather than guided
wave illumination of the fibre core. The orthogonal
polarizations of the UV and visible outputs were not altered but
the fibre specimens were oriented in such a way that each
frequency component of the field had a Cartesian component
parallel to the fibre axis. Each fibre was drawn through the
overlapping blue and UV beams on a stepper motor driven
stage.

Thus, the fibre processing conditions were different in most
respects from those used in processing fibres for conditioned
second harmonic generation. Each section of fibre was exposed
for only a fraction of the total exposure time; the processing
wavelengths were different  and a cw rather than a pulsed
source was employed. In these circumstances it was quite
difficult to estimate equivalent exposures. However, one-photon
and two-photon absorption cross sections being much larger
than the two-photon and three-photon cross sections in the same

absorption band when the IR source was used, exposure times
for each section of fibre of the same order as those in guided
wave experiments were considered appropriate.

In experiments on induced second harmonic generation the
production of visible light from infrared is a sensitive indicator
of success in the poling process. However, direct evidence of
periodic poling of the fibre core has now been reported 6).
Unfortunately, in the present experiment, the test of whether
axial poling has been achieved is once again indirect and is less
straightforward than is the detection of visible output that would
not otherwise be present. In the next section a method of
interrogation suitable for detection of any axial polarization that
may have been produced in a fibre is described.

Interrogation of fibres using red laser light

The arrangement shown in Figure 1 has been designed to test
whether axial poling and consequent photovoltaic and electro-
optic properties have been developed in the fibre core. The
beam paths can be blocked at points A and B. In an idealised
situation, with each of the beam splitters splitting in the ratio
1:1 and either one of the beam paths blocked, one quarter of the
laser power will arrive at photodiode 1 and none at
photodiode 2. This is because light travelling from left to right
along the fibre will create a Bragg grating with a reflectance
that tends eventually to unity. Light travelling from right to left
erases any grating that may initially exist. This behaviour is
clearly non-reciprocal though unblocking one beam path at any
instant and simultaneously blocking the other path should give,
at that instant, reciprocal reflection7).

Figure 1. Method of interrogating processed fibres to find
evidence of axial poling. pd1 and pd2 are photodiodes.

Procedures similar to those described in the last paragraph were
used to interrogate 0.5 m lengths of photosensitive fibre of
which 5 cm sections had been exposed to blue and UV laser
light. Some relatively small changes in transmission and
reflection were observed but the consistent pattern described
above was not evident, largely for reasons of weak
photorefractive response. There was no opportunity in the time
available to pursue the sort of material optimization techniques
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that are known to be effective in experiments with conventional
photorefractive crystals.

Conclusions

Attempts at poling optical fibres that have been reported up to
now8) have been directed toward producing transverse core
polarization for electro-optic modulators and parametric
frequency converters and amplifiers. In an axially poled fibre
the formation of Hill gratings by guided visible light may be
expected to be a very efficient process. This is because two-
wave mixing by the classical photorefractive  mechanism9) of
photovoltaic, electro-optic, response is allowed in the lowered
symmetry of the poled medium. Axial poling endows the fibre
with a preferred guiding direction and opens the way to non-
reciprocal fibre devices of a new type10).

It has not yet been possible to demonstrate such effects
convincingly but there seems to be no reason why, in principle,
they should not be achievable.
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Introduction

The increased availability and reduced price of high-power
laser sources have made laser material processing one of the
current mainstream techniques. Laser systems are now routinely
used for annealing, cutting of sheet materials and for welding
complex structures. Micro-machining of materials by direct
laser ablation is now used by an increasing number of
companies to create new products and fabricate existing ones
more efficiently.

Present state of the art systems use conventional optics and do
not have dynamic control over the optical parameters of the
system. In these systems a single diffraction limited focussed
spot is used, and generally the laser power and workpiece
position relative to the laser beam (focus position) are the only
free parameters. Due to the finite depth of focus of such
conventional optics the performance of current systems is
severely limited outside the focal plane 1).

We have used diffractive optics to modify the pupil function of
the focusing lens in a laser micro-machining system in order to
correct for aberrations initially present in the system, and to
enhance the 3-D machining performance.

Experimental

The test optical system was based on a 4-f configuration (see
Figure 1): a collimated 532 nm wavelength 6.5 mm diameter
light beam from a Spectra Physics GCR11 Q-switched
frequency doubled YAG laser (S) was incident, after passing
through a polarizing beam splitter cube (PBS), on a 256x256
pixel ferro-electric liquid crystal spatial light modulator (SLM,
Displaytech SLM256P). This combination of the SLM and PBS
provides a complex amplitude transmissivity with uniform
PDJQLWXGH� DQG� ��RU� � SKDVH� VKLIW�� 7KH� VSDWLDO� OLJKW�PRGXODWRU
was positioned in the back focal plane of an f=250 mm plano-
convex singlet (L1), which produced the optical Fourier
transform of the spatial light modulator pattern. The spatial
light modulator patterns were designed to incorporate a carrier
grating, which produced distinct diffraction orders in the
Fourier plane. From the optical Fourier transform the +1
diffraction order was selected by a 2.5 mm diameter aperture
(A). The aperture size was selected such that the zero order was
just excluded when the +1 diffraction order was placed at
normalized optical co-ordinates vx=vy �� � ZLWK� WKH� DSHUWXUH
centred on it. The transmitted diffraction order was then inverse
Fourier transformed by a second plano-convex singlet
(L2, f=300 mm) to generate the wavefront that was used to
illuminate the pupil of a NA=0.2 objective lens (O). The
objective lens pupil was under-filled resulting in an effective
NA of 0.083. The specimen (W) was mounted on a 3-D
positioning stage assembly (P) in the focus of the objective lens.
The positioning stages and the laser were operating under full
computer control.

Figure 1. Schematic diagram of optical system.

A CCD camera and colour filter (F) were also added to enable
direct viewing of the specimen during machining and
alignment.

Diffractive optics design procedures

For the design of the diffractive optical elements, ‘filters’ in the
following, a direct binary search algorithm was used 2). First the
filter is divided into 256x256 square pixels corresponding to the
UHVROXWLRQ�RI� WKH� VSDWLDO� OLJKW�PRGXODWRU�� DQG�D� UDQGRP��� RU�
initial phase is assumed for each pixel. The algorithm operates
E\�WRJJOLQJ�WKH�SKDVH�VKLIW�YDOXH�EHWZHHQ���DQG� �IRU�UDQGRPO\
selected filter pixels, calculating the least-squares error between
the intensities that would be generated by the modified filter at
given 3-D positions and a set of intensity values that were
prescribed for those positions, and then accepting or rejecting
the pixel change depending on whether the error decreased or
increased. Using the above procedure two-level filters were
designed with the peak target intensity positions displaced from
the origin, i.e. with a carrier grating having a spatial frequency
that placed the +1 diffraction order at vx=vy �� � �QRUPDOL]HG
optical co-ordinates) in the plane of aperture A. The actual
design process for the filters consisted of two steps.

First, filters were designed to compensate for increasing
amounts of primary Zernike aberrations by specifying a single
target point for which the intensity was maximized. These
filters were then loaded onto the SLM, and the intensity profile
in the focussed spot of the experimental setup was measured.
The aberration coefficients were then repeatedly adjusted and
the filters re-designed until a practically diffraction limited
focussed spot was obtained (‘corrected system’). The system
was found to have significant astigmatism and a small amount
of spherical aberration. Figure 2 shows calculated estimates of
the original un-corrected intensity point spread function (PSF)
for the system, the SLM pattern and corresponding pupil phase
distribution, and the corrected intensity PSF.

Figure 2. XZ (a) and YZ (b) sections from the calculated
estimate of the intensity PSF for the original un-corrected
system. Binary two level SLM pattern (c) used to create pupil
phase distribution (d) for aberration correction. XZ (e) and YZ
(f) sections from the calculated estimate of the intensity PSF for
the corrected system.

During the second stage of the design process the aberration
coefficients were kept constant and intensity values were
specified for additional points. The positions and required
intensities for these additional points were selected in such a
way so as to obtain an axially extended focussed spot while the
lateral extent of the spot was forced to stay constant at the
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diffraction limited spot diameter. The axial intensity within the
extended spot was also forced to be uniform. The intensity
profile produced by the finished filter design (‘corrected +
enhanced system’) is shown in Figures 3c and 3d. To further
illustrate the effect of the filters shown in Figures 2 and 3, axial
line traces extracted from the intensity PSF estimates for the
two filters are presented in Figure 4. The dashed line
corresponds to the corrected system and is the same as the sinc
line trace that would be obtained for a diffraction limited
system. The continuous line corresponds to the
corrected + enhanced system and shows the uniform intensity
distribution produced within an extended axial region compared
to the diffraction limited case.

Figure 3. a) Binary two level SLM pattern, b) pupil phase
profile corresponding to the SLM pattern, c) and d) XZ and YZ
sections respectively from the calculated estimate of the
intensity PSF for the aberration corrected + enhanced system
realised using the SLM pattern shown in a). The sections
FRUUHVSRQG�WR��� �ODWHUDO��KRUL]RQWDO�GLUHFWLRQ�LQ�WKH�LPDJH��DQG
50 axial (vertical in image) normalized optical co-ordinate
units.

Figure 4. Axial line traces extracted from the calculated
intensity PSF estimates for the corrected (dashed line) and
corrected+enhanced (continuous line) systems.

Results

The performance of the filters was tested by attempting line
cuts through an ~50 µm thick Al foil using a range of focus
positions and laser pulse energies. The range of focus and pulse
energy values that resulted in a complete cut through the foil
without any cut-line widening is shown in Figure 3. The light
grey area represents the system where the filter was used only
for aberration correction, and the dark grey area represents the
corrected and enhanced system. The results clearly demonstrate
that the process latitude for producing good quality cuts is
increased by approximately an order of magnitude. This
improved performance can be achieved without significant
penalties, the only drawback of the technique being the
~5x increase in the minimum ablation threshold. It is also
important to point out that the technique can be used to create
almost arbitrary 3-D intensity distributions enabling
significantly improved process control, and can be used to
achieve, e.g. better side wall profiles and deeper aspect ratios
for laser drilling, or the elimination of ‘hot cracking’ during
laser welding.

Figure 5. Measured ablation threshold – focus latitude plot for
the ‘corrected’ and ‘corrected + enhanced’ systems.
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Introduction

The discovery of visible photoluminescence from porous silicon
by Canham1) has created extensive studies of silicon
nanostructures2). Light emitting silicon nanostructures have
since been produced by using a wide range of different
techniques. Initial excitement surrounded porous silicon
(por–Si) because it represents an inexpensive and easily
prepared form of nanostructured silicon. Quantum confinement
effects are prominent in por–Si, which has led to a wide range
of studies into its optoelectronic properties. While an
explanation of Canham’s observation of visible light emission1)

has motivated most of the work on por–Si, increasingly interest
has developed in por–Si as a bio-compatible material and as a
component of chemical and biochemical sensors. Thus, we have
undertaken studies of por-Si both clean and in the presence of
deposits.

The origin of visible photoluminescence (PL) from nanoscale Si
is still the subject of much debate. Views are polarized between
quantum confinement and other mechanisms3,4). An explanation
based on quantum size effects alone does not explain all
observations. Surface species, surface states, fabrication
wavelength and pore structure also play a role; as reflected in
recent discussions 2, 5-8).

Another possible route to nanometre-scale Si structures is the
exploitation of sputtered metal nanoparticles as masks for
reactive ion etching (RIE). Seeger and Palmer created Si pillars
and cones by utilising rough metal films9) as masks for reactive
ion etching. Building on their work, we fabricated silicon
nanocones in a silicon-on-insulator (SOI) film and here we
report for the first time strong visible photoluminescence from
such cones.

Photoluminescence of porous silicon thin films

In this study por-Si is prepared by a photoelectrochemical
technique, previously described10,11), without external bias. The
holes necessary for etching are created on excitation of an
electron from the valence band to the conduction band by a
HeNe laser. We have observed12) a deposit on the external
surface when potassium ions are present in the etchant. In
subsequent studies13) we determined whether the deposit is
present on the internal surface, its chemical composition and its
effect on PL.

Laser assisted etching of n-type silicon, without an applied
potential, in a variety of etchants produces photoluminescent
porous silicon. Porous silicon produced from etchants
containing K+, Cs+ or Rb+ can have cubic crystallites of
hexafluorosilicate on top of, and embedded in, the porous
silicon film. These are formed during etching from the metal
ion and the etch product, SiF6

2–, via heterogeneous nucleation
and growth. The photoluminescence of the hexafluorosilicate-
coated por-Si on excitation with UV light is blue-shifted
(590–610 nm), as compared to porous silicon which shows red
photoluminescence (~640 nm), even though the pure
hexafluorosilicates exhibit no photoluminescence of their own.

One of the motivating factors for this investigation was to
produce por-Si with modified PL by deposition of a material
within the porous layer. The deposited material can modify the
PL signal either because it is itself luminescent or through

changes induced by deposition in the properties of the film. Air-
dried thin films of por-Si prepared in 3–6 molal HF(aq),
NaF/HF, NaF/HCl, HCl/HF and NH4HF2 photoluminesce in a
broad peak centred at 642±13 nm. The peak is roughly
Gaussian but is broadened on the low-energy side. The FWHM
is roughly 110–120 nm. Films produced in KHF2 that are not
covered with a deposit also exhibit a similar PL spectrum,
Figure 1. The PL spectra from these films are slightly blue-
shifted compared to films produced in 48% (w/w) HF(aq),
which luminesce at 677±18 nm7). The peak shape and width is
similar in all instances.

Figure 1. Photoluminescence spectrum from porous silicon
produced by etching in aqueous KHF2. A significant blueshift
and intensity enhancement is observed in the presence of a
deposit of K2SiF6.

When crystallites are visible on the surface of the por-Si the PL
has a peak at 611±12 nm or 593±18 nm for films produced in
KHF2 or KHF2/HCl, respectively, as shown in Figure 1. The
peak PL wavelength for Rb and Cs hexafluorosilicate deposits
fall within the range of samples with deposits produced in
KHF2. The question is now whether the deposit leads to the PL
shift directly, as a result of its own photoluminescence, or
indirectly, from some effect on film properties (structure,
dielectric constant, etc.). We find that pure K2SiF6 does not
luminesce significantly in the visible under UV excitation.
Therefore, it cannot be the source of the PL spectrum from
films with a deposit and the blueshifted PL results either from a
modification of the por-Si in the presence of K2SiF6 or from
newly formed interface states.

Photoluminescence from Nanoscale Silicon Cones

Nanoscale silicon cones, Figure 2, have been fabricated by
reactive ion etching on silicon-on-insulator (SOI) substrates
utilizing rough silver films as a mask. Photoluminescence
visible to the eye was observed after oxidation and annealing14).
Samples oxidised at 900°C exhibit intense photoluminescence
centred at about 530 nm, Figure 3, whereas samples oxidised at
1000°C luminesce weakly in the red to infrared region with
peak positions between 650 and 760 nm (Figure 4).
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Silicon nanocones fabricated on Si(111) substrates acted as a
reference system since the cones are not isolated from the
substrate by a wide band gap layer. The samples also showed
visible photoluminescence after repeated oxidation in a dry
oxygen atmosphere and annealing in nitrogen. Samples
oxidised at 900°C were found to emit light in the yellow region
similar to cones etched on silicon-on-insulator. This
photoluminescence and its intensity evolution can be

understood in terms of defect creation and annealing. Cones
etched on Si(111) substrates oxidised at 1000°C exhibit weak
red photoluminescence centred at 650 to 670 nm. This type of
photoluminescence most likely arises from a defect in the oxide
whereas photoluminescence signals centred at higher
wavelengths were attributed to a quantum confinement effect in
silicon clusters, or a combination of a quantum confinement
effect and Si/SiO2 interface states.

Conclusions

Diverse silicon nanostructures exhibit efficient visible
photoluminescence. The radiative mechanisms remain complex
and difficult to elucidate; however, it is becoming increasingly
certain that various mechanisms are responsible for light
emission depending on the conditions under which the silicon
nanostructures are formed.

The results demonstrate to our knowledge the first silicon
nanocones fabricated by reactive ion etching in silicon-on-
insulator which exhibit photoluminescence. In the future it
would be interesting to explore the photoluminescence
properties of ordered arrays of silicon cones or pillars
because.of their narrower size distribution and since such
structures should also display a photonic band gap.
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Figure 3. Typical PL spectra of silicon cones oxidised at
900°C etched in silicon-on-insulator substrates. The inset
shows the evolution of the peak intensity with oxidation
time; the lines are drawn to guide the eye.

Figure 2. Scanning electron micrograph of silicon cones on
an insulating oxide layer (tilted 30°) after etching and
cleaning.

Figure 4. Typical PL spectra of silicon cones oxidised at
1000°C etched in silicon-on-insulator substrates. The inset
shows the evolution of the peak intensity with oxidation
time; the lines are drawn to guide the eye.
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On the 1st April 2001 the Vulcan Petawatt upgrade was 2 years
in to a 3.3 year project to enhance the ultra-short pulse
capabilities of Vulcan to the Petawatt level.  The upgrade is
funded through an EPSRC grant and a collaboration
arrangement with Lawrence Livermore National Laboratories
(LLNL) US which provides ex-NOVA laser components in
exchange for beam time on Vulcan.  The upgrade will deliver
Petawatt power to target with the capability of adding additional
beams in the future for plasma probing and heating.  A brief
summary of the main areas of activity is given below with
further details described in the following articles.

Target area building

A major milestone of the project was the construction of a
large, new target area adjacent to the existing laser facilities to
house the Petawatt beam compression gratings and interaction
chamber.  The building was completed ahead of schedule and
officially handed over to RAL at the end of December 2000.
The completion of the new Petawatt target area building was
marked with a small celebration for staff and contractors on 24
January 2001.  The photograph below, Figure 1, shows
Prof. Henry Hutchinson, Director of the Central Laser Facility,
explaining how the new laser will enhance the current
capabilities of the CLF’s Vulcan laser and stimulate the
scientific programme of its users.

Pulsed power upgrade

The reconstruction of the Vulcan capacitor bank using high
energy density capacitors from NOVA was critical to the
upgrade. All major components including capacitors, triggers
and charging units were pre-assembled and tested off-line
throughout the year.  Vulcan was taken off-line to users in
January 2001 for three months to enable the work to proceed.
The installation went according to schedule, helped
considerably by meticulous planning of every stage.  After
some minor problems with electrical noise were solved, Vulcan
was back on-line to users in April 2001.

Design of the compression and interaction chambers

The design of the two large vacuum vessels in the Petawatt
target area has been a major activity for the CLF’s Engineering
Group during the year.  The 71 ton compressor chamber is
composed of three main sections.  Two cylindrical vessels at
either end hold the 1m aperture pulse compression gratings.
They are connected by a 13m long centre section which
transports the beam under vacuum between the gratings.

The interaction vessel is box-like in construction,
5m x 3m x 2m, and weighing 60 tons.  In use it will be
surrounded by 70 tons of lead, aluminium and polythene
radiation shielding.  The chamber supports all major geometries
for user experiments as detailed in last year’s Report and retains
versatility for future enhancements.  The chambers are under
manufacture and scheduled to be installed in mid-2001.

Clean Room Infrastructure

In support of the Vulcan Upgrade project, a new cleanroom
facility has been established in R2 for the purposes of handling
and testing large aperture optics up to 1 m in diameter and for
servicing disc amplifiers.  The facility is in close proximity to
the capacitor test bank which is used to test the halfshells and
completed amplifiers off-line.  The location of the whole
cleanroom complex in one contiguous unit improves the
cleanliness achievable, minimises component handling and
transportation and makes amplifier servicing more efficient.

Project Management

The Vulcan Upgrade Project is managed according to the
processes defined by the CLRC's Corporate Project
Management (CPM).  The project is controlled by the Project
Management Committee under the chairmanship of Dr TG
Walker, CE of CCLRC.  The PMC membership includes Profs
O Willi and J Wark (Principle users of Vulcan), Dr D Watson
and Mr. D Harman (EPSRC), Prof. MHR Hutchinson (Director,
CLF) and Dr C Edwards (Vulcan Petawatt Project Manager).

Vulcan Petawatt Upgrade Overview
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Figure 1. Henry Hutchinson describes the Petawatt upgrade and explains its future impact on the user community.
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Introduction

Last year we reported on the design of the building for the
Vulcan Petawatt Upgrade 1). This article sets out the progress
made on construction during the past year.

The building plan is shown in Figure 1 for reference.

Modifications to existing buildings

Target Area 2 ceased to be operational in April 2000 and work
commenced to join it with the Users Area. This involved the
removal of all the equipment from the areas, the removal of the
interconnecting wall, the re-routing of the stairs and corridor
over to the South Control Room, and the installation of a new
corridor to the new Target Area Petawatt (TAP) building.

Early in 2001 the wall between Laser Area 3 and Target Area 2
was removed and it was decided to remove the YLF Oscillator
Room completely as well as re-siting air conditioning plant.
This gap has been temporarily filled to enable Vulcan
Operations to continue whist the new Petawatt amplifier chain
and diagnostics area (Laser Area 4) is established and
equipment commissioned. This wall will eventually be
removed.

New building and services

The specification for the new building was outlined in last
year’s article 1). The following describes the building progress
through the year.

The contract for the new building was placed with Knowles and
Son and construction work started on the 14th February 2000.

Upon digging the foundations, electrical supply cables to R1
were discovered to run directly under the proposed wall.
Bridging foundations then had to be laid over these.

The foundations for the walls were completed at the beginning
of April.

By the middle of April the main steel frame for the entire
building was erected.

As part of the building two large 1 metre thick reinforced
concrete plinths were constructed by mid May, one to support
the compressor chamber and one to support the interaction
chamber. The plinths are necessary to ensure stability of the
optics that make up the pulse compressor. Photo 1 shows the
situation at this stage.

The floor of the target area, with in-built ducts, was completed
in June. Construction of the concrete shielding inner wall and
the brick outer wall progressed significantly. Photo 2 shows the
situation at this stage.

During July the building work advanced rapidly with both the
internal concrete shielding wall and the external brick wall
rising to the upper levels.

Building work continued through August. The installation of
the 5 T crane was the first sign of internal work on the building.

The fitting of the aluminium roof in September saw the building
looking externally complete whilst the inside walls were
finished with plasterboard. Installation of plant for the
building’s air conditioning services also began. Photo 3 shows
the situation at this stage.

The completion of lighting, suspended ceiling and other
services saw the building nearing completion in November.

The building was completed ahead of schedule and officially
handed over to RAL by the end of December 2000.

Photo 4 shows the completed building following the tarmacing
of the perimeter road. This should be compared with the
impression of the building published last year 1) , Figure 3.

Services

Following completion of the building, work has been
progressing on the installation of the basic infrastructure
services required to operate the Petawatt laser.

Photo 5 shows the building air conditioning plant installed on
the 1st floor of the new plant room.

Additional power distribution has been installed for plant ready
for commissioning the facility. The CLF’s N2 distribution pipe-
work has been extended to provide N2 for cooling amplifiers
and pneumatically operated equipment. A computer network
and telephone backbone has been extended to the new areas. A
comprehensive trigger/signal network has been installed
between TAP, its Control Room and the existing Vulcan.

On the ground floor of the plant room the large roots/rotary
vacuum pumpsets, the twin air compressors and receiver for the
compressor and interaction chambers pump down and let up
have been sited ready for final installation and commissioning
(see Photo 6).

Future work

The vinyl floor will be laid after the large compression and
interaction chambers have been delivered and the large
temporary opening in the south wall will then be sealed up
when the large equipment has been commissioned.

The laser interlocks will be installed soon during a convenient
slot in the Vulcan operations program.

The temporary walls between LA3, LA4 and TAP will be
removed and additional lead shielding doors and concrete
shielding walls added at a convenient time.

Conclusions

The construction of the Petawatt Target Area building and
modifications to the existing Vulcan laser building have been
completed on schedule thanks to the efforts of many members
of CLRC staff and contractors and await the installation and
commissioning of the Petawatt laser itself.
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Photo 1. Building as at May 2000 - Foundations complete, steel framework erected, reinforced concrete plinths cast.

Photo 2. Building as at June 2000 – Floor complete, internal concrete shielding and external brick wall being erected.
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Photo 3. Building as at September 2000 – Internal concrete shielding and external brick wall nearly complete, crane installed,
aluminium roof installed, building services plant being installed internally.

Photo 4. Building as at December 2000 – Building and road complete.
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Photo 5. Air Conditioning Plant on 1st Floor of new Plant Room.

Photo 6. Vaccum pumpsets and Let up compressors and receiver on Ground Floor of new Plant Room.
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Figure 1. Plan of Vulcan Petawatt Building.
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Introduction

A suitable vacuum environment is required in the interaction
and compression chambers for the propagation of the Petawatt
beam, the use of certain targets and diagnostics and to ensure
the efficient transmission from the interaction region of various
forms of radiation in particular harmonics and soft x-rays.  The
chambers are relatively large with volumes of 28 and 120 cubic
metres respectively.  This report describes some of the details of
the design of the vacuum system to be used to achieve the
pumping timescales for the interaction chamber of: 10-3 mbar in
15 minutes; 10-4 mbar in 1 hour; 10-5 mbar in 24 hours; and
with a let up time to atmospheric pressure of 15 minutes.  Only
the interaction chamber will be routinely vacuum cycled and
hence is critical in the specification.  The compressor chamber
will be isolated from the interaction chamber via a large
aperture, 630mm, gate valve and will only be let up to
atmosphere for maintenance purposes.  The vacuum system for
the compressor chamber is therefore only required to have a
pump down time to 10-3 mbar in 24 hours and 10-5 mbar in
72 hours.

Vacuum pump selection

In order to select the most cost effective vacuum pumping
system that would meet the timescale requirements, a feasibility
study was carried out on a number of possible design options.

From this study the most favourable systems were theoretically
modelled in both the rough to medium vacuum range and the
medium to high vacuum range to establish the optimum vacuum
pumping system. It was an important requirement to ensure that
the vacuum system selected would have:

• high reliability

• present a low risk of hydrocarbon contamination

• possess an inherently low vibration signal

• be able to withstand high electro-magnetic radiation fields.

These criteria led to the system illustrated in Figure 1.  The
vacuum system is comprised of rotary pumps, roots boosters
and turbo-molecular pumps.  The let-up system is comprised of
oil free compressors delivering clean dry air through a gas
reservoir.

The roughing system1) comprises duplex pump packages using
a combination of 1000 m3 h-1 roots pump and a single stage
280 m3 h-1 rotary vane pump to give a total nominal roughing
pump package performance figure of 1460 m3 h-1 at the pump
inlet port.  An inherent part of the roughing pump package
selection process was the performance losses caused by the
remote location of the roughing pump packages in the plant
room. These losses were also theoretically modelled and an

Vacuum System Design for Vulcan Petawatt Interaction and Compression
Chambers
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Figure 1. Schematic design of the vacuum and let-up system for the Vulcan Petawatt Compressor and Interaction Chambers.
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optimum roughing pipeline diameter of 160 mm was selected.
The roughing pump package location was chosen because of the
considerable heat and noise generated by the vacuum pumps
when operating under full load conditions.  Additionally as the
surface areas are very large within both vacuum chambers the
surface outgassing from the pumped volumes has been
minimised by the use of low outgassing materials where
possible and electrodeless nickel plating of the vacuum chamber
interiors.

The roughing pump packages are capable of an ultimate
pressure of  < 6 x 10-3 mbar, which provides for a wide margin
of ultimate pressure performance at maximum pumping speed
to complement the performance characteristics of the 2000 l s-1

high throughput Turbomolecular vacuum pumps2).  These
pumps were selected as they meet all the performance criteria
with the additional benefits of the ability to handle high gas
loads at high fore-vacuum pressures and require minimal low
cost maintenance.  From the theoretical modeling process it was
again established that duplex pumps would be required to meet
the specification requirements on the interaction chamber and
that one pump would be capable of maintaining the vacuum to
specification within the compression chamber. The
Turbomolecular pumps are all close coupled through a gate
valve to each chamber for increased pumping speed and
flexibility. The backing pumps for each Turbomolecular pump
are also close coupled to maximise performance and minimise
cost.

The theoretical performance of the complete system is shown in
Figure 2 (a) and (b).  The Compressor Chamber is calculated to
pump down to 10-3 mbar in 2 hours and 10-4 mbar in 24 hours.
The Interaction Chamber is calculated to pump down to
10-3 mbar in 20 minutes and 10-4 mbar in 1 hour.  These times
are largely within the specification highlighted in the
introduction with the exception of the pump down to 10-3 mbar
in 20 minutes for the interaction chamber which was cost

constrained.  It should be noted that these estimates are based
on a clean environment and could be lengthened dependent on
user diagnostic and target requirements.

Let-Up System

With large volume vacuum chambers housing delicate optical
components such as those used in the Petawatt upgrade the
re-pressurisation process requires a let-up system that will not
damage or contaminate the optics and chamber interior. Any
contamination of the chamber interior also compromises
subsequent re-evacuation cycles, as contamination products
such as water vapour can greatly extend the chamber cycle
times.  The Petawatt let-up system consists of duplex oil free
compressors capable of delivering 30 l/s at 7 bar with forced air
aftercooling, refrigerant dryer and 0.01 micron filtration stages
to produce oil free, clean dry air at high pressure, which by the
incorporation of a pressurised reservoir will meet the required
re-pressurisation timescale specification.

Control system

The system designed to control the vacuum and let-up
components and their sequence of operation consists of a
modular Programmable Logic Controller (PLC) system3), with a
user terminal including a colour graphics screen. The modules
consist of digital I/O, relay outputs and analogue inputs.  The
digital I/O is used to operate solenoid valves and return the
valve status, and the relay outputs are used to engage the
contactors that supply the vacuum pumps.  An analogue signal
is taken from the vacuum gauge controller which allows the
chamber pressure to be displayed on the graphics screen.  A
schematic diagram is also displayed, showing pump operation
and valve position, with various pump down and let-up options
available.

Conclusion

A vacuum and let-up system has been designed to fully meet or
exceed the operational performance requirements of the Vulcan
Petawatt Compressor and Interaction Chambers.
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Figure 2. Theoretical pump down curve of  (a) The
Compressor Chamber.  (b) The Interaction Chamber.
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Overview

Before the Petawatt upgrade was financed for the Vulcan laser
it was recognised that the disc amplifier pulsed power
equipment was vulnerable to total failure through component
obsolescence.  One power supply unit was a remnant of the
initial 1976-77 installation, and was at this time supporting the
six main output amplifiers. In light of the serious implications
for the facility, funding to replace the pulsed power equipment
was sought, and agreed by the EPSRC.

The proposal presented costing for a multi-channeled, modular
disc amplifier system utilising switched mode units to charge
each capacitor bank, to be further enhanced by new Ignitron
trigger modules to provide a reliable amplifier cascade
triggering option. The cascade firing of amplifiers provides a
convenient and accurate mechanism for balancing the relative
individual beam intensities, or otherwise as required.

At this time a proposal to upgrade the Vulcan laser to Petawatt
capability was under discussion which concluded with funding
being provided by EPSRC and hardware made available from
the closure of the Nova laser at Lawrence Livermore National
Laboratories (LLNL) in the US.  This hardware included

capacitors, ignitrons, racks, resistors and fuses all of which
would be used in the Vulcan pulsed power system. As a result
of this development, the pulsed power upgrade project was
incorporated into the Vulcan laser upgrade project.

The Upgrade Requirement

The proposed laser upgrade involved boosting the output with
the addition of three Nova 208mm amplifiers, and to provide
isolation with a 208mm Faraday Rotator.  To accommodate this
hardware one target area, a user computer room and an
oscillator room would be converted into an extension of the
laser (LA4). A new building would provide for a sixteen-metre
beam compression chamber, and a new interaction chamber.
Space would be generated to accommodate the extra pulsed
power requirement by replacing the existing capacitor banks
with a reconfigured installation utilizing higher density
capacitors from Nova powered from switched mode power
units.

Pulsed Power Project

It was clear that successful completion of the installation within
the allotted period from January to April 2001 would require

Vulcan Pulsed Power Installation and Commissioning
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Figure 1.  Paul Holligan of the CLF Electrical Engineering Section adjusting a PFN following installation of the new Vulcan
pulsed power area.
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pre-construction and testing of all equipment to be installed.
Although there were practical limits to the amount of pre-
construction possible, all equipment was procured and tested in
some form during the preceding year.

To accomplish this goal it was essential to provide a suitable
test facility with capability for testing at least one complete
modularized amplifier channel. With future test requirements in
mind an independent off-line amplifier test facility was
designed and built to accommodate all sizes of amplifier used in
Vulcan. Until this time amplifier testing had been slotted into
the experimental programme utilizing on line equipment. The
off line facility adjacent to the amplifier construction room has
greatly improved the overall efficiency of the construct and test
procedure.

Testing and Commissioning

It took several months to procure equipment, construct and
commission the test facility which provided a capacitor bank
blockhouse and amplifier test bay, driven from, and monitored
through power units coupled to a Camac system controlled from
a PC linked by Ethernet.  The test facility was commissioned in
April 2000 and a long test programme that would take us
through to the commencement of the upgrade proper was
started.

All 360 plus capacitors had been received from LLNL by the
start of the testing and were being built into units of four and
five capacitors on standard reinforced plastic palettes.  This
method of construction proved to be a cost-effective solution to
the logistical and geometrical problems of bank building,
storage and safe maneuverability.  Each capacitor was inspected
for damage and capacity before being numbered and mounted
onto a palette for unit testing. The capacitor unit support frame
was built complete with Pulse Forming Network units [PFNs]
attached, thereby making the capacitor unit change-round a
fairly innocuous task, which took only a few minutes. A fork-
lift unit was used to maneuver the capacitor units into position,
and the connection of bus bars to the PFNs completed the task.
Testing amounted to charging the capacitor units from
5 to 20 kV in 5kV steps and finally 22kV. The stored energy
was discharged into dummy loads at each level with the control
computer recording each event to disc. A hard copy of all
related data showing all charge details including a linear plot of
the constant current charge, and the discharge waveforms was
recorded through a Camac based Transient Recorder module.

The test facility proved very successful allowing parallel testing
of power units and the control interface, Ignitron cabinets,
Ignitron trigger units, and Camac based trigger pulse delay units
with fibre optically coupled outputs developed for this purpose.
Upon completion of power unit tests there was sufficient space
available to build them into cabinets ready for installation as
complete units of four supplies, a control interface, and
individual three phase input breakers.

Procurement of industrial storage racking for the new capacitor
bank construction provided opportunity for engineering
personnel to get a feel for constructing the support frames.  This
again proved to be a cost-effective, efficient acquisition that
required the minimum of effort to construct and provided
temporary storage for tested capacitor units.

Installation

Installation of the pulsed power equipment started in earnest on
January 8th 2001. There was much to be accomplished in a
relatively short time, and the schedule was precise.

The Vulcan pulsed power equipment was removed in a few
days with just two items of the old installation retained, the
Faraday Rotator Capacitor bank, and all existing amplifier
cables which were supported out of harms way.  Vulcan was
now truly out of operation, and the pulsed power room became

a centre of concentrated effort for the entire complement of the
department’s engineering group.  Everyone working on the
project was aware of the importance for the installation being
completed on time, and was resolutely committed to achieving
this goal.

Installation of the hardware was effectively completed by mid-
March, with no major hold up, and the test programme began
by checking the high voltage integrity of each circuit to 24kV.
This was followed with each individual controlled item being
checked for correct operation.  Once this important preliminary
stage of testing was satisfactorily completed it was possible to
move on to testing local computer control, and iron out any
software problems.  At this stage it was of paramount
importance that we had confidence in control, and were able to
cope with all foreseeable eventualities during the capacitor bank
charge and discharge tests which followed.

The capacitor banks were charged individually in stages to full
charge status with the stored energy being discharged into
dummy loads.  These tests were conducted under local control,
and were an essential precursor to amalgamation with the main
control system, and the eventual commissioning of the laser as a
working unit.

Integration of the pulsed power system with the main control
was not accomplished easily, and many problems were resolved
throughout the commissioning process.  This was the only part
of the installation project that it had not been possible to pre-
test.   As a consequence the commissioning programme overran
by two weeks, during which many lines of software were added
or amended.  During this time the amplifier monitoring and data
acquisition equipment was tested, providing on screen detailed
analysis of amplifier performance.  Amplifiers and Faraday
Rotators were fired individually and eventually in
combinations, with the relative timing to the front end being
tuned for optimum performance.  In only three and a half
months the Vulcan laser was brought back on line, with
experiments running in target areas East and West.

Figure 2.  Ray Wyatt, Section Leader, CLF Electrical
Engineering monitoring the pulsed power performance
through the dedicated  PC control.
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Introduction

The compressor chamber houses the two large aperture
(940 mm) diffraction gratings under vacuum to preserve pulse
fidelity to target.  The beam configuration, the beam size and
the footprint of the optical mounts largely governed the size and
design of the chamber.  The chamber will be manufactured in
three main parts: two cylindrical vessels that house the optics,
and a rectangular transport section between the two. The
chamber will be manufactured from nickel plated mild steel.  It
will weigh 71 tons and has a volume of 120 cubic metres.  It
will have a turbo-molecular vacuum system capable of pumping
down to 10-3 mBar in 24 hours or 10-5 mBar in 3 days.

An artist’s impression of the inside of the chamber is shown in
Figure 1.  The beam enters the chamber via an expanding
vacuum spatial filter (shown in green below) which is part of
the same vacuum system to minimise the number of optics in
the beam.  The beam is collimated with a 14m focal length lens
then turned using one of the reworked LLNL large aperture
mirrors onto the first of the grating pair.  After compression the
beam is turned into the main interaction chamber using a
partially transmissive mirror.  The 0.2% leakage through the
back of the mirror is used for compressed beam diagnosis and is
represented as the red focusing beam at the top of Figure 1.

Foundations

In order to achieve optimum compression the grating stability is
of critical importance.  The angular mismatch that can be
tolerated between the two gratings is 18 micro radians and the
sensitivity to the pointing accuracy of the incoming beam is
2 milliradians.  In order to achieve these criteria the building
was designed with an independent plinth (foundation) for the
compressor chamber.  This measured 19m x 4.7m and was 1m
deep made up of reinforced concrete.  It is designed in this way
so that the compressor chamber will be supported on a stiff
‘raft’ and that this will allow some independent movement of
the foundations within the target area.  This could be

particularly important when the 70 tons of shielding is installed
around the interaction chamber.

Chamber design

The chamber was designed in-house with detailed drawings
provided by an external contractor 1).  Its cost and the
requirement for vacuum and laser cleanliness drove the material
specification, with the whole chamber manufactured from
Nickel-plated mild steel.

The first of the tanks contains the collimating lens from the
expanding Vacuum Spatial Filter, a 940 mm diameter turning
mirror and the second of the compressor gratings.  The second
tank contains the first grating, diagnostic mirrors and the final
turning mirror in to the interaction chamber.  The tanks are
made from 25 mm thick rolled mild steel, are 4.5 m in diameter
and 2.0 m high.  Ports are made available for beam access and
to diagnose the beam.  A set of six ports in each chamber will
allow feed-throughs for electrical cables for the mirror drives.

The floors of the compressor tanks are 85 mm thick and will be
secured directly to the plinth via a 600 x 600 mm array of pre-
tensioned vacuum sealed bolts.  This will reduce the deflection
of the floor under vacuum thus giving a stable surface for the
mounting of the lenses and diagnostic mirrors.  The gratings
and the first turning mirror, which require additional stability,
are supported through the tank floor directly on to the concrete
plinth and vacuum isolated via bellows assemblies.

The lids of the two tanks are each spun from a single sheet of
25 mm thick mild steel.  Each lid weighs 4 tons and for mirror
installation and removal will have to be taken off the tank
completely with the internal crane, which has a capacity of
5 tons.  For more routine personnel access a 600 mm port is
provided in the lid.  A smaller port is provided centrally in order
to illuminate the tanks.

The beam transport tube between the two tanks is of
3.5m x 0.85m rectangular section.  To resist buckling under

Vulcan Petawatt Compressor Chamber Design
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Figure 1.  Artist’s impression of the inside of the compressor chamber showing the incoming beam in green (bottom left), the
diagnostic beam as a focusing red beam (top) and the interaction chamber (bottom right).
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vacuum a series of ribs of 1m spacing are welded externally to
the tube.  The design was optimised using finite element
analysis.  Five vacuum ports for the entire compressor chamber
are provided beneath the rectangular transport tube.  Due to the
complexity of the beam transport tube and to ease Nickel
plating it will be manufactured in three sections and welded
together at RAL.  An artist’s impression of the compressor
chamber when fully installed in the Petawatt target area is
shown in Figure 2.

Gate Valve

A gate valve will be available to provide isolation between the
compressor chamber and the interaction chamber.  This is
required as it will be necessary to vacuum cycle the interaction
chamber during experiments.  The gate valve will have an
aperture of 630mm.  A picture of the valve following final
testing is shown in Figure 3.  In order that alignment within the
interaction chamber can continue whilst the gate valve is closed
it is designed with five windowed ports.  One is of 90 mm clear
aperture, centrally mounted, and 4 are of 40 mm clear aperture
which define the 73% points of the beam aperture in the
horizontal and vertical planes.

Diagnostic capability

The compressor chamber has been designed to allow
comprehensive diagnosis of the laser beam:

• The stretched pulse, which is injected into the vessel from
the laser, can be diagnosed via leakage through the first
mirror and through a full aperture port, although initially
this will not be catered for.

• The diagnosis of the compressed pulse is via leakage
through the final turning mirror in the compressor
chamber.

This beam is then turned through 180 degrees using two turning
mirrors and then focused using a lens identical to the
collimating lens for the incoming beam.  It is appropriate to
focus the beam inside the compressor chamber, as it is easier to
control the B-integral of the down collimated beam and does

away with the need to provide a full aperture window to extract
the beam from the chamber.  Two small ports are provided
through which the diagnostic beam can be directed where an
array of short pulse diagnostics are provided.

Conclusion

A large and complex vacuum vessel has been designed to
incorporate the optics associated with the compression of the
Vulcan Petawatt laser facility.  The chamber is currently in
manufacture and will be installed within the target area at the
end of 2001.
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Figure 2.  Artist’s impression of the compressor chamber when fully installed in the Petawatt target area.
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Introduction

The Vulcan Petawatt Upgrade will deliver 1 Petawatt of power
(500 J in a 500 fs long laser pulse) on target. The beam diameter
will be 600 mm and the beam will be nearly diffraction limited.

The design of the interaction chamber has to fulfill various
requirements1). It has to be stable enough for focusing the beam
with an F/3.1 off-axis parabolic mirror. Access for a large
number of different diagnostics to the interaction point is
necessary. The vacuum system has to be capable of pumping
down the chamber in the time between two shots of the Vulcan
laser. Because of the large amount of radiation
(γ, p, e, n, X-rays) the chamber also must accommodate
sufficient radiation shielding2).

General design

The design of the interaction chamber is shown in Figure 1. It is
a rectangular tank made of 125 mm thick mild steel. This design
was chosen because of the lower cost compared to a chamber
made from thinner plates with welded stiffeners. The 125 mm
steel also provides an additional radiation shield. The size of the
interaction chamber is 2m x  2.2m x  5m.

The north wall of the chamber (Figure 1) can be removed in one
piece by means of the crane installed in the target area. This
enables access to the chamber to install unwieldy equipment
inside the chamber.

The inside of the interaction chamber will be nickel plated to
reduce outgassing and meet clean vacuum and laser
requirements.

Foundations

Finite element calculations showed that the biggest deflection of
the chamber floor during evacuation would be about 1 mm. It
was therefore decided to put a single block of concrete, which is
1 m thick, underneath the chamber. The chamber will then be
bolted down to this concrete block by thirty two M24 bolts.
This will reduce the movement of the chamber floor to less than
4 µm between atmospheric pressure and vacuum. It will enable
us to mount all the mirror and target mounts directly to the floor
of the chamber, thus providing us with a maximum of flexibility
in future experimental setups.

Ports

An overview of all the ports is shown in Figure 1. The chamber
was designed not only to meet the requirements of experiments
with a single Petawatt beam of 600 mm diameter but is also
capable of providing additional long pulse high energy beams to
the target. These long pulse beams are necessary for a whole
range of future experiments. Ports for the long pulse beams are
mainly on the west and the north side of the chamber.

The west side of the chamber also has three large rectangular
ports. Access to the chamber will be provided by one door
which can be mounted at either one of these ports, depending on
the particular experimental setup. The other ports can be used as
access ports for diagnostics.

The large beam port on the north side of the chamber can be
extended by a tube, making is possible to install focusing
optics, e.g. an off-axis parabolic mirror with a large F-number.
This would be necessary for a large number of experiments
aiming at new particle acceleration schemes. The big
rectangular ports on top of the chamber will give direct access
to the mirrors or mirror mounts.

Shielding

In order to avoid activation of the chamber walls by radiation
produced by fast particles during experiments, there will be a
20 mm thick Al lining inside the interaction chamber. The
activation of the Al will be routinely monitored, and it will be
replaced if necessary. To meet the environmental regulations,
the complete interaction chamber will be housed in 150 mm of
Lead backed up by 100 mm of high density polythene. This
shielding together with the 60 cm concrete walls of the target
area will be sufficient to decrease the amount of radiation to the
level of the natural background outside the Petawatt Target
Area.
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Figure 1.  Drawings of the chamber walls.
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The large optics used within the compressor and interaction
chambers of the Vulcan Petawatt target area required mounts to
be designed to provide adequate stability and resolution of
adjustment.  The compressor system was designed using two
main turning mirrors, two diagnostic mirrors, two lenses and
two gratings.  In addition the interaction chamber houses a
turning mirror and the focussing parabola.  All these optics
could be mounted using a similar system with specific
requirements individually catered for, i.e. translations and
rotations. Nine mounts were acquired of the LLNL design
which were originally used to support mirrors off the Nova
space-frame.  This did not lead to a compact or vacuum
compatible design but with significant modification it will be
possible to use these mounts for the upgrade.

The Petawatt upgrade required the mounts to be housed within
the vacuum chambers, plus occupying as small a footprint as
possible to minimise the size of the chambers. This was
achieved by utilising the main body of the LLNL mounts by
cutting and re-welding the framework to enable the x-y
positioning slides to be used.  The mirror bezel was also
retained by mounting it vertically on existing mounting flats as
shown in Figure 1.  With the addition of radial slides to give the
mirror tip and tilt about its front face a fully gimbaled design
was achieved.  This design was then used to house both the lens
assemblies with the extra design feature of rotation about the
centre axis mounts for the gratings, and the off-axis parabola.
The specification of the adjustment range and degree is given in
the table below.

A common mirror adjuster was designed in order to achieve the
required degree of accuracy in a cost-effective manner.  This
mechanism consists of a floating ball nut and screw unit housed
within pivot bearing assemblies.  This allows the linear
movement to be transmitted to the angular rotation required for
tip, tilt, and rotation.  For the x-y movement the pivots allow the
units to be mounted at any angle therefore allowing for any
misalignment.  The ball screw is driven via a solid coupling by
a stepping motor or manual adjuster. This motion is achieved by
a combined thrust and roller bearing to eliminate any hysteresis
and backlash in the unit.

Each of the adjusters could be manually or remotely operated
but once inside the vacuum, accessibility to the drives and the
vulnerability of the optics to mechanical damage led to the
decision to motorise all of the adjusters with stepper motors.

The system designed to control the movement of the mirrors
and gratings consists of two Parker 6K8 Motion Controllers,
which provide sixteen axes of stepper motor control via Parker
L25 Stepper drives.  A resolution of 4000 steps per revolution is
used to meet the required specification.  As there is no
requirement for all of the axes to be moved simultaneously,
each stepper motor is wired to the chamber wall and connected
to the stepper drive when motion is required.  The software to
control the motions and provide the user interface is written in
LabView, and provides the user with incremental or specific
position commands.

The mount was tested using a 30cm aperture interferometer
operating at 630 nm.  Vertical or horizontal fringes were
individually resolvable by eye which easily enabled angular
position measurement of the mount to better than 1 µrad.  It was
not possible to test all aspects of its function due to a limited
number of drive actuators.  Thus, the tests concentrated on the
two important aspects of its fine adjustment function – the
performance of the vertical and horizontal axis fine angular
adjustment and an assessment of the angular orthogonality of
the vertical and horizontal axis.  The vertical axis adjustment
resolution was measured at ~1 µrad with a reproducibility of
~4 µrad over a 2 mrad adjustment cycle.  The horizontal axis
displayed a similar performance.  There was no measurable
coupling between the horizontal and vertical motions. The tests
proved the mount met the exacting specification of the Petawatt
optics and approval was given to incorporate this into the
upgrade design.

Adjustment
Range

Horizontal
Axis

Vertical
Axis

Longitudinal
Axis

Angular
Adjustment
Range

± 5° fine ± 5° fine variable
+ 45° coarse
variable mirrors
± 180 ° coarse
variable gratings

± 5° fine

Linear
Adjustment
Range

± 50 mm
(+300 mm
final turning
mirror)

No adjustment ± 50 mm

940 mm mirror and grating mount design
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Fine Adjustment Resolution Reproducibility

Vertical Axis Rotation (Tilt) < 5 µrad < 5 µrad

Horizontal Axis Rotation (Tip) < 300 µrad < 300 µrad

Longitudinal Axis Rotation
(Rot)

< 30 µrad < 30 µrad

Longitudinal Translation 0.1 mm 0.1 mm

Horizontal Translation 0.1 mm 0.1 mm

Figure 1. Mirror mount.
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Introduction

The capacitor bank upgrade for the Petawatt system has been
more than just a re-fit of high-density capacitors. Individual
power supply units (PSU) are now in use, one per disc amplifier
assembly. The modular pulsed power installation provides a
more readily serviceable assembly with independent amplifier
units designed to improve system flexibility and reliability.

A more critical circuit monitoring system also provides shot to
shot information about each amplifier circuit performance. The
sensitivity is such that during testing the status of a faulty
8000 Amp fuse was manifested by deformation of the discharge
current waveform. This is a vast improvement on the previous
system sensitivity where signals were derived from the total
amplifier current at the Ignitrons rather than individual lamp
circuits at the amplifier. Previously, a universal PSU problem
meant that up to 6 amplifiers could be out of commission at the
same time. The new system allows for individual PSUs to be
replaced and also adds flexibility in allowing tuning of the high
voltage to cater for mismatches in the amplifier gain profiles.

Computer Control

The upgraded capacitor bank has required the commissioning of
a local computer control system due to the desire to have much
finer control of the capacitor bank interlocks and of the
charging sequences. The local computer runs a multi-threaded
Delphi application under Windows NT that continuously
monitors the many interlock signals produced by each power
module. It also monitors the serial communications link that
enables the local computer to work with the main DOS-based

Vulcan control network. When receiving commands to, for
example, test interlocks or to charge the high voltage power
supplies, the system responds with the appropriate data or
action.

Waveform Digitisation

As already implied, one significant improvement of the upgrade
is in the use of multi-channel waveform digitizers. These are
CAMAC modules each of which has 8 individual inputs
typically digitizing at rates of 500 kHz. This allows
2 microsecond resolution which is fast enough to detect fast
transient effects without generating too much data.

Each of the 15 disc amplifiers has four pairs of flashlamp cables
and an earth return, with 3 Faraday rotators monitored as well.
There are a total of 78 waveforms captured and analyzed per
shot.

The graphs below show the type of data obtained from the
waveform digitizers, demonstrating successful and unsuccessful
firings of the amplifiers. The control computer is programmed
to learn what a good shot is on the basis of the peak height and
the full-width half-maximum (FWHM) of each signal and to
report errors to the operator.

Development

Although only just commissioned, the capacitor control
program will be under constant enhancement and is expected to
aid troubleshooting by presenting detailed fault analysis or
prediction of failure to the operators.

Capacitor Bank Control System Upgrade
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Figure 1. Graphs showing the outputs from the waveform digitizers for one of the 150 mm diameter disc amplifiers. Each disc
amplifier has four flashlamps and one earth return signal, which in the diagrams above are colour coded : 1 - cyan; 2 - magenta;
3 - yellow; 4 - dark blue; earth return - green. Each graph is displaying data values in counts (y-axis) versus time in microseconds
(x-axis). The top left graph shows a normal set of signals for a successful firing with a flat earth return; the top right graph shows a shot
where one of the flashlamps and the earth return signal show abnormal disturbances due to a cracked lamp. This disturbance is shown
in close up in the lower left graph. The lower right graph shows a shot where the amplifier had a catastrophic failure.
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Introduction

In high power lasers, such as Vulcan, large aperture adaptive
optics (AO) are not only needed to correct the wavefront in
order to improve their focusability, but in the Petawatt regime
temporal pulse compression becomes a function of spatial
wavefront quality. A large aperture dynamic wavefront
corrector has been developed within the CLF for use on the
Vulcan Petawatt beam line.

Experimental setup

Following the preliminary tests conducted in the Vulcan target
areas, a number of improvements were made for the second
round of trials, which took place in the Vulcan laser hall. These
concentrated on greater quality control of optics used in the
H[SHULPHQWDO� VHWXS��ZLWK�DOO�RSWLFV�EHLQJ�EHWWHU� WKDQ� ���3HDN�
Valley (P-V). The local reference beam, critical for good
correction, used in these trials showed a wavefront quality of
���3�9�

Figure 1 details the adaptive optics trials set up in the Vulcan
Laser hall. This takes Beam 7 from Vulcan and retro-reflects it
with either the adaptive mirror, or a high quality reference flat.
After this a beam splitter is used to generate the wavefront
sensor channel and also propagates the beam to the diagnostics
bench. A drop in mirror also allows the local reference beam to
be injected into the setup if desired. The diagnostics used
included a radial shear interferometer2) for wavefront sensing,
an input far-field CCD camera, a corrected far-field CCD
camera, and a 16-bit far-field CCD camera.

Adaptive mirror and wavefront sensor

The adaptive mirror used in these trials is based on bi-morph

technology developed in the CLF and comprises a 64-element
low voltage corrective mirror, shown in Figure 2. The Bi-morph
substrate is constructed from 4 separate PZT elements, glued
together in quadrants to form a larger substrate.

Wavefront sensing is achieved using a Fresnel zone plate array
Hartman wavefront sensor. This consists of an array of 80
amplitude Fresnel zone plates shown in Figure 3. The far-field
spot locations are proportional to local wavefront gradients;
hence changes in the far-field spot locations indicate changes in
the wavefront gradients. The individual spot locations are

Adaptive optics trials on Vulcan
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Figure 2.  Bi-morph mirror architecture used in the adaptive
optics trials.
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located to better than 1/20th of a pixel accuracy by a centroiding
algorithm in the adaptive mirror control software. The flat
wavefront of the local reference beam is used to generate spot
locations, shown in Figure 3, which are saved as the flat
wavefront reference. The changes in the spot locations when the
abberated Vulcan beam is propagated through the Hartman
sensor generate 80 ‘x’ and 80 ‘y’ gradients.

Computer control and program

With the local reference beam incident on the adaptive mirror a
voltage is applied to each of the 64 mirror actuators in turn and
the subsequent deviation of the Hartman spots is recorded. This
generates a 160 x 64 matrix, the so-called response matrix of
the mirror. Using singular value decomposition the matrix is
inverted and the singular values extracted. It is a

straightforward task from this stage to obtain a control matrix in
order to drive the mirror in a closed loop. Terms in the inverted
matrix can be thought of as modes of the mirror, higher order
terms in the matrix representing higher order modes of the
adaptive mirror. In order to perform noise reduction it is
possible to set the appropriate singular values to zero,
effectively turning off the higher order modes of the mirror.

The aberrated Vulcan beam is then propagated onto the
adaptive mirror. The control program for the adaptive mirror
then applies the necessary voltage to the mirror actuators in
order to move the Hartman spot positions of the aberrated beam
to the positions generated from the reference beam.

Closed loop operation

In order to determine the best possible correction the adaptive
mirror could obtain, the mirror was used to attempt a correction
of the diffraction limited reference beam. The mirror would in
effect be correcting for its own inherent aberration that Figure 4
shows to be around 1.8 waves. The second interferogram is
from the mirror running closed loop correcting for this
aberration. With very few aberrations present in the reference
beam, the adaptive mirror can correct its 1.8 waves P-V of
inherent aberration to about 0.35 waves P-V. This compares
well with the 0.2 waves P-V of the reference beam. This
disparity comes from the obvious central feature, which is
thought to arise from the fact that the PZT substrate is not
formed from a single piezo-ceramic wafer but is in fact four
separate substrates glued together. The central feature was seen
to increase in magnitude during the mirror trials, suggesting
some deterioration in the bond between the four separate
substrate elements.

Closed loop correction of a Vulcan Beam

The adaptive mirror was used to correct the 135mm clear
aperture Beam 7 that was apertured to 108 mm for the purposes
of these trials. Beam 7 was measured to have 1.2 waves of
aberration and with the adaptive mirror run in closed loop this
was corrected to 0.4 waves, as shown in Figure 5. This is close
to the diffraction limit. The clarity and contrast of these
interferograms is not of the same quality as those produced by
the local reference beam as the Vulcan alignment laser is
significantly lower in power and has a Gaussian intensity
profile.

The wavefront correction by the adaptive mirror resulted in a
marked improvement to the focal spot profile of beam 7 as
shown in Figure 6. There is even evidence of the Airy pattern
produced by a diffraction limited beam beginning to form.

Effect of mode reduction

As mentioned previously it is possible to switch off the higher
order modes of the mirror in order to reduce the amount of
noise present. A series of 1000 consecutive Hartman spot
patterns were recorded with different numbers of mirror modes
switched on. Figures 7 and 8 show the mean pixel displacement

Figure 3. Hartman wavefront sensor and a typical spot
pattern.

Figure 4. Interferograms showing the beam quality of the
uncorrected local alignment beam (left) and after correction
(right).

Figure 5. Interferograms showing the uncorrected Vulcan
alignment laser  ( left ) and after correction ( right ).
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and pixel variance for the 5 different Hartman spot rings. Note
the effect of the central feature, seen on the interferograms, on
the central ring of Hartman spots. There is an optimum number
of modes to use in order to make a correction. With reference to
Figure 7, as more modes are introduced the mean Pixel
displacement falls rapidly to a minimum value at about 20. The
average pixel displacement is then seen to rise gradually, the
cause of which is the introduction of more noise from the higher
order modes. Figure 8 shows the pixel variance of the pixel
means rising gradually as more modes are switched on.

Environmental testing

A series of environmental tests was also conducted with the
adaptive mirror placed in a retro-reflective position after the
beam 7 amplifier, the position it would nominally be used in the
Petawatt upgrade. It is important to determine the survivability
of the adaptive mirror in this electrically and magnetically
hostile environment. In order to generate the maximum possible
amount of noise, the entire Vulcan disc amplifier system was
fired, with the adaptive optic correcting the Vulcan alignment
laser. This appeared to have no impact on the effectiveness of
the correction with the mirror in this position. Figure 9 shows
the Vulcan alignment laser and the amplified Vulcan alignment
laser, recorded when the disc amplifiers were fired. It is
important to note that the far field in Figure 9 (right) is

saturated but that the performance of the mirror is in no way
affected by the noise, i.e. there is no radical change to the
farfield image.

Conclusions

We have demonstrated using an adaptive mirror developed
within the CLF that the Vulcan beam quality can be
dynamically improved to ~ 0.4 waves from ~1.2 waves p-v. The
system has been repeatedly tested in an electrically hostile
environment and proved to be unaffected.

A new mirror is currently being manufactured that will bring us
close to the diffraction limit. This mirror uses a single slab of
PZT to form the piezo actuators, which will in principle remove
the central feature observed using the current prototype. This
AO system will be installed on the Petawatt beam line.
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Figure 6. Beam 7 farfield images showing an uncorrected
and corrected focal spot.
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Figure 9. Beam 7 alignment laser far-field, before a disc shot
(left) and on the shot (right).
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Introduction

A scanning cross correlator has been developed for contrast
measurements in the Vulcan laser system. It is important in
CPA systems to have detailed knowledge of pulse shape and
contrast ratio. To measure the pulse shape of an optical signal
I(t) the method used is intensity third order autocorrelation
A3(τ), defined as:
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where τ is a delay parameter. The function A3(τ) is asymmetric
and thus it is possible to differentiate temporal activity ahead of
the main pulse from temporal activity behind.

To generate this 3rd order autocorrelation function with optical
signals two non-linear processes are required. The first is a
process that can produce the I2(t) response to an optical signal
with an intensity function I(t).  This can be achieved by second
harmonic generation of I(t).  The second is a process that can
produce a response that arises from the product of the two
arbitrary intensity functions I2(t) and I(t).  Such a process is sum
frequency mixing.

Layout

The autocorrelator has been designed to minimise the number
of parallel surfaces which give rise to post pulses. It has also
been designed to have a larger dynamic range than devices
previously used to measure the contrast of the Vulcan laser 1-2).

The layout of the autocorrelator is shown in Figure 1. It consists
of two arms: the main arm and reference arm. The main arm
measures the third order autocorrelation signals for different
delays τ of the signal I(t) i.e. the numerator in Equation (1),
while the reference arm measures the 3rdorder autocorrelator
signal generated by the two pulses I2(t) and I(t) overlapped at
τ=0, i.e. the denominator in Equation (1).

The input beam is focussed onto a BBO crystal to generate the
initial second harmonic signal. This process is type I to ensure

that the fundamental signal and its harmonic are orthogonally
polarised.

The reference arm is generated by a refection off a pellicle as
the beam is directed to the main arm. The reflected collinear
pulses are then frequency mixed in a BBO crystal. The
reference frequency mixed signal is then detected by a
photomultiplier. An intereference filter prevents the
fundamental and 2nd harmonic signals reaching the photo
multiplier.

In the main arm in order to impose a delay τ in the infrared
pulse I(t) with respect to its second harmonic I2(t) both signals
are separated spatially. The collinear pulses are injected onto a
Wollaston prism, which imposes an angle of ~28° between the
two beams due to their orthogonal polarisation.

Once separated the fundamental pulse and its second harmonic
are directed onto a pair of retro cubes. The second harmonic
beam follows a fixed length path while for the infrared pulse the
path can be changed on a shot to shot basis to achieve different
temporal delays τ. The height of both beams is altered by the
retros such that they return above the input path to the
Wollaston. The Wollaston recombines the beams spatially and
they are then focussed on to a BBO crystal where both signals
are frequency mixed generating the autocorrelator signal.  This
is detected by a photomultiplier tube and an interference filter.

Characterisation

To test the diagnostic, initially the output of one of the Vulcan
Front End oscillators (TiS) was examined. The result is shown
in Figure 2. With a train of 150 fs pulses of 0.5 nJ, the
diagnostic shows a dynamic range of  105. A post pulse is
clearly visible which  is believed to be caused by the parallel
surfaces in the input waveplate.

Figure 2.  Contrast measurements for  TiS oscillator .
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Introduction

Transmissive diffraction grating systems have several
advantages over their reflective counterpart for high-energy
laser pulse compression. They exhibit higher damage fluences,
enabling more energy to be delivered to target for a given beam
size, and can also be easily operated at the littrow angle,
achieving maximum efficiency. This paper will show that a
transmissive Chirped Pulse Amplification (CPA) system can
operate optimally over pulse durations between 10 ps and
300 ps. The transmissive system proposed for Vulcan discussed
in this paper will be capable of delivering up to 20 TW of
power to target, and operate without the need for vacuum beam
compression.

Benefits of a Transmissive Grating System

Conventional reflective CPA grating compressors are ultimately
limited in their maximum energy handling abilities by the
damage fluence of the grating surface. Past studies indicate that
in the sub-ps to 300 ps pulse duration range, the gold-coated
gratings exhibit single shot damage at ~ 0.4 J/cm2 1,4,5).  The
average operational fluence limit is set to around 1/3 of the
single shot damage fluence threshold for safe running. This
accommodates the shot to shot variations in the energy and
quality of the pulse delivered, and ensures grating lifetimes of
tens of thousands of shots in normal operation.

The single shot damage fluence for fused silica is ~ 10 times
that of gold in the 10 ps to 300 ps regime.  This is reduced
slightly if anti-reflection coatings are added to the substrate to
increase the total throughput efficiency of a transmissive CPA
compressor.
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Figure 1. Deliverable energy as a function of laser pulse
duration for three proposed beam lines of diameter 208 mm
operating at 1053 nm.

Figure 1 gives an indication of how the deliverable energy is
restricted due to the damage limits for a Transmissive Grating
CPA (TG-CPA) system compared to a similar aperture
(φ 208mm) long pulse beam line, and an equivalent reflective

CPA line. The long pulse curve is derived from operational
experience and will exhibit an energy limit due to the maximum
possible energy being extracted from the laser gain medium (at
pulses >1 ns). The central and lower sections of this curve are
influenced by the B-integral damage limits for the system 1-3,7).
Published data tells us that the damage fluence for gold-coated
reflective gratings is constant up to around 100 ps pulse
duration. This explains the uniform nature of the equivalent
reflective CPA beam line graph. The damage fluence threshold
curve for the coated transmission optics was estimated using the
same published experimental data 1-3). Again, the intention is to
operate at approximately 1/3 of this threshold fluence. The TG-
CPA plot in Figure 1 indicates the damage threshold limited
deliverable energy, and is independent of any beam propagation
effects. Clearly, the TG-CPA line will deliver the greater
amount of energy to target over a large range of pulse durations.

General Compressor Requirements

To maintain pulse fidelity it is important for any pulse
recompression system to reverse the effects of the stretcher to
as large an extent as possible. It is intended that Vulcan will
deliver a 600 ps, 600 J chirped pulse of 2 nm bandwidth to the
“Petawatt” target area.

It is essential to select a system that will not only fulfill the
scientific requirements, but also fit into the target area, be
viable in an engineering sense, and remain economically
plausible.

The system design should contain the least possible amount of
transmissive optics, keeping the B-integral to a minimum1,7).
Larger B-integral leads to small scale beam break-up and self
focusing which can cause optical damage. It is therefore
practical to suggest that the target chamber window be removed
and replaced with a transmissive focusing optic, leading the
beam directly to target position. Figure 2 gives a representation
of how this set-up may be constructed. The transmissive
gratings may simply sit on plinths with no vacuum required.

         

Grating

F/10 Lens 
acts as 
vacuum 
window

Grating

Interaction chamber

Figure 2. Target area layout diagram for the Transmissive CPA
system proposed for Vulcan.

There is a large range of possible solutions for the proposed
TG-CPA system. Compromises must be made between the
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various parameters of grating length, line density, separation
and input angle such that the most sensible design is attained.

Lines/mm

In
pu

t a
ng

le
 d

eg
re

es

Figure 3. Available output diffraction orders as beam input
angle alters over various grating line densities.

For a grating to operate at high efficiency, light should be
diffracted into only one order at a time. Figure 3 shows the
solution set for the existence of output diffraction orders as the
input beam angle is varied as a function of grating line density
for a 1053 nm beam. The region of potential high efficiency is
shown in Figure 3 as the white unshaded area where only the
desired first order will exist. The Littrow curve shows the
solution set within this parameter range along which maximum
transmissive diffraction efficiency will occur in relation to the
grating line density used. The maximum diffraction efficiency
for a grating with a symmetrical groove profile occurs when the
Bragg conditions are satisfied.  The transmissive system can
easily operate under this condition thus delivering the highest
possible diffraction efficiencies. Ideally, the system would
operate at the intersection of the littrow curve and the desired
compression solution set. Figure 3 also includes various
solution sets to show the line followed by a constant arbitrary
compression rate.

Higher grating line densities essentially give larger spectral
dispersion. This means that the grating separation can be
smaller to give the same pulse compression value. It is this
increased dispersion however, along with an increased footprint
due to a larger littrow input angle, that forces the grating length
to increase. The length of the second grating must be sufficient
to accommodate the footprint of a 208 mm input beam diameter
at littrow, and the spectral divergence of the first grating, at the
line densities available. The useful standard line densities
available are 1330, 1480, 1550 and 1740 lines/mm. A system
that uses grating line densities under 1330 lines/mm will exhibit
an excessively large grating separation, and any grating with
over 1740 lines/mm becomes both expensive and difficult to
produce. Table 1 shows the results of a geometrically modelled
CPA compressor system to preserve the optimum compression
of the 600ps chirped pulse from a matching stretcher.

Line
density

L/mm

Input
angle

degrees

Beam
deviation

degrees

Grating
separation

m

Fractional
beam
spread

cm

1330 44 91 25 0.27
1480 51 78 15 0.22
1550 55 71 12 0.20
1740 66 47 5 0.17

Table 1.  Geometrically modelled parameters required for a
transmissive CPA system to achieve a compression of 600ps
with a 2nm bandwidth, operating at the Littrow input angle,
with a 208 mm diameter input beam.

Grating parallelism

It is essential to ensure parallelism between the two
compression gratings to deliver optimum focusability and
compressability of the output pulse. Any non-parallelism will
induce a wavefront spectral divergence anomaly in the pulse
due to the residual dispersion of the laser light.

The Vulcan laser system has a number of wavelengths that can
be utilized to monitor grating parallelism. These wavelengths
are injected into the system and the gratings optimized until any
spectral dispersion between the beams is eliminated. These
injected wavelengths lie at 1047 nm and 1053 nm (dichroic
Nd:YLF oscillator), and 1064 nm (Nd:YAG oscillator). At a
suitable incident angle onto the first grating, these wavelengths
will fill or partially fill the second of the two transmissive
gratings. The extent to which they fill the second grating will
determine the effective aperture with which the specific
wavelength is then incident onto the focusing optic, (see
Figures 2 and 4). This in turn will affect the full width half
maximum (FWHM) of the resulting focal spot.

System modeling demonstrates that the 1064 nm beam will
deviate from the Vulcan central wavelength of 1053 nm by such
an amount as to totally miss the second grating on all four of the
initially proposed grating systems. Thus, the alignment system
will be limited to the use of the 1047 nm, λS and 1053 nm, λL

wavelengths of the Nd:YLF when adjusting for non-parallelism.

    

ψφ

λL

λS

dL

dS

Figure 4. Extent of second transmissive grating fill at the two
incremental wavelengths. φ represents the angular non-
parallelism between the two transmissive gratings.

The maximum recompression grating misalignment error that
can be permitted before seriously affecting the output angular
divergence, ψ and thus, intensity in the focal plane, is assigned
the term φm 1,6). For an m times diffraction limited beam of
spectral bandwidth ∆λB (using nth order of diffraction), φm can
be approximated to the first order using the following
expression:

0tanθλ
λφ

npL

m

B

m

∆
≈ (1)

θ0 is the resultant output angle from the first (input) grating. L
and p represent the second (output) grating parameters of
grating length (m), and grating period (lines/m) respectively.

The modelled data shown in Table 2 gives an indication of the
tolerances associated with the setup and alignment of a
transmissive compressor system, with respect to the grating line
density used. The intrinsic divergence of the Vulcan beam is
~ 20 µrads. Table 2 reveals that the maximum angular
divergence of the 2nm bandwidth produced in alignment, ξ, has
a negligible effect on the overall output beam divergence.

Optimum Compressor Design and Geometry

The line density of the gratings will determine many of the
physical characteristics of the compressor system.  As the line
density increases the gratings operate at large incidence angles.
Longer gratings are therefore required to accommodate the
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beam. However, as Table 1 shows the separation between the
gratings required to achieve a given pulse compression reduces
as the line density increases.  Also, the beam smoothing effect
due to spectral dispersion on the second grating is largest for
lower line density gratings.  This can help minimize self-
focusing effects in the final optics of the system.

Table 2.  Table of theoretical tolerance values in non-
parallelism for each compressor grating period studied. ξ is the
maximum angular divergence of the 2 nm bandwidth output
beam of Vulcan after the gratings are aligned, due to residual
dispersion.

A survey of the Vulcan upgrade target area indicates that for the
system to fit into the available space no more than 12m is
permissible between the gratings. The 1740 lines/mm
diffraction grating compressor system requires only 5m to
obtain the correct pulse compression. However, 72 cm long
grating substrates are required and manufacturing efficient high
line density transmission gratings is more complex.  As Table 1
indicates, the 1550 lines/mm grating system would satisfy the
grating separation criteria (11.9m) with the grating length of
only 54 cm.

To obtain maximum recompression of the laser pulse the
compressor grating setup should ‘match’ the stretcher
configuration exactly in terms of grating line density, input
angle and grating separation. This is only true however if the
shortest attainable pulse lengths are required. To operate in the
desired 10-300 ps regime it is necessary to ‘de-tune’ the system
away from maximum pulse compression. Reducing the grating
separation of the compressor, or stretcher to suit can do this. It
was found that it is possible to run a compressor system with
grating periods differing from the stretcher. In the case of a
1480 lines/mm stretcher in conjunction with a 1550 lines/mm
compressor, the recompressed pulse will exhibit a slight non-
linear variation in pulse duration over the 2nm bandwidth
present.  This amounts to a temporal defect of ~ 0.45 ps (see
Figure 5). When operating in the 10-300 ps pulse duration range
this value can be seen to be negligible. The implication of this is
of economic benefit, since the 1480 lines/mm stretcher gratings
that are already available to Vulcan can be used in conjunction
with the proposed 1550 lines/mm compressor gratings.

Using the calculated efficiency of the grating (85% into desired
order), the maximum deliverable energy for the TG-CPA
system will be 420J (see Figure 6).  It is considered that the
maximum B-integral which could be tolerated before optical
damage due to self focusing or beam breakup in the focal plane
at this energy, will limit the system to 6 < B < 12. The operating

curves (dashed curves) corresponding to B=6 and B=12 are
shown on Figure 6. The marked solid line on Figure 6 shows
the estimated damage fluence limits for the gratings. The flat
portion of these lines is determined by the maximum
deliverable energy of the 208 mm beam line for a 600 ps pulse.
Clearly, the performance of the system will be restricted at the
shorter pulse durations in the 10-300 ps range by self-focusing
damage mechanisms rather than average fluence effects.
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Figure 6. Deliverable energy as a function of laser pulse
duration for three proposed beam lines of diameter 208 mm
operating at 1053 nm. The TG-CPA plot indicates 3 variations:
one theoretical damage (due to average fluence effects)
threshold line, and two forecasted deliverable lines limited by
damage due to self focusing at B-integrals of 6 and 12.

Conclusions

It is clear that a transmissive grating chirped pulse amplification
system can efficiently deliver multi terrawatt beams to target, in
the 10-300ps pulse duration range. The proposed design relies
on compressing a pulse in air and then using the final focusing
optic as the air/vacuum interface. The deliverable energy is
ultimately limited by self focusing damage within the fused
silica substrates of the final compressor grating and focusing
optic. The maximum deliverable power at B = 6  is 20 TW at
20 ps and 1.4 TW at 300 ps. A B-intergal of 12 can be tolerated
before the self focusing damage mechanisms are replaced by
the average fluence effects of the pulse (at the shorter pulse
lengths) as the limiting threshold factor. Up to 40 TW at 10 ps
can be achieved at a B-integral of 12, providing that the focal
spot degradation can be tolerated.
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15.20 m separation) and a 1550 lines/mm compressor
(54.7 degrees incident angle, 11.78 m separation).
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The Vulcan Upgrade project established the clean-room facility
within R2 for the purposes of handling and testing large
aperture optics up to 1 m in diameter.  The facility had a
delivery area, storage area, clean handling area with class 100
cleanhoods and access to the Interferometer area with the
300 mm aperture Fizeau Interferometer1).  The facility was
alongside the capacitor test bank which was used to test the
halfshells and completed amplifiers off-line.

At this time the clean-room complex was spread across two
buildings with three non-interconnected sites.  The rod
amplifier assembly area was always designed to be stand-alone.
However with the testing of the halfshells and disc amplifiers
taking place in R2 this meant the amplifiers crossing between
buildings on a regular basis as part of the assembly procedure.
Following a short feasibility study it was seen that with a
relatively modest investment it would be possible to reduce this
to one journey between buildings.

The assembly and testing of disc amplifiers became a much
smoother operation with the amplifier testing nearby.  The parts
for the amplifier were cleaned in the pre-clean class 10,000 area
before being cleaned in the high pressure spraybooth.  These
clean items were then assembled in the class 100 area before
moving into the amplifier test area.

The filtration systems needed to be upgraded in order to ensure
that the areas were class 10,000 compatible and also to provide
a positive pressure to ensure that any particulate matter was
forced away when the clean-room doors were opened.  This was
achieved by fitting four recirculating HEPA filter units into the
roof of the clean-room.  Two additional HEPA filter units were
fitted into the clean-room ceiling taking air from outside the
clean-room complex to produce a positive pressure within.  The
air conditioning was also upgraded to counteract the increased
heat input.

The high pressure water spraybooth2,3) has been commissioned
in R2 ensuring a high cleanliness route for mechanical

assembly of the disc amplifiers.  The pumping system was
upgraded, as it became increasingly difficult to find spares for
the old diaphragm type pump.  After an extensive search a
supplier4) was found of ceramic piston pumps which were
compatible with the pressure requirements of 1000 psi at the
spraybooth and also with the cleanliness specification.

The clean-room move brought the relocation of the high
pressure water spray booth, used for the cleaning of most
components within the disc amplifiers, to R2 and in the process
the upgrading of the high pressure pump.  The optics handling
hoods have been slightly adapted to suit both their original
purpose and act as a clean assembly facility.  A class 100 cross
flow clean hood has also been appended to the clean handling
area to provide an environment for cleaning and assembly of
the 108 phosphate discs assemblies.  A second cross flow hood
was installed in the preparation area for the handling of
flashlamps and disc protection plates.

The whole clean-room complex under one roof has enabled us
to streamline the clean-room processes and ensure a more
efficient amplifier building programme.  The clean-room move
has also enabled the Vulcan Oscillator to expand to fit all the
existing oscillators under one roof and to incorporate the
upgrade stretcher.
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Figure 1. Robert Wellstood cleaning an amplifier chassis in the new cleanroom complex.
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Introduction

Diagnostics for the Vulcan Petawatt upgrade would require
customized data acquisition and analysis systems. This article
describes an image capture system that would include
diagnostics for laser beam analysis. It was decided to capture all
images using a separate framestore board for each camera. It
was found that the bandwidth of the PCI expansion ports on a
standard computer’s motherboard could only support a
maximum of four framestore boards.

Figure 1. Beam image and 2D Fast Fourier Transform.

The system consists primarily of two programs that work
together to create an integrated image capture system. Two or
more networked computers, one acting as a server (Central
Diagnostic, CD) and one or more acting as image capture
clients (Diagnostic Workstation, DW), exchange a stream of
control and feedback information via TCP/IP. This system
enables a degree of control of the client(s) via a remote
workstation. The DW can operate as a standalone image capture
and diagnostic system under operator control.

Certain types of information produced by the Image Diagnostic
program can be saved and depending on the type of data these
items are saved in different ways. Supported formats are ASCII,
RAW and 24-bit bitmap.

A three-dimensional plot of the image can be displayed. The
mouse provides complete three dimensional control; panning,
zooming and rotation using a combination of mouse buttons. A
colour table can also be applied in a variety of different ways.
During rotating/panning/zooming the display reduces in detail
to allow for smooth movement and increases the detail once the
movement has taken place.

Intensity Histogram – a histogram is produced of the intensities.
The number of pixels of the same intensity are counted and
displayed in a plot.

Zoom – produces a new window with zoom centred on the
mouse position over the image being analysed. Different zoom
levels (x2, x3, and x5) are available through the context
sensitive menu.

Crosshairs – displays crosshairs with the centre at the mouse
position.

Centroid – can be used to recalculate and/or display the
centroid position on the selected image. If the calculated
centroid is obviously not the centre of the image (this could be
due to excess noise within the image) then the user can define a
centroid for the image. This is important, since when the
centroid is skewed, possibly due to large amounts of noise,

certain functions, integration and encircled intensity will
produce invalid results.

Figure 2. Beam image and image profiles.

Image Processing Options

Background Noise Subtraction – reduces the background noise
and can be used in conjunction with Enhance Contrast to give a
better indication of image. This is a simple algorithm that takes
a sample from each corner of the image and uses this to
calculate the average background noise.

Invert – inverts the colours and/or intensities of the image.

Colour Table  - used to apply a look up table to the selected
image.

Enhance Contrast – finds the maximum intensity and calculates
a scale factor that is used to increase that intensity up to 255.
This process of normalisation is applied to all pixels.

1D Fast Fourier Transform – This feature allows the user to
perform an FFT on an image profile. Feedback on the selected
area is given by two bars that specify a 512 region positioned
using the mouse.

2D Fast Fourier Transform – FFT can be used in beam analysis
to assist in the identification of different spatial frequencies.
When this feature is selected a 512 by 512 selection box
appears centred on the mouse pointer. The user then selects the
area that is to be transformed. Performing a 2D FFT is simply a
matter of transforming all the rows and then all the columns
including the result of the transformed rows. This is done by
repeated calling of the algorithm mentioned above.

There are three types of integration available within the
program – linear, radial and annular, where necessary
calculated on a sub-pixel level.

Gaussian Fit - Fitting a gaussian to the data points and using
the generated data to find the FWHM is an efficient way of
obtaining the FWHM of a gaussian beam. This was
implemented using brute force optimization and linear
regression.

Capture Functions

Up to four framestore boards can be supported with one display,
shown in separate windows. To make control of these windows
faster and more convenient context sensitive (right click) menus
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are available for all functions. Any functions applied in this way
or by using the menu system apply only to the selected window.

Figure 3. Four beam image display.

• Each framestore has the following functions available:

• Arm. A framestore can be made to capture an image upon
an external signal or trigger.

• Grab. Captures the frame of the current input signal as
soon as the function is activated.

• Live. Provides constant video feed direct to the display.
Clearly four live video feeds direct to host video memory
will put a strain upon the PCI bus.

• Disarm. Stops the current process of live/arm/grab.

• Analyse. Opens the currently displayed image in an
analysis window.

In each display window there is feedback indicating the status
of the video feed and the current state the framestore is in. For
example ‘ARM’ indicates that the framestore is armed and
‘TRIGGERED’ indicates that the framestore has been triggered.

Networked Operation - Diagnostic Server Program

The server program allows for a practically unlimited number
of Diagnostic Workstations, configured as clients (using
TCP/IP), to connect and receive control instructions.

Automatic connection to control server – to enable automated
functioning, the image diagnostic workstations will attempt to
connect to a user specified server. If connection fails, the client
will retry within a user specified retry time. If the client is

disconnected then it will attempt to reconnect automatically.

Automatic reconnect can be disabled if the workstation is being
used in standalone mode. For its application in Vulcan it is
essential that the workstations be connected to the server before
capture can take place.

All data must be stored on a remote server thus giving the entire
CLF access to this information. In each experiment period a
total of 600Mb of information will be generated.  To ensure that
this data can be easily interrogated a meaningful filename
system was adopted. When an experimental period is over the
generated data will be written to a CDR and distributed to the
users.

Transmit and receive a variety of three character instruction
and information messages – The messages consist of an
operator and an operand, the operator defines the type of
message and the operand contains the information required to
complete that process.

Once connected the client sends a variety of information to the
user, including computer name, workstation location and
description, description of all four cameras, number of cameras
available and camera status (video available/unavailable).

These options are specified by the user in the Preferences
window within the client.

Figure 5. Preferences screen.

Other options include:

• FFT Display Settings - Amplitude or phase, the display
type of 1D FFT information.

• Include co-ordinates when line drawing, indicates the co-
ordinates of mouse when defining a user image profile.

• CCD definition - number of pixels/mm, used for
calibration in determining a distance measured.

Computer and Camera Setup; primarily for the information of
the person operating the server:

• Location

• Computer Description

• Number of Framestores

• Framestore channel description for channels 0 – 3, a
description of each framestore/camera.

• Image Storage Location, where the program automatically
saves the captured images.

• Automatic rearm, selectable for each board, allows
automatic rearming after a trigger signal has been received.

• Automatic save, selectable for each board and specifies
whether captured images should be saved after the grab.

Figure 4. Networked operation.
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Introduction

Traditional methods to generate a line-focus along the axis of
an optical system have centred on the use of axicons 1).
However, these devices are relatively expensive in large
aperture beamlines (> 100 mm diameter), they do not produce
uniform intensity along the line focus and they have a fixed
focal length, limiting their use to a particular configuration.
These limitations can be overcome by the use of binary phase
diffractive optics that can be produced in large aperture, quickly
and cheaply. We propose a novel design of a binary phase
Fresnel zone plate 2) that uses an azimuthal variation in focal
length to achieve the desired focal intensity distribution for use
with a high power Nd:glass laser system.

First Principles

A Fresnel zone plate can be thought of geometrically as a lens
with a focal length ± FZ. This is related to the wavelength of
OLJKW� � ��� WKH� UDGLXV�RO of the central zone and the refractive
index n, as given in formula (1).

It is clear then that the focal length can be changed by
modifying the radius of the zone and it follows that an axial line
focus can be generated by a continual change in the radius of
the zone structure as one sweeps around the plate. A Fresnel
zone structure of this design is depicted in Figure 1a below with
almost a 40:1 variation in focal length. Figure 1b and 1c show
the normal circular Fresnel zone plate structure for two different
focal lengths.

Experimental Design

The application of this technique is in the generation of an on-
axis line focus for plasma physics experiments. The plate was
designed to be used in conjunction with a conventional lens
with a 700 mm focal length (FP), to generate a 10 mm long line

focus from a 10 cm diameter beam, using 526.5 nm laser light.

The basis for the design was to work out the range required for
FZ using the simple lens formula (2), noting that the positive
order diffraction results in a line inside the principal focal plane
and the negative order diffraction produces a line beyond the
principal focal. Effectively then, to produce a 10 mm line focus,
one requires LL (the line length) to be 5 mm either side of the
principal focal plane (making FC equal to 700 ± 5 mm). Using
these values in formula (3), FZ is found to be around ± 97 m.

This is the minimum value of FZ which used on its own would
produce focal spots at ± 5 mm from the principal focal plane.
Longer focal lengths then contribute to the axial line focus but
to get to the principal plane one requires an infinite focal
length! However, because of manufacturing tolerances with
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Figure 1. Fresnel zone plate structures showing:- a) the
modified Fresnel zone structure with a continual variation of Fz
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with Fz ~ 1 m.

Figure 2.  Image taken along the length of the axial focus, using
the modified Fresnel zone design of Figure 1a, showing the high
intensity cusp surrounding the central “spot”.
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binary phase devices 3) there is often some residual zero order
leakage which in this case is useful in filling in the very centre
of the line focus. By choosing LS , the line segment start, at say,
���� P� IURP� WKH� SULQFLSDO� SODQH� �)C is then equal to
����PP� �� ���� P��� WKH� PD[LPXP� )Z is found to be around
2000 m. These minimum and maximum FZ values translate into
radii of 7.15 mm and 32.45 mm respectively.

The radius of the zone plate was then swept between these two
extremes, taking into account the non-linearity of the lens
equation, so as to produce an even intensity along the line
focus. This was achieved by coding a ‘focal position’ parameter
P to have the value 0 to 1 as one sweeps around the plate and as
one traverses along the line focus; 0 at LS; 1 at LL. The
P parameter was then used to calculate the actual focal position
FC along the line according to formula (4) and the effective FZ

from formula (3). Finally this value of FZ enabled the radius of
the zone to be obtained from substitution into (5).

Although the plate manufactured using these parameters did
produce a line focus, as one traversed along the axis, there was

a problem. The focal “spot” is effectively a result of the whole
beam collapsing from a 2D plane into the 3D optic axis and a
cusp of focused light was seen swirling around the optic axis.
This is demonstrated in Figure 2. The image was computer
enhanced for display purposes but contained sufficient intensity
around the axis that it would have made the experiment
impossible. So, the design was modified in an attempt to break
up this structure.

This was achieved by using a random transition instead of the
smooth transition in focal length as one sweeps around the plate
The same extremes of FZ were used but each 1.5° segment has a
randomised focal length.

Results

Figure 3 shows (left) a section of the final design along with
(right) a typical “focal spot” obtained along the optic axis. The
optical setup for testing used a 1 m lens rather than the design
requirement of 700 mm, giving a speckle pattern of around
�� P��7KH�):+0�RI�WKH�VSRW�LV�W\SLFDOO\����±���� P�DQG�WKH
randomization effect has removed the cusp feature. The
intensity on axis was measured and is shown in Figure 4.
Clearly the axial line focus is present and as it scales with the
focal length of the principal lens, it is of a length consistent with
theory.
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Figure 3. Left) Section of the Fresnel zone plate design with randomized focal lengths covering the range Fz = 97 m to Fz = 2000 m.
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Figure 4.  Graph showing the focal spot intensity (normalized at
the principal focal plane, FP) along the optic axis ± 10 mm
relative to FP. Data obtained using the randomized focal length
design depicted in Figure 3.
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Introduction

The Picosecond Infrared Absorption and Transient Excitation
(PIRATE) facility at the Rutherford Appleton Laboratory brings
together novel laser technology and expertise in time-resolved
infrared (TRIR) spectroscopy. The laser system uses recent
developments in non-linear optical materials to generate
wavelengths into the mid-infrared ‘fingerprint’ region
(1000 to 3000 cm-1). The Ultrafast Spectroscopy Laboratory
now has independently tunable light sources (200 nm – 10 µm)
for pump and probe spectroscopy such as transient absorption
(both infrared and visible), fluorescence and resonance Raman
spectroscopy1,2), with picosecond time resolution. This provides
a unique combination of techniques for studying the energy
relaxation, structure and reactivity of short-lived (picosecond)
intermediates formed during a chemical reaction in the solution
phase.

Two output configurations are possible for the PIRATE laser,
either broadband 150-200 cm-1 femtosecond pulses for
spectrally dispersed time resolved infrared spectroscopy or
narrowband 25 cm-1 picosecond pulses for experiments
pumping/probing specific IR active modes.

Description

The layout of the Ultrafast Spectroscopy Laboratory OPA
system is shown in Figure 1. The pump laser is a Ti:sapphire
regenerative amplifier operating  at 1 kHz repetition rate, at
ca. 800 nm, with an energy of 2-3 mJ per pulse. The
regenerative amplifier is seeded by a ~100 fs pulse from a

mode-locked Ti:sapphire laser.  Spectral filtering of the seed
beam produces output of ca. 1 to  3 ps (FWHM) pulse duration
and ca. 15 cm-1 to 7 cm-1 bandwidth respectively.  An optional
femtosecond stretcher/compressor arrangement provides an
output of 150 fs and ~100 cm-1 bandwidth. In the picosecond
mode the pulse is frequency doubled and split in order to pump
two optical parametric amplifiers.  Spectral filtering delivers
1 ps pulses with ~ 35 cm-1 bandwidth (or optionally 2-3 ps with
10-15 cm-1 bandwidth) with pulse energies of ~10 µJ across the
tuning range of 470 - 700 nm (signal). Combined with
upconversion and including the idler tunability, the overall
tuning range is 205 - 2800 nm.  A general description of the
system can be found in Reference 1.

The PIRATE mid IR outputs are generated by frequency down
conversion of the signal and idler outputs of an 800 nm pumped
OPA in silver gallium sulphide (AgGaS2).  For high brightness
narrow linewidth (~25 cm-1) mid IR light the picosecond mode
of the pump laser is used.  Spectrally dispersed time resolved IR
spectroscopy uses the femtosecond mode to generate the
broadband (~150 cm-1) mid IR probe beam. This OPA is similar
in design to that described by Hamm et al 2).   

The full tuning range and approximate energy performance of
the PIRATE system is illustrated at the bottom of Figure 1.

The Time Resolved IR (TRIR) system

TRIR directly probes the vibrations of molecules in a sample
where a pump beam initiates a photochemical or photophysical
process.  A <1 ps snap shot (probe) of the progress of the
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Figure 1.  Ultrafast Spectroscopy Laboratory:  PIRATE SYSTEM.
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reaction is taken by measuring the changes in IR absorption of
the initial and reactant species as a function of time delay
between the pump and probe pulses.  By using a broadband
probe it is possible to simultaneously measure the absorption
spectrum over a range of wavelengths.  Vibrational transitions
are generally weaker than electronic transitions and therefore an
ability to observe small absorbance changes down to 10-5 or
better is desirable.  For example in the range of species we
would like to probe, the expected absorption changes for very
strong absorbers such as metal carbonyls are ∆A ~10-1 - 10-2;
for strong absorbers such as -C=O, -O-H and -C-H vibrations,
∆A ~10-3 _ 10-4 and for moderate absorbers such as  C=C
vibrations, ∆A ~10-5.

These low cross-sections place heavy constraints on the pulse to
pulse stability of the laser output and the stability and sensitivity
of the detector and data acquisition system.  The Hamm paper
describes the potential stability of mid IR sources based on
OPA technology.  In our case only modest stability of the order
of +/-5% was achievable with additional large fluctuations due
to triggering and local thermal variations.  To reduce the overall
effects of fluctuations we developed a sensitive multi-channel
IR probe and reference approach to normalise out probe
variations on a shot by shot basis as described below.

A key advance in picosecond TRIR has been the recent
developments in multi-channel MIR array detectors. Our TRIR
apparatus comprises two 64 element mercury cadmium telluride
(MCT) photoconductive detectors (MCT-13-64el detectors
from Infrared Associates Inc. and MCT-64000 pre-amplifiers
from Infrared Systems Development Corp.) to detect the mid IR
reference and probe signals. A customised analogue multiplexer
readout system has been designed and built.  The data are
captured and analysed in pump on/pump off pairs to create a
rolling average using the following equation:

∆AN = log[1 + IR/IP[ ((Iprobe/Iref)pump on - (Iprobe/Iref)pump off)]+
∆AN-1 (N-1))/N

Here IR and IP  are the final averages of the pump off spectra on
the reference and probe side respectively, and N is the total
number of acquisitions. Further software discrimination
removes large fluctuations in the signal, such as laser ‘drop
outs’ or other large variations such as those associated with gas
bubbles in the sample flow stream, on a shot by shot basis.

The simultaneous outputs of both 64 element MCT arrays are
fed into a modified HX2 analogue multiplexer test board
PC20001/5 (User guide 11/7/97).  The HX2 was designed at the
Rutherford Appleton Laboratory by the Instrument
Development Group for charge detection from multi-element
X-Ray detector arrays.  Each HX2 integrated circuit integrates
charge (up to 60 pC +ve charge and 20 pC –ve charge) over 16

parallel input signals and has an electrical bandwidth of ~1MHz
and integration period determined by internal or external clock
circuitry.  The test board uses 4 HX2s to capture 64 channels
simultaneously with all readouts multiplexed into a single
output consisting of a sequence of 64 analogue voltages.  The
buffered output generates a ~12V full scale voltage. This board
incorporates pulse timing circuitry for charge integration down
to ~20 µs as set by the basic clocking structure that was tied to
the readout rate.   In order to match the detector response to the
integration period we provided an external clock pulse train to
define a ~ 2 µs integration period followed by a 14 µs readout
period.  A second HX2 board, slaved to the first board, is used
to acquire the signals from the second MCT detector.  The
outputs from both boards are read out in simultaneous bursts of
64 analogue signals, with each burst separated by 1 ms as
defined by the laser repetition rate.

The charge injected from the detectors into the HX2 is adjusted
to give ~12 V output for a 4 V MCT detector input signal.  The
multiplexed output has a full scale range of about 12 V and
baseline ripple of ~15 mV rms and noise of < 6 mV rms.  The
noise derives from the MCT detectors at the ~2 mV level and
the ripple from 50 Hz mains related modulation. The mains
ripple is correlated in all analogue outputs and is largely
removed in the subsequent data normalisation process.

A simple low pass RF filter is used to reduce high frequency
noise prior to digitisation.  The HX2 board provides trigger and
clock pulses to synchronise with the ADC. The analogue signals
are passed into two channels of an 8 channel simultaneous
sampling, 12 bit resolution,  Datel 416J ADC card housed in a
standard 500 MHz PC.  This card has capacity to acquire at up
to 250 kHz on each channel.  The data is then streamed to the
PC RAM via the ADC FIFO and PC direct memory access
where data analysis such as signal discrimination, normalisation
and averaging between detector channels is carried out on a shot
by shot basis at 1 kHz.  The experiments are carried out in a
pump and probe configuration where the pump laser is switched
on and off on an alternative shot basis using an optical
galvanometer synchronised to the laser.  A third channel of the
ADC is used to monitor the pump on/off status of the laser.

The general layout of the time resolved IR spectrometer is
shown in Figure 2. The mid infrared probe beam generated
from the OPA is split into a reference and probe using a 50 %
germanium beamsplitter. The probe beam is focused to about
150 µm diameter into the sample cell using an f = 30 cm gold
coated spherical mirror.  The transmitted light from the sample
is then imaged onto the spectrometer input slit that is set to
0.5 mm width.   A similar optical relay is used for the reference
arm.  Two CVI DKSP240 1/4m spectrometers disperse the IR
beams. They have the option of 150 l/mm (4000 nm blaze) and
300 l/mm (2400 nm blaze) gold gratings with 25.6 and
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Figure 2. The PIRATE Time Resolved IR Spectrometer.
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12.8 nm/mm dispersion respectively.  An adaptation of the exit
port and mirror increased the spectral window of the
spectrometer from 25 mm to 35 mm, matching the dimensions
of the MCT diode array.

Figure 3 shows the sample chamber used for experiments with
probe wavelengths below 5.85 µm.  This open jet system is
used for the many samples that are prone to pump induced
degradation that often occurs on the surface of an enclosed flow
cell. Low f number lenses image the jet onto the spectrometer
slit.  A CaF2 windowed compartment allows an inert
atmosphere, and resistive heaters on the windows stop
condensation of solvent on the widows.  This arrangement is
also suitable for transparent solvents and for UV VIS transient
absorption.  For measurements in aqueous solution and below
5.85 µm, in the solvent absorption regions, a thin moving
enclosed flow cell is being designed.

Results

As an illustration of the capability of the PIRATE TRIR
apparatus, two spectra are given.

Figure 4 shows the TRIR spectrum of para-chlorophenylazide
(1) in n-hexane in an open flowing jet, after 2 minutes of data
accumulation.  Aryl azide compounds have potential as photo-
labels and photo-resists. The spectrum shows the azide bleach
and the didehydroazepine product (3) which is formed in
~20 ps.   The baseline noise level is better than ∆A = 10-4 and
shows that with 100 times longer accumulation, sensitivity to
better than the 10-5 level could be achieved.

Figure 5 shows the TRIR spectra of [(py)Re(CO)3(dppz)]+[PF6]
-

taken in the open jet over a 300 cm-1 spectral range
(two 150 cm-1 spectra joined) after 2 minutes accumulation.
This complex is one member of a family of compounds that
have the potential to act as IR probes of the structural features
of DNA and the electron transfer processes which occur only in
the DNA helix.  This is because the character of their lowest
lying excited states can be tuned, by ligand substitution, to
induce fluorescence when bound to specific sites in DNA.

The spectrum shows both negative and positive going features
which relate to the ground and excited state species.  The
negative going peaks are a bleach of the ground state absorption
bands caused by the depletion of ground state population.  The
broad positive going peaks are characteristic absorption bands
of a π-π* ligand based excited state.

Conclusions

The PIRATE system provides access to the complementary
techniques of TRIR, IR pump spectroscopy and time resolved
resonance Raman spectroscopy. Preliminary results demonstrate
sensitivity down to the ∆A ~10-4-10-5 level in around 1 minute
of accumulation time with an open flow jet configuration.

The RAL designed analogue multiplexer, in combination with
the Datel ADC, has potential for scaling to readout rates of
8 kHz (128 elements) or 1 kHz (1024 elements).

Acknowledgements

M. S. Platz (Department of Chemistry, The Ohio State
University, 100 West 18th Avenue, Columbus, OH
43210-1173) for the azide sample.  EPSRC for funding on grant
GR/M40486.

References

1. M. Towrie et al. Meas. Sci. Technol. 9 (1998) 816

2. P.Hamm, R.A. Kaindl and J. Stenger. Opt. Lett. 25 (2000)
1798

 ∆
 A

b
so

rb
an

ce

2200210020001900

Wavenumbers (cm-1)

∆ OD = 5 x 10-4

Cl

N3

Cl

N1

N

Cl

hν
-N2

1 2 3

Figure 4. Transient IR spectrum of para-chlorophenylazide
20 ps time delay after the pump pulse.

 

-10

-5

0

5

∆
 A

b
so

rb
an

ce
 (

x1
0

-3
 )

2150 2100 2050 2000 1950 1900

Wavenumbers (cm
-1

)

 1 ps
 2 ps
 5 ps
 10 ps
 20 ps
 50 ps
 100 ps
 1000 ps

Figure 5. Time-resolved IR spectra of
[(py)Re(CO)3(dppz)]+[PF6]

- in CH3CN after 400 nm photolysis.
The insert  shows the pump probe time delays.

Sample

Jet

IR Pr obe

Pump
Heating res istor s

CaF2 Collection
lens

 

Figure 3.  The open solvent jet flow system.



Laser Science and Development – Lasers for Science Facility

Central Laser Facility Annual Report 2000/2001                            168

Introduction

Raman spectra obtained using a probe beam wavelength
matched to a molecular absorption band have exceptional
sensitivity and selectivity.  The resonance greatly enhances the
Raman signal from individual transition moments of the
specific molecule to be studied. Unfortunately, fluorescence is
often also strong, limiting observations in ground state studies
to particularly strong Raman bands.  In many cases the probe
beam  - and the pump beam in time-resolved resonance Raman
(TR3) experiments - may induce fluorescence in contaminants
or the solvent. In biological or industrial cases particularly, the
concentration of the molecule under study may be low. To
reject the fluorescence we have adopted the temporal gating
technique that uses the main distinguishing feature of the
Raman scattering, its promptness. A short pulsed Raman signal
is generated using a pulsed laser and the longer lived
fluorescence is rejected in the time domain. Very short gating
times were achieved by Tahara and Hamaguchi1) who used a
streak camera with effective time gating resolution of ~10 ps
limited by trigger jitter. A similar concept but relying on an
optical Kerr gate 2-5) was proposed and demonstrated in ground
state Raman spectroscopy by Deffontaine et al 6) using 25 ps
gating pulses.  This latter concept holds certain advantages over
the streak camera due to simplicity of the design and inherent
absence of jitter problems allowing potential access to shorter
gating times. We have recently demonstrated the feasibility of
Kerr gate fluorescence suppression with ~ 3 ps time resolution
in Raman spectroscopy7). The prototype device had a
throughput of about 30 % (excluding Fresnel losses on optical
elements) and extinction ratio 10-4 in the usable spectral range
of    630 - 700 nm.  However, we recognised the need and scope
for improvement in order to detect signals from much weaker
Raman scattering systems and to greatly increase its spectral
range in order to use resonance enhancement for a wide range
of molecules.  Here we present our improved design and
characterise the performance of the enhanced device.  The
specifications are transmittance in the open state of ~ 40 %
(excluding Fresnel losses on optical elements), a higher
rejection ratio of 10-5 and a substantially wider usable spectral
range 300 - 700 nm attained with a single pair of polarisers.
This is achieved at the expense of a marginally lower temporal
resolution, ~ 4 ps.

Description

The basic principle of the optical Kerr gate was described in our
earlier publication7). Briefly, the Kerr gate consists of two
crossed polarisers and a Kerr medium. In the closed state, light
collected from the sample and collimated in an optical train is
effectively blocked by the crossed polarisers.  Coincident in
time with the Raman scattered light from the sample, a short
gating pulse of 800 nm wavelength that bypasses the polarisers
creates a transient anisotropy within the Kerr medium by the
optical Kerr effect. The gating beam is polarised at 450. The
intensity is adjusted to create an effective λ/2 waveplate and
rotate the polarisation of the light from the sample by 90o

allowing it to be transmitted through the cross polariser for the
duration of the gating pulse.
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Figure 1.  Optical arrangement of the Raman collection system
and the optical Kerr gate.

The improved Raman collection system consists of a parabolic
collection mirror (f# = 0.8) of 50 mm diameter, image relay
fused silica lenses, a Kerr cell and two calcite Glan Taylor
segmented polarisers (see Figure 1). The 800 nm gating pulse is
weakly focused into the Kerr cell to a diameter of ~ 1 – 2 mm
using a 150 mm focal length lens.  The Kerr cell containing
static CS2 was custom made with a 2 mm-path length and
ultrathin (300 µm) Spectrosil B walls.  The polarisers were of
41x41 mm aperture, manufactured to our specifications by
Halbo Optics, replacing earlier sheet polarisers. The first
polariser consists of two 20 x 41 mm segments of 20 mm
thickness. The choice of 41 x 41 mm aperture is a compromise
between the cost and optimum Raman throughput, with some
14 % loss due to clipping on the polariser being tolerated.  The
optical thickness of the polariser is uniform to within ± 50 µm
to keep the transit time variation of the Raman signal within the
gate response time.  The second polariser placed after the Kerr
cell is manufactured to the same specifications except that it has
relaxed thickness uniformity to within ± 1 mm.

The f = 10 cm lens placed immediately after the first polariser
images the sample interaction region into the Kerr cell.  The
rays emerging from the Kerr medium are then re-collimated by
the second f=10 cm lens, passed through the cross polariser and
imaged onto spectrometer entrance slit using a 30 cm focal
length lens with the f-number matching that of the 3-stage
spectrometer (Triplemate).  A home built Triplemate filter stage
by-pass option was used in the experiments described here to
optimise transmission. The probe laser line was blocked using a
holographic supernotch filter, glass edge absorbing filter or a
solution filter.  A concentrated solution of copper sulphate in
water in a 1 cm thick, 2 inch diameter, optical cell was placed in
front of the spectrometer slit to block the 800 nm gating beam.
The spectrometer throughput was determined to be 3.5-times
lower for horizontal polarisation (corresponds to measurements
with the polarisers oriented in parallel) compared to the vertical
orientation (polarisers crossed) at ~ 2250 cm-1 when probing at
400 nm. All photon counts given here for measurements with
the polarisers oriented in parallel ('without gate') are scaled to
account for these differences.

A schematic diagram of the overall system is shown in Figure 2.
Raman scattered light was collected at 90o to the probe beam
direction.  One CCD count corresponded to one photoelectron.
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The sample solution was re-circulated in an open liquid jet of
0.5 mm diameter.
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Figure 2.  Schematic diagram of the picosecond time-resolved
resonance Raman apparatus with the Kerr gate (K-TR3).

Our ps-TR3 apparatus uses a regenerative amplifier system
followed by a two pass linear amplifier (SuperSpitfire, Spectra
Physics/Positive Light) providing 800 nm, 1 ps, 2 - 3 mJ
fundamental pulses at 1 kHz repetition rate.  The fundamental
laser output is split in two. 500 µJ is taken for the gating pulse
to drive the Kerr gate and the remainder is frequency doubled to
pump two home built optical parametric amplifiers that generate
the synchronised, independently tunable pump and probe pulses
required for TR3 experiments.  This configuration also enables
the delivery of frequency doubled, 400 nm, and tripled,
~266 nm, pulses with higher energies.  For conventional ground
state Raman measurements, the pump beam is blocked.

The low wavelength limit of the CS2 Kerr gate is ~ 390 nm,
determined by the electronic absorption of CS2. The wavelength
coverage extends to 700 nm where the limit is set by
background due to stimulated anti-Stokes emission induced by
the gating pulse in the Kerr medium.  Coverage of the
300 - 390 nm range is facilitated by using a benzene based Kerr
gate capable of achieving a throughput of about 20 %.

Results

The temporal response of the gate was determined by
measuring the intensity of the 2253 cm-1 Raman band of
acetonitrile and delaying the Raman probe pulse with respect to
the gating pulse.  The data was best fit to a Gaussian profile
with FWHM 4.2 ps.  With ~500 µJ of gate pulse energy, the
throughput of the Kerr gate in the open state is 40 % excluding
losses on optical elements, i.e. Fresnel and absorption losses.  In
comparison with our earlier design7), the new gate provides an
approximately 2.7-fold increase in Raman flux reaching the
detector under the same experimental conditions.  This is due to
improved collection efficiency of Raman light (x1.7) and a
higher overall transmission (x1.6) through the gate in the open
state due to more efficient opening of the gate.

To demonstrate the effectiveness of the Kerr device we have
recorded Raman spectra of an unpurified ‘industrial’ sample of
unleaded petrol taken directly from a motorcar petrol tank (see
Figure 3).  The spectra obtained at 400 nm without the gate
(polarisers oriented in parallel, gating pulse blocked) were
dominated by a massive amount of fluorescence.  Raman bands
were resolved from over 10,000 times more intense
fluorescence background using the gate. The fluorescence
lifetime was estimated to be ~30 ns.

The Kerr gate was also used for a TR3 spectroscopy of the
highly emissive intramolecular charge transfer (ICT) state of
DMABN 8) shedding new light on the 40 year old problem of
the nature of the anomalous fluorescence observed in polar
solvents. The Kerr gate was also successfully used in ground

state Raman studies of highly emissive solid samples and
measurements of picosecond time-resolved fluorescence.
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Figure 3.  Raman spectra of unleaded petrol measured (top)
without the gate and (bottom) with the gate at 400 nm (1 ps,
4 µJ, 1 kHz). The accumulation time was 400 s.

Conclusions

In summary, we have developed an improved, high
performance device, based on an optical gate with a response
time ~4 ps, for the efficient suppression of fluorescence in
Raman spectroscopy.  The system further increases the general
applicability of Raman spectroscopy and, in particular, holds
great promise for industrial and biological applications where
high levels of fluorescence are common.
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Introduction

Fluorescence Lifetime Imaging (FLIM) is a technique that
allows investigation of molecular interaction such as energy
transfer and anisotropy correlation in subcellular entities1,2).
These cellular processes affect the quantum state of the
molecule of interest and lead to a change in the natural
fluorescence lifetime.

Confocal laser scanning microscopy (CLSM) allows
fluorescence imaging with resolution of 200-400nm
dimensions.  The ability of the technique to exclude out-of-
focus information makes it possible to obtain 3D images of
even thick samples with clarity. However, single photon
excitation normally used in this technique leads to photo-
bleaching, rapid degradation and sample toxicity during the
repeated raster scanning process. Multiphoton confocal
microscopy 3) uses near infrared light (NIR) to excite the
fluorophor by a non-linear process under high laser peak power
(Figure 1).

The advantage of this technique is that the excitation is confined
only to the focus of a high numerical aperture microscope
objective, reduced specimen toxicity due to the NIR source and
less photo bleaching.

In this report, we have combined time correlated single photon
counting technique, TCSPC, a technique for determining ultra
short molecular lifetime, with multiphoton -CLSM to study the
photo-physics of biomolecules 4). 5-hydyoxy tryptophan, the
molecule of interest is incorporated within a protein in yeast
cells.

Experimental

The multiphoton microscopy apparatus consists of laser light
(Titanium Sapphire, 76 MHz, mode-locked, 120 fs, from
Spectra-Physics) focused to a diffraction-limited spot through
an oil objective and scanned across the sample (Figure 2).
Specimens were illuminated at a microscope stage (Olympus
IMT-2) by passing the beam through a 750 + 2 nm interference
filter (Ealing), placed at the fluorescence attachment port of the
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Figure 1b. Multiphoton
energy diagram of 5-
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observed at 505 nm
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Figure 1. Multiphoton generation of green fluorescence.

Figure 2. Instrumentation - TCSPC confocal laser scanning fluorescence microscope .
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microscope.

Line, frame and pixel clock signals generated by the XY
scanner were synchronised with a fast micro channel plate –
photomultiplier tube, used as the detector.  These were linked
via a photon counting PC module (Becker and Hickl,
Germany), that  measures the fluorescence decay lifetimes.

Sample preparation and cell culture

Proteins were labelled by inducing their expression in the
presence of 5-OH-Trp, using galactose-inducible expression
vectors.  Briefly 2 x 108 cells were used to inoculate a 50-ml
culture containing 2% glucose, 2% bactopeptone and 1% yeast
extract.  When the cells were in stationary phase, 5 ml of a 25%
galactose solution was added to the media.  After 2 hours
2.5 ml of a 0.2% solution of L-5-OH-Trp was added and the
culture incubated for a further 24 hours prior to cell harvesting.
For microscopy experiments the cells were placed on top of a
1% agarose gel, which prevented cell movement.

Preliminary Results

Figure 3 shows a raster scan steady-state and fluorescence
lifetime map image of 5-OH-tryp labelled yeast cells. The
control cells showed significantly less fluorescence under
similar conditions.

Since each pixel that makes up the image also contains a
complete decay profile (Figure 4), we are now able to scrutinize
the lifetime image in greater detail.

The fluorescence lifetime map shows distribution of the
different components within the steady state image. Lifetimes
from different confocal planes are all similar. This is indicative
of similar and homogenous environment of the 5-OH tryp
within the yeast cellular entity. Solution studies of the amino
acid showed a lifetime of 3.5 and 1.5 + 0.3 ns for the
UV (340 nm) and visible (505 nm) emission respectively.

Conclusions

a. We have constructed a tuneable time resolved (TR)
multiphoton laser scanning confocal fluorescence
microscope with-picosecond resolution.

b. Conclusions with tryptophan derivative show differences
in the lifetime.

c. The lifetime of the new visible emission is different from
that of the natural UV fluorescence. This provides a new
way to monitor certain molecules that are normally UV
absorbing or emitting.

d. The results highlight the potential usefulness of this set-up
in the study of fluorescence dynamics of intracellular
probe localisation.

e. This technique provides a new way of studying protein
without the need for detrimental UV light.
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During the reporting year, the laser systems in the EPSRC Laser
Loan Pool have been replaced as they reach the 5-year age limit
set in the terms of the Loan Pool Grant.   The Loan Pool aims to
provide state of the art laser systems that have a high degree of
flexibility for wide ranging research while combining the
reliability and robustness required for the Loan Pool
environment.

The development of the Loan Pool is administered by the LSF
on the basis of User requirements.  We use all feedback from
the UK research community such as from User report forms,
meetings and questionnaires.  We then purchase systems on the
strength of this feedback and on our assessment of technical
practicality.

Nd:YAG pumped dye lasers remain extremely useful work
horse systems capable of broad tunablity, very high brightness
and narrow resolution.  We continue to maintain five Nd:YAG
laser systems in the Loan Pool. However this year the two
Spectron Nd:YAG pump lasers for the Sirah dye lasers, the
entire GCR11/PDL3 system, have been replaced with new
lasers. The output specification range of the Nd:YAG/dye laser
systems is given in Table 1.

The trial of the femtosecond system within the Loan Pool has
proved very successful with it finding a wide range of
applications such as multiphoton microscopy, surface harmonic
generation and for the development of  THz sources.  In June
the femtosecond system is to be replaced by a Verdi/MIRA
system capable of very broad tuning range and with the option
of second and third harmonic generation. The specifications of
the femtosecond system are given in Table 2.

The remainder of the Pool includes the fluoride excimer, and
frequency doubled argon ion.  Full details of all the lasers and
their specifications can be found on our web-site at:
http://www.clf.rl.ac.uk/Access/lp/alsfll.html.

NSL1  replacement

The compact NSL1 system has been replaced with a more
powerful injection-seeded YAG/dye system with doubling and
infrared option.  The system is a Continuum Powerlite 8010
pumping a SIRAH dye laser.  The dye laser has frequency
doubling and IR difference frequency mixing units to cover
most of the spectral range from 215 nm to 4 µm.  Injection
seeding of the Nd:YAG enables generation of IR light with
linewidth matching the performance of the dye laser. Delivery
of the Infrared unit is expected in mid June 2001 and is to be
installed in the Department of Chemistry, Heriot-Watt
University for Prof K McKendrick and will be used to study the
reaction dynamics of O(3P) with vibrationally excited methane.

NSL2&3 replacements

In the first months of the year, the two Spectron Nd:YAGs were
replaced with Surelite III-10 systems used to pump the existing
Sirah dye lasers.  These Surelite lasers are very compact in both
size and weight.  In the next few months the systems will be
mounted on dedicated breadboards on trolleys to form a
compact package that can be easily transported and wheeled in
and out of User laboratories.  In addition the systems are water-
cooled and are supplied by a 13A plug making them versatile
and easy to install.  The service back up for both the Nd:YAG
and the dye is from a single company to avoid downtime
occasionally experienced with ‘hybrid’ systems.   A diagram of
the proposed layout is shown in Figure 1(a) and (b).  One of
these lasers has been used in Nottingham (Dr K Reid) and is

currently with Dr A Alexander in the Department of Chemistry,
University of Edinburgh where it is being used to study
interference in dissociation dynamics.  The other system will
shortly be used by Prof A Stace in Sussex University to study
the chemistry of nanodroplets.

The Tsunami system was placed in the Loan Pool to prove the
viability of operating a femtosecond laser in the Loan Pool.
The success of this project led to demand for a more modern
femtosecond system and the IRA Optima 900F with 10W Verdi
pump laser was purchased after normal European tender.   The
MIRA has a single mirror set which provides tunability from
700 to 1000 nm with <150 fs pulses.  The 10W Verdi pump
laser provides sufficient power to maintain the laser well above
threshold and can in itself provide stable single longitudinal
mode green output.

A frequency doubling and tripling option on the MIRA will
allow convenient access to new regions of the spectrum in the
UV, near UV and visible regions of the spectrum.

The MIRA incorporates several diagnostics to give mode
locking status, power and a fluorescence monitor to help aid
alignments when re-alignment or re-configuring is necessary.

The system will be provided with an optical breadboard and a
small water chiller unit.

Developments in the EPSRC Laser Loan Pool
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Figure 1(b). Proposed layout of Surelite/Sirah laser (top view).
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Nd:YAG/DYE systems NSL1,2,3,4&6

Nd:YAG Specification range

Output 1064 nm 700 – 1200mJ

532 nm 300 - 600 mJ

355 nm 100 - 300 mJ

266 nm 50 – 100 mJ

Pulse length 4 – 9 ns

Linewidth 1 cm-1 (0.05 with seeding)

Dye output

Linewidth <0.1 cm-1

440 nm 10 - 25 mJ

570 nm 90 - 150 mJ

640 nm 55 - 60 mJ

Doubling 215 – 400 nm ~10% of
fundamental

DFG 1500-3000 nm >2 mJ

3000-4000 nm

Table 1.  The general specifications of the Loan Pool Nd:YAG
lasers.

FEMTOSECOND SYSTEM CWL1

Pump laser Verdi V10

Power >10W

Wavelength 532 nm

Linewidth <5 MHz  (over 50 ms)

Femtosecond Laser

MIRA Optima 900F

Pulse length ~130 fs

Tuning range 700-980 nm (1000 nm typical)

Power 700 nm ~0.4W

750 nm ~ 1W

800 nm ~1.3W

850 nm ~1.1W

900 nm ~0.8W

950 nm ~0.6W

1000 nm ~0.2W

FREQUENCY
CONVERSION

SHG Tuning range 350-500 nm ~10% conversion

THG Tuning range 240-320 nm ~3% conversion

Table 2. The specifications of the femtosecond laser system.
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Introduction

The CLF has had a programme of development of adaptive
mirrors and their control systems since 1995.  The mirrors have
been based on bimorph technology, in which an optical
substrate a few mm thick is bonded to a sheet of piezoelectric
material (lead zirconate-titanate, or PZT) of about one-tenth the
thickness.  The PZT has an electrically conductive layer on
either side. When a voltage is applied across the thickness of the
PZT, it attempts to expand or contract, but because one side is
constrained by the adhesive bond, the result is a localized
curvature of the mirror proportional to the applied voltage. To
control the shape of the mirror, positive or negative voltages are
applied between control electrodes on the back surface of the
PZT and a common ground electrode incorporated in the
adhesive layer between the PZT and the substrate. The first
operational mirror had a clear aperture of 70 mm, limited by the
size of available pieces of PZT, and this was used to develop
the control system and demonstrate closed-loop correction of an
aberrated beam.  For these devices to be useful on the CLF’s
large laser systems, in particular the Vulcan petawatt beam,
mirrors are required which can handle beams up to 100 mm in
diameter. This article discusses the techniques which have been
developed for constructing such mirrors.

The first large aperture mirror, VP1

The first large adaptive mirror constructed at the CLF was
150 mm in diameter, and was described briefly in an earlier
report1).  As the maximum size of PZT available was 70 mm
square, the active layer of this mirror was constructed in four
quadrants, separated by gaps of 1 mm (Figure 1). The 64
actuators were formed in a nickel layer coated on the back of
the PZT, and were laid out in a radius/sector pattern with the
majority of the actuators concentrated at the edge of the Vulcan
beam. The outermost ring of actuators lies outside the beam
area to provide slope control at the edge.  The ground plane
common to all the actuators is a layer of conducting cloth that is
incorporated into the adhesive layer. To allow connection to the
ground plane, two flaps of the cloth were left protruding at the
edges of the substrate; these can be seen in Figure 1.  In practice
these flaps caused several problems. They became rigid because
they were filled with adhesive, and even when folded onto the
back of the mirror there were residual irregularities at the edge

of the substrate that interfered with its rotation on the polishing
lap. The resulting abrasion and flexing broke the fine copper
wires in the cloth, so there was no longer any electrical
connection to the back of the PZT: the ground connection was
eventually made through small exposed areas of the cloth
around the edge of the mirror.

Because the epoxy adhesive used to attach the PZT to the
mirror was known to shrink on curing, the final polishing of the
mirror face was left until after the assembly was complete. The
shrinkage of the adhesive changed the curvature of the substrate
significantly, from an initial 14 waves concave to roughly the
same amount of convexity.  The polishing removed the majority
of this curvature, leaving the mirror with no more than 1 wave
of error across the surface. During the gold-coating process the
mirror was heated significantly, causing further curing of the
adhesive. The additional shrinkage pulled the shape of the
mirror approximately eight waves convex, but also, because the
gaps between the PZT quadrants were less stiff than other areas
of the mirror, there was additional curvature across the gaps.
The resulting shape was quite strongly pyramidal (Figure 2),
with local curvature on a scale length of a few millimetres at the
edges of the pyramid, which the relatively large actuators were
unable to compensate.

Figure 2.  Interferogram of VP1 after gold coating, showing
pyramidal shape.

The mirror was used for some off-line trials on Vulcan, but the
size of the intrinsic errors prevented a convincing demonstration
that the beam aberrations could be corrected.  Before the mirror
was repolished, it was annealed by heating to 80 oC for an hour:
this was repeated three times, until no further change in shape
was seen.  The heat treatment completed the cure of the
adhesive, allowing repolishing and recoating to be done without
further distortion. However, there were still some residual high
spatial frequency ripples which could not be eliminated, and it
was noticed that after many cycles of operation, a weak
pyramidal shape gradually reappeared. The results of trials of
the reworked mirror are described elsewhere in this report 2) .

Design of VP2 and VP3

The problems encountered with VP1 made it clear that some
changes to the design were needed for future mirrors. In
particular, the active element must be a single piece of PZT, to
ensure uniform stiffness of the assembly and avoid the
pyramidal effects seen with VP1.  It was also decided to try a

Development of large-aperture bimorph adaptive mirrors
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Figure 1.  The rear surface of the prototype 150 mm
adaptive mirror VP1, showing the actuator pattern.
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different type of adhesive, as the shrinkage of the epoxy used in
VP1 was the main cause of the change of shape of the mirror.

PZT is not available in the required thickness at the diameter
needed for 150 mm aperture mirrors: discs of 120 mm diameter
are supplied by the manufacturer at a minimum thickness of
2 mm. However, PZT is a ceramic material of moderate
hardness, and can be ground using conventional abrasives.
Rather than attempting to thin the discs to 200 microns
separately, it was decided to assemble the mirror with 2 mm
thick PZT, and let the glass substrate act as a support during the
grinding.  To test this technique, and at the same time
investigate different adhesives, three test assemblies were made
using 76 mm diameter by 3 mm thick Pyrex substrates and
some 60 mm diameter by 4 mm thick discs of PZT that had
failed quality control: these were supplied free by the
manufacturer. Three adhesives were selected based on work
done at Imperial College3). These were a two-part acrylic and
two different UV-curing types. Each assembly was made with a
layer of conducting cloth between the substrate and the PZT, to
reproduce the structure that would be present in the final mirror.

One of the three adhesives (the two-part acrylic) had a working
time that was far too short to allow correct positioning of the
components.  Of the UV-curing types, Holdtite ST3500 was
selected as the easiest to use for future mirrors, subject to
satisfactory performance.  Grinding tests were carried out on all
three samples and worked well: standard optical grinding
techniques were used to thin the PZT to around 200 microns,
although variations in the thickness of the adhesive layer did
cause some variations in the PZT thickness. As the technique
for thinning the PZT was a success, two full-sized mirror
assemblies were prepared, using 150 mm diameter substrates
with 112 mm PZT discs, bonded with ST3500. To avoid the
difficulties experienced with VP1, the conducting cloth for the
ground plane was cut as a circle 10 mm smaller than the
substrate, and four areas were filled with conducting epoxy
adhesive to serve as connection points to the cloth. The rear of
VP3 is shown in Figure 3, together with two of the test
assemblies and PZT discs.

Figure 3.  Adaptive optical elements. Front: two of the 76 mm
test assemblies with 60 mm PZT ground to 0.2 mm thickness;
original 4 mm thick PZT disc.  Back: Rear surface of VP3 after
grinding; 120 mm diameter x 2 mm thick PZT disc.

Coating tests

While VP2 and VP3 were in preparation, coating tests were
carried out on the three small samples. As supplied, the PZT
discs have a sintered silver conducting layer on each face,
which is used for polarizing the material. The silver layer on the
back is lost when the PZT is ground to thickness, so a new
conducting layer must be applied to form the electrode
structure. This could be done by either evaporation or sputtering

of a suitable metal, possibly followed by an electroplating stage
to increase the thickness of the coating. Sputtering is the
preferred coating process, as the PZT must be kept below the
Curie temperature of 200 degrees, and the hot filament or boat
required for evaporation can heat the substrate radiatively to
quite high temperatures. Both nickel and copper were sputtered
onto fine-ground glass substrates to determine the thickness that
was achievable and to test the adhesion of the layer.  Layer
thicknesses of between 1 and 1.5 microns were formed with
both materials, but the coatings were soft and easily scratched.
For later tests the surfaces were activated with HMDS
(hexamethyldisilazane), which on PZT yielded a highly
adherent layer that could not be stripped with adhesive tape.
The copper layers had low electrical resistance, and were ideal
for forming the structure of the control electrodes. To confirm
that the PZT was not depolarised by the temperature rise during
sputtering, the coated electrode and the ground plane of one
sample were connected to an audio-frequency signal generator:
the assembly then acted as a loudspeaker, and the vibration of
the PZT was clearly audible.

Electroplating was tried as a means of thickening the coating to
around ten microns, and although this was successful, the
adhesion of the thickened layer to the ceramic was extremely
poor, so the idea of electroplating was abandoned. The final
stages in fabricating the new mirrors will be (1) coating the PZT
with 1–2 microns of copper, (2) creating a pattern of actuators
in the copper by etching through a photoresist mask and (3)
gold coating.

Figure 4.  Proposed new actuator layout for VP3.

The actuators will be laid out in a radius/sector pattern similar
to that of VP1. Experience with VP1 showed that the small
number of large centrally-placed actuators (a result of
concentrating the correcting power at the edge of the beam) led
to an inability to correct certain types of errors.  The new design
(Figure 4) has 61 actuators: 49 of equal area within the beam
footprint and only 12 in the outer ring. This mirror should be
ready for trials on Vulcan in the autumn of 2001.
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Introduction

The de-formable mirror developed within the CLF is based on
bimorph technology using an array of spatially distributed
electrodes in a particular pattern that provide 64 independent
wave front correction channels1). Each electrode of arbitrary
shape produces a generally localised radius of curvature change
of the mirror (i.e. change to the second derivative of the wave
front, or spatial phase). Thus its influence function in terms of
beam spatial phase extends appreciably beyond the local
confines of a particular electrode shape. Wave front sensing is
currently achieved using a modified 80 channel Hartman
sensor2) which provides a measurement of spatially distributed
wave front gradients in the horizontal and vertical directions.
(i.e. first derivative of spatial phase). Sensing is performed in
5 concentric rings about the beam centre with differing numbers
of azimuthal channels.

Individual electrode influence functions in terms of the gradient
changes they produce are measured by the Hartman sensor to
produce a 64 x 160 element response matrix. During its
inversion to a control matrix using singular value
decomposition, 64 eigen vectors with associated eigen
(singular) values are produced. When spatially resolved to the
original Hartman sensor positions each eigen vector represents a
characteristic and individual wave front gradient pattern that
can be corrected. We term the eigen vector, or this pattern in a
classical sense, as a mode of the system. The associated eigen
value is proportional to the corrective power available to any
particular mode. With this particular system, the challenge is to
find an electrode pattern that generates a modal basis that best
supports any wave front gradient pattern that already exists in a
static way and also to accommodate those that are most likely to
be encountered from thermal and other sources. A computer
model has been developed to simulate this process. It predicts
the modal basis of the mirror for an arbitrary electrode pattern
and in turn applies this in both a static and dynamic way to the
correction of known beam aberrations to predict its likely
performance.

Model Description

On an (x,y) plane of a bimorph structure comprising of a sheet
of PZT and a sheet of glass bonded directly together, the spatial
distribution of surface deformation W(x,y) is related to the
spatial distribution of voltage V(x,y) through the differential
equation 3) :

0),(),( 24 =∇+∇ yxVAyxW
where A is a constant dependent in a complex way on the
properties of the structure and ∇ is the Laplacian operator.  The
exact value of A should be determined experimentally, but is
arbitrary for the simulation provided it is spatially constant. If
V(x,y) is expressed as a 2D Fourier series of frequencies (n,m)
with Fourier co-efficients V(n,m), then W(x,y) can also be
expressed as a 2D Fourier series with Fourier co-efficients,
W(n,m) 4) where :
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Thus, in terms of a spatial transfer function the action of the bi-
morph plate is to ‘filter’ the applied spatial frequencies in a
1/(freq)2 way.

A predictive analysis of the performance of a bimorph adaptive mirror
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Figure 1. Applied voltage pattern (left) and the
computed mirror response (right).

Figure 2.  The modal basis for two electrode
geometries – (a) top and (b) bottom.
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Figure 3. Eigen values of pattern (a) plotted against mode
number.

The response of the mirror can therefore be calculated in a
relatively straightforward way. An arbitrary spatial voltage
pattern is defined and a 2D Fast Fourier Transform (FFT)
computed. A 1/(freq)2 amplitude filter is then applied and the
inverse FFT computed. An example of an individual electrode
shape and its computed response is shown in Figure 1.

For absolute phase computations (wavefront mirror modes) an
individual electrode response is sampled on a grid.
Alternatively for system modelling, the orthogonal differentials
of the response are sampled following the Hartman pattern. The
model cycles through each electrode and builds up a matrix of
sampled responses as a function of electrode number, in exactly
the same way as the actual system described earlier does. It is
thus possible to extract the modal basis of correction for the
designated pattern of electrodes. An example of the modal basis
for two different electrode patterns is shown in Figure 2.

The modal patterns, shown in absolute phase (not gradient) are
ordered according to their singular values with bottom left
being the highest value and top right the lowest. It is evident
that despite there being significant differences in the
distribution and size of the electrode patterns, the lowest order
modes up to approximately number 24 are extremely similar if
not identical. Differences in the modal basis only start to reflect
the differences in the electrode pattern above this number, and
for the highest order modes they are quite distinct.

The singular values for these distributions show that typically
75% of the corrective power available is concentrated in these
first 24 modes as shown in Figure 3, with the remaining 40
modes accounting for some 25% only. Additionally, these
highest order modes are relatively very weak and both their
initial determination and their subsequent stimulation are
strongly affected by noise. Indeed, it is usual during the
formation of a particular control matrix to set the highest order
(i.e. lowest value) singular values to zero above a certain mode
number, either in a step like way or using a tapering function.
Thus the variation in the electrode patterns is only likely to be
effective in the mid band modes, and even then only account for
15 % to 20 % of the corrective power.

Comparison to a real bi-morph mirror

Previous measurements of the wave front quality of the primary
CPA beam line of Vulcan established that the greatest static and
thermally induced aberration occurred at the periphery of the
beam. Because the AO mirror was being designed for this beam
line, the initial electrode design concentrated on placing more
actuators towards the outer edges of the beam with relatively

few in the centre of the beam. Another important element in the
design of the electrode pattern was to include a ring of actuators
completely outside the diameter of the beam. This was to ensure
that it was always possible to correct gradients that occurred at
the very edge of the beam. The electrode pattern used is shown
in Figure 4 and the predicted (phase) modal basis shown
alongside. The mid band shows a high number of beam edge
correction modes.

The real mirror is of course unlikely to behave in the exact same
way as the predicted modes above. This will be increasingly the
case for higher order modes that have very little power
associated with them. The two main reasons for this are the
effect of noise (or errors) in the determination of the measured
electrode influence functions and the fact that the “constant” A
is unlikely to be constant over the whole mirror surface as a
result of manufacturing and material errors. In order to make
some comparison of the measured ortho-normal basis of the real
mirror and that of the computed basis, the illustration of
Figure 5 is presented.

In this Figure, the ortho-normal basis is measured and computed
in phase gradient using a spatial sampling following the
Hartman pattern for both the real mirror and the model. The

Figure 4. Electrode
pattern of the AO mirror
used and the computed
modal basis.

Figure 5. Comparison of the computed (left) and measured
(right) ortho-normal basis of wavefront gradients. Colour
level is gradient magnitude plotted against mode number
(horizontal) and Hartman spot number (vertical).
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comparative figure shows by colour level the magnitude of the
gradient as a function of both mode number ordered according
to decreasing power (horizontal axis) and Hartman spot position
number (vertical axis). The spot position numbering starts at
3 o’clock on the innermost ring (bottom of axis) and proceeds
anticlockwise, jumping onto the next ring at 3 o’clock and so
on. The ringed structure of the sensor is evident in the computed
basis, and less so in the measured one. Inspection of the Figure
shows that there is a reasonable qualitative agreement between
the model and the measurement, with the general re-produced.
One thing to note is that as a result of its manufacture the real
mirror had a number of discontinuities to its underlying
bimorph structure, most notably along the central horizontal and
vertical diameters and at its very centre. This is likely to perturb
the modal basis away from that of a perfect plate and could
explain some of the absence in the measured basis of activity
predicted by the model.

Model Performance

A prediction of the modal basis allows an estimation to be made
of the likely performance of an electrode pattern in respect of a
particular aberration. Real data was available from the use of
the actual mirror illustrated in Figure 6. This mirror had an
intrinsic and somewhat arbitrary aberration arising from
manufacturing errors. The real performance of this mirror in
correcting for itself and a prediction of its performance from the
model is compared in Figure 6. Also shown in Figure 6 is a
prediction of the performance of the electrode pattern shown in
Figure 2(b) to correct for the same aberration. Each of the
various lines is the average gradient error with respect to a
diffraction limited reference within each concentric Hartman
ring, plotted as a function of the maximum allowed mode
number within the control matrix. Ring (also Series) number 1
is the innermost ring and ring number 5 the outermost. The
singular value truncation is step-like. Figure 6(a) is the
measured performance averaged over 1000 consecutive
corrections. It is clear that the largest aberration is at the centre
of the beam (Ring 1), which is also verified by interferometry
and was known to have arisen during the mirror manufacturing
process. Given the low density of actuators in the centre of the
beam it is not surprising that appropriate modes do not exist to
adequately address this error. Shown in Figure 6(b) is the
prediction of the computer model of the response of the mirror
to the same aberration. There is a reasonably good agreement
between observation and expectation, although the increase of
the gradient errors in the measured data above mode number 30
or so is not reproduced. Figure 6(c) also shows the predicted
response of a mirror with the electrode pattern shown in Figure
2(b) which has a higher density of electrodes at the centre of the
beam. Not unsurprisingly, correction is predicted to be better
here for ring 1, at the expense, to some extent, of ring 5

The reduction of performance with the introduction of higher
order modes in the measured data of Figure 6(a) is due to the
influence of noise coupling to these higher order modes. This
does not appear to be duplicated in the model. As previously
stated, the measured data was taken over 1000 consecutive
mirror corrections and the figure displays the mean of the
means over these 1000 corrections. The data from the model
however is a single correction. In an attempt to duplicate the
effect of noise coupling, the model was also run over 1000
consecutive corrections, with a small random error introduced
in the determination of Hartman spot positions between
consecutive corrections. Figure 7(a) shows the effect of this.
Clearly, the correction deteriorates, to such an extent that it
becomes generally independent of the degree of mode
truncation.  However, for most of the rings slight minima in the
truncation are observed, albeit small. The fact that the low / mid
band minima are not more obviously re-produced is not so
surprising because whilst going some way to illustrate the effect
of noise, this is in one sense unphysical. The primary source of
noise in the real system is air turbulence and thus there will be
some degree of spatial correlation between errors introduced
into the determination of Hartman spot positions.  The effect of
the spatial randomising of these errors is to introduce wavefront
gradients that are more associated with higher order modes than
lower ones.

However, one feature is replicated quite well and that is the
effect of the noise coupling. Figure 7(c) shows the measured
variance of the 1000 corrections for the real data, again as a
function of maximum allowed mode. In the case of the
maximum allowed mode being zero, the data is effectively
illustrating the effect of air turbulence. With zero mode
correction the mirror makes no change to its shape from one
correction to another. Following the introduction of modes, the
correction variance for all rings increases in a generally linear
way, such that even though the mean correction remains
approximately constant between 20 and 50 modes (Figure 6(a))
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Figure 6. Measured average gradient errors within each
Hartman ring (a), in comparison to  predictions (b) for the
actual mirror. Also shown (c) is the prediction for a mirror
with the electrode pattern shown in Figure 2(b). The mirror
is attempting to correct for it own aberrations only.
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it is increasingly unstable. The model, as shown in Figure 7(b),
duplicates this very well.

Application to Vulcan Beam 7

One of the reasons for undertaking this modelling was to
attempt to determine the best electrode pattern for the
aberrations that were expected on one of the Vulcan beamlines.
The existing mirror has a strong localised aberration in its
centre and Figure 6 has already indicated that with the existing
actuator design, which was not intended to correct significant
structure in the centre of the beam, the performance of the
system would be limited by the mirror aberration itself.
Moreover, Figure 4 also illustrated that if this aberration were to
be a permanent feature of the mirror, then the electrode pattern
of Figure 2(b) would be a better choice.

Thus the model was run using the known aberration of Vulcan
beam 7 as an input and assuming that a next generation of
mirror could be manufactured that did not possess this central
feature. It is likely that the central feature of the mirror
perturbed and created asymmetry to the real model basis for

correction, which the model would not have. Figure 8(a), shows
the predicted performance of the existing mirror geometry to
correct for the known aberrations of Vulcan beam line 7 only.
Also shown for comparison in 8(b) is the predicted performance
of the electrode pattern of Figure 2(b), which previously had a
superior performance when using the mirror aberration as an
input. The reverse is now true and indicates that the
performance of the existing electrode design is likely to be
better than that of Figure 2(b) as intended. Furthermore, it
highlights the benefit of tailoring the electrode pattern to suit
the static and or expected aberrations present in any system.

Conclusion

We have developed a computer model of a piezoelectric
bimorph adaptive mirror in terms of the applied electrode
pattern. It is capable of predicting performance with respect to
an arbitrary wavefront aberration. This has been verified with
reasonable agreement experimentally. It will be used to
determine the optimum electrode pattern for a new adaptive
mirror that will be installed on the primary Vulcan CPA beam
line as part of the PetaWatt upgrade.
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Introduction

We present a detailed analysis of optical parametric chirped
pulse amplification (OPCPA)1), including ways to optimise the
process.  We address the following specific issues:

a)  The influence of chirp on the OPA process.

b)  The optimisation of efficiency and bandwidth, particularly in
the presence of non-flat spatial and temporal pulse profiles.

c) The calculation of the additional phase imposed on the
amplified signal pulse by the OPA process and its influence on
the final re-compressed pulse profile.

d)  The effect of group velocity mismatch.

e)  The tolerances to misalignment and input phase aberrations
on the pump beam, and pump pulse bandwidth.

The primary analytical tool is a formulation based on that of
Armstrong et al2), which gives useful and instructive results
which have good validity for parameter ranges of interest.
Examples include Nd:glass and Nd:YAG pumped OPCPAs.

Analysis

The analysis of Armstrong et al is based on the plane wave
solution of the coupled wave equations and assumes slowly
varying pulse envelopes and a lossless medium.   In a parameter
range where pulse chirp can be neglected, a simple analytical
solution can be obtained for the intensity and phase of the three
propagating waves for the case of significant energy transfer.

It will be seen that, under conditions for maximum bandwidth
of the OPCPA, the signal and idler have the same group
velocity in the direction of the signal.  This locks the two
chirped pulses together and the requirement for validity is that
the group time difference for signal and pump is small
compared to the pump pulse duration.

Solution for intensity

With some manipulation and substitution the Armstrong
solution (Equation 6.9) can be re-written in terms of measurable
parameters as:
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Equation (1) applies to any three-wave mixing process.  For an
OPA with zero input idler, Equation (1) reduces to:
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Amplification continues until, at a value of z (defined as zA), the
denominator of Equation (2) falls to zero and the pump
depletion reaches a maximum value determined by:
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In the case of perfect phase matching ( N� �����fmax = 1 and the
pump is fully depleted; the pump to signal conversion
efficiency is then 100% x s/ p. With increasing mismatch the
conversion efficiency is reduced.  For z > zA the process
reverses symmetrically to transfer energy back into the pump
from the signal and idler.

Equation 2 has the form of a Jacobi elliptical integral, its
solution being written as the elliptical function ’sn’.  Since
energy conservation requires that the pump depletion energy is
divided between signal and idler in proportion to their
frequencies respectively, we can write the signal intensity as:
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s
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For practical applications it is useful to estimate the pulse
energies which can be calculated by integrating the intensity
over space and time e.g.

dAdtIE ss ∫∫= (5)

Solution for phase
With the increasing interest in shorter and shorter pulses,
careful attention must be paid to the assessment of the spectral
phase which is reflected in the temporal phase of amplified
chirped pulses.  The phase in a three-wave mixing process is
obtained by solving the imaginary parts of the coupled wave
equations, namely:
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where the amplitude of each wave has been written in the form
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where eff is the effective nonlinear susceptibility.

Following the methods of Armstrong et al closed form solutions
for the imaginary parts of the coupled equations can also be
found, and for the case of an OPA with zero input idler these
reduce to:
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Inspection of these equations leads to the following initial
comments about the phase effects in an OPA.

a) The phase of the amplified signal is independent of
the initial phase of the pump and consequently it is possible to
maintain the optical quality of the signal while using for
example a pump with both spatial aberrations and having
temporal phase variations resulting from a chirp.
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b) Phase changes to signal and idler only occur at
wavelengths for which there is a phase mismatch ( N������

c) The phase of the idler is particularly simple, see
Equation (10), depending only on the initial pump and signal
SKDVHV�DQG�WKH�SKDVH�PLVPDWFK�WHUP� N]���

d) A good approximation to the phase of the signal can
be obtained if the input signal is small compared to the input
SXPS���,Q�WKLV�FDVH� 2 « f and there is only a small contribution
to the integral part of the equation for s from the region of
significant pump depletion.  We can then use, with some
manipulation, the following solution for the signal phase1):
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Non-collinear geometry

It is important to consider the case of non-collinear geometry3)

which leads to the highest gain bandwidths for an OPA.  The
following simple analysis can help in understanding, and
optimizing, this geometry.

Gain bandwidth on the signal beam
For a narrow bandwidth pump beam and a non-angularly-
dispersed signal beam the non-collinear phase matching vector
diagram leads to the requirement:

( ) ( )22cos12 spisp kkkkk −−=− α (9)

where  cnk νπ2=   with appropriate subscripts for pump,

signal and idler beams

            
spi ννν −=   by conservation of momentum

and for type I phase-matching:

( ) θ22222 sin−−−− −=− popepop nnnn (10)

where npo and npe are the ordinary and extra-ordinary indices
for the pump beam.

Non-collinear BBO OPA at 532nm pump and 800nm signal
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Figure 1.  Conditions for phase matching, maximum bandwidth
and maximum angular tolerance in an OPA.

Figure 1a shows the variation between non-collinear and phase-
matching angles for BBO for a pump wavelength of 532nm and
a signal wavelength of 800nm.

By setting the first differential to zero the maximum bandwidth
is obtained for:

gs

gi

n
n=βcos (11)

which is just the condition for the group velocities of the signal
and idler to be matched in the signal beam direction4).

Figure 1b shows this condition as a function of the phase
matching angle (which is reflected in the value of kp) for type I
BBO pumped at a wavelength of 532nm.  The coincidence of
the two curves 1a) and 1b) gives the point of operation for
maximum bandwidth.  It should be noted that this geometry
results in an angularly dispersed idler wave.

Angular tolerance on the pump beam
This indicates both the maximum acceptable pump beam
aberration and pump beam size and the maximum tolerance is
again calculated by setting a differential of Equation (8) to zero:

(12)

Figure 1c plots this dependence between the non-collinear and
phase matching angles for the BBO example.  The coincidence
between this curve and the phase matching curve 1a) gives the
point of operation for maximum angular tolerance.

Since the two coincidence points in Figure 1 are quite close,
BBO can be operated with both high bandwidth and high
angular tolerance.

Calculated examples and optimisation

Top-hat profile beams
For beams which have uniform intensity in space and time the
intensity and phase of the amplified signal can be calculated
using Equations (2) and (7).  The chirp is taken into account
through a time-dependent phase mismatch and is calculated
from the known chirp and the material dispersion equations.
We illustrate this calculation for an OPCPA consisting, as
above, of a type I BBO crystal operating at close-to-degeneracy
and pumped by a spectrally narrow line at a wavelength of
532nm (second harmonic of a Nd:YAG laser).  For the purposes
of comparison at high gain against the low gain of a
conventional amplifier the intensity and length were chosen to
give a parametric gain of 106.

Figure 2.  Pump and signal propagation in an OPA.

Figure 2 shows the calculated signal and pump intensities for
zero phase mismatch as a function of the distance along the
crystal up to and beyond the region of pump depletion.  The
cyclic nature of the process is at once apparent and indicates
that 100% depletion of the pump is possible but that this can
only be achieved for beams of uniform intensity and at a
specific value of crystal length and intensity.  Also shown is the
evolution of signal and pump in the wings of the spectrum
where there is a significant phase mismatch (N/�  � ��� � 7KH
peak pump depletion is now 50% and requires a greater length
of crystal.
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Figure 3.  Amplified OPCPA spectrum, phase and
recompressed pulse for collinear geometry.

Optimum conditions are taken to correspond to the maximum
product of signal energy and bandwidth.  An example is shown
in Figure 3.  Also shown is the resulting re-compressed pulse
profile calculated by taking the Fourier transform of the spectral
intensity and phase and assuming that the compressor is set to
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compensate for linear, quadratic and cubic chirps.  Although
this represents only an idealised case, the potential of the
OPCPA scheme is demonstrated by these calculations which
give an amplified bandwidth of 3150cm-1 and a re-compressed
pulse duration of 8.6fs.

Spectral narrowing and performance limits
Since the bandwidth of an OPA is determined by the phase
mismatch ( N/��DQG�WKH�23$�JDLQ�LV�GHWHUPLQHG�E\�WKH�SURGXFW

LI pγ , we can achieve both high gain and bandwidth by

minimising the length and maximising the pump intensity.
However we must stay within the limit determined by the so-

called B-integral ( ∫=
L

NL Idz
0

γ ) (or other nonlinear

processes such as two-photon absorption or Raman generation).

Operational limits for a BBO OPA

0.01

0.1

1

10

100

1000

10000

100000

0.1 1 10 100

Crystal length in mm.

P
u

m
p

 in
te

n
si

ty
 in

 
G

W
/c

m
^2

Gain = 1000000

B-integral = 1

Damage threshold
at 100ps
Damage threshold
at 10ps
Damage threshold
at 1ps

Figure 4.  Operational limits for a BBO OPA.

Figure 4 plots the B-integral limit for BBO together with the
curve defining a gain of 106.  The maximum intensity and hence
also bandwidth is determined by the crossover point of these
graphs.

A further limiting process, optical damage, is also represented
on Figure 4.  In this example the intensity limit is determined by
the B-integral for pulse durations up to about 10ps.  For longer
pulses the damage threshold requires a reduction in the pump
intensity and an increase in the crystal length, leading to
reduced gain bandwidth.

Maximum bandwidth option
Amplified bandwidths greater than shown by Figure 3 are
generally possible using non-collinear geometry.  Figure 5
shows the gain bandwidth, phase and re-compressed pulse
profile for this option for BBO.  The gain bandwidth is now
4800cm-1 and the re-compressed pulse duration 5.7fs.
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Figure 5.  Amplified OPCPA spectra, phase and recompressed
pulse for non-collinear geometry.

Real beam profiles

We consider the realisable example of an OPCPA with a flat-
top spatial distribution for both pump and signal beams and a
Gaussian distribution for their temporal profiles. Assuming
equal pulse durations for pump and signal and the same
example with BBO as discussed above, Figure 6 shows curves
for the input and output signal when the crystal length (or pump
intensity) is set for maximum product of efficiency and
bandwidth. The peak efficiency in this case is 27% from pump
to signal (54% depletion of the pump) with a 20% reduction in
signal bandwidth during amplification. Further optimisation of
the performance can be achieved by allowing a difference in
pulse duration between the input pump and signal beams.
Figure 7 shows the variation with pump pulse duration of the
best efficiency-bandwidth product and points to an optimum
value of 1.75 for the ratio of the pulse durations and a 20%
higher efficiency-bandwidth product.

 Figure 6.  OPCPA input and output spectra with real beams
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Figure 7. Optimum ratio of pump to signal pulse duration.

Optimised beam profiling
It has been demonstrated5)  that control of the beam profiles can
lead to the achievement of maximum efficiency and bandwidth
in an OPA.  There are compensating pairs of profiles for pump
and signal which give optimum performance.  The simplest
such pair is a flat-top profile for each.  If, as is usually the case,
the pump beam profile cannot be made flat-top but is typically
Gaussian, the compensating signal beam profile is shaped like
an ’inverted Gaussian’. This can be approximated in a multi-
amplifier OPCPA by driving the earlier stages into heavy
saturation.
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Figure 8.  Optimised OPCPA design using a PW pump laser.

Figure 8 shows the optimised design for a petawatt OPCPA
scheme which uses a large Nd:glass laser to provide the pump
beam.  The calculated temporal profile generated by the pre-
amplifiers is the required shape and leads to an output signal
beam with maximum efficiency and spectral bandwidth and an
intensity profile which can be compressed to a short pulse with
good fidelity.
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Introduction

This study contributes to the development of the CERN Linear
Collider (CLIC).  One route to the generation of the required
electron injection into this system is through the use of photo-
cathodes illuminated with a suitably designed laser system.  The
requirements of the accelerator and photo-cathodes have led to
a specification for the laser system given in Table 1.

UV energy per micropulse   �� -

Pulse duration   10ps

Time between pulses    2.13ns

Wavelength   ����QP

Pulse train duration ����� V

Repetition Rate   100Hz

Energy stability   �����

Laser/RF synchronisation   ��SV

Reliability  109 shots

Table 1. Photo-cathode specifications.

Key laser parameters

The key parameters are those for which feasibility needs to be
established and they largely determine the system design.

1)  Laser energy stability - the 0.5% specification in the UV
places a very tight requirement on the laser output.  Also it must
be controllable to this accuracy to meet the varying needs of the
photo-cathode due to sensitivity changes etc.

2)  Laser average power - the laser is required to deliver
430W, a high value for lasers, and one demanding careful
design to prevent beam degradation due to thermal effects.

3)  Laser pulse train power – an average output power in the
pulse train of 47kW places severe demands on the laser
pumping system.

Basic design features and choices

Pump source
Only diode arrays can meet the shot lifetime requirement of 109

shots and have an intrinsically higher stability and lower
thermal deposition in the laser material.  The cost is higher but
development will lead to a reduction in the cost differential.

Wavelength
A wavelength at about 1000nm is chosen since it is most
efficiently pumped by laser diodes and can be conveniently
converted to the UV using harmonic generation.

Gain medium
There are three principal criteria for selecting the best gain
medium for the amplifiers.

The gain bandwidth must support the amplification of pulses of
10ps or less.

The material must be able to achieve a reasonable gain (greater
than ~2) with quasi steady state pumping, without excessive
losses due to the fluorescence decay.  This loss is regarded as
excessive if it is larger than the 47kW extracted power in the
amplified beam.

The third is the pump power required to generate a reasonable
gain in the material.

These criteria point to Nd:YLF as the best option.  It also has
very low thermal distortion and its birefringence ensures a well
polarised output. However care must be taken not to exceed its
fracture level of about 20 W/cm.

Amplifier type
Rod amplifiers are preferred, being simpler, better for optical
quality and less expensive.  Slab amplifiers would need to be
considered if required pump powers and thermal deposition
rates are too high for rod amplifiers.

Amplification can be carried out using single, multipass or
regenerative amplifiers or seeded oscillators.  This study mainly
concentrates on single and double pass amplifiers and
demonstrates that a system based on them is feasible.  Four pass
amplification can reduce the number of smaller amplifiers at
some cost saving but with increased complexity.  An injection-
seeded oscillator looks a good option for the first stage of
amplification especially if the master oscillator provides only
low power since it is well suited to giving high power pulse
trains with good stability.

System Architecture

OSC

AMP 1

POCKELS
CELL GATE

OPTICS

AMP 2

OPTICS

AMP 3

OPTICS

FHGDELAY LINE
OPTICS

OPTICS
PHOTOCATHODE

Figure 1. Basic system architecture.

An outline design architecture is shown schematically in
Figure 1 and demonstrates the key features of the system.

The pulse train from a cw oscillator with the correct pulse
duration and repetition rate and at the correct wavelength is
amplified by a sequence of single or double pass amplifiers to
the required pulse energy specification.  These pulses are
converted to the fourth harmonic in a pair of nonlinear crystals
and the resulting UV pulse train is relayed to the photo-cathode.
Other features of the system are:  beam conditioning optics for
beam sizing, relaying and filtering; electro-optic devices both
for switching out the required pulse train and for fast feed back
amplitude control;  fast feedback control of pump diode array
current.
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Detailed design considerations

The system can be conveniently broken down into a number of
aspects for detailed analysis:

1)  General amplifier design considerations.
2)  Amplifier designs.
3)  Fourth harmonic generation.
4)  Laser damage threshold.
5) System staging - including the disposition of the system
components and the design of the beam conditioning optics.
6) Stability -  ways to control the intrinsic instabilities of the
design through design changes and through the introduction
of feedback mechanisms.

Amplification
In this section an analysis is given of the dynamic gain
characteristics of both single pass and double pass rod
amplifiers subject to a spatially uniform pumping rate and
having a spatially uniform input pulse train.  Account is taken
of:  the diode pumping; the amplification of the beam; the
depletion of the stored energy by the beam; the fluorescence
losses; and the amplified spontaneous emission (ASE).

The approach taken is to specify the output requirements (pulse
train power and energy stability) of the amplifier and to look for
parameters which minimise the pump energy and maximise the
tolerance on the input parameters.  The aim is to try to establish
’steady state’ operation of the amplifiers since this is most likely
to be able to satisfy the stability requirement.  An important
feature of steady state operation is the time for it to become
established, since it is necessary that this is sufficiently short
that it does not lead to unacceptably high pumping losses and
thermal effects.

Steady state operation
A simple and useful relationship can be found for the amplifier
in steady state.  In this case the extracted pulse train power is
balanced by the difference between the pumping rate and
fluorescence losses. This can be written:

fl
satabspout

BG
F

D
P

G
P

τ
πη )1(

.
2

ln
..

4
.)

1
1(

2 +−=− (1)

where p  = fraction of the absorbed power (Pabs) reaching
the upper laser state and  we assume a fast energy transfer
between the upper state levels.

Fsat = saturation fluence = K �
G    = amplifier gain
B    = additional losses due to ASE

fl    = intrinsic fluorescence decay time

The factor 2 is for a double pass amplifier (1 for single pass).

For example, inserting the values for Nd:YLF, setting B = 0 and
taking the output requirement for CLIC of P = 47kW gives:

2.ln34.076.0)
1

1(47 DGP
G abs −=− (2)

and for a 1cm diameter rod with gain x4, absorbed power must
be = 46.4 + 0.6 = 47.0kW where the second term (+0.6) is the
fluorescence loss.

A comparison between single and double pass amplification can
also be made using Equation (1).  For amplifiers with the same
gain the fluorescence loss term is a factor of 2 less for double
pass operation and requires less pump power to reach the same
gain.  For the two examples above the difference between single
and double pass is only an additional 0.3kW for Nd:YLF.

Full calculation
The calculation is characterised by the following parameters:

− The absorbed pump power Pabs which is assumed
uniformly distributed over the rod.

− The input and output fluences Fin and Fout of a pulse in the
pulse train.

− The diameter D and length L of the amplifier rod.

− The pulse fluence F(z,t) within the amplifier.

− 7KH�JDLQ�FRHIILFLHQW� �z,t) within the amplifier.

The calculation increments through the pulse train calculating
for each pulse its amplification and the resulting gain
distribution for the next pulse.  An underlying assumption is
that the amplifier deals with each pulse sequentially in time, and
this may not be the case for multipass amplifiers.  However the
assumption is valid if, as in the case being considered, the pulse
fluence is small compared with the saturation fluence and leads
to only a small incremental change in the gain coefficient.

The pulse fluence within the amplifier can be written:
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The incremental change in the gain coefficient from one pulse
to the next has 3 contributions:  an increase due to pumping;  a
loss due to fluorescence enhanced by amplified spontaneous
emission, and depletion by the previous pulse. Consequently:
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where: R = level splitting ratio in the upper laser state and it
is assumed that the equilibrium in the level populations is re-
HVWDEOLVKHG�LQ�D�WLPH�YHU\�VKRUW�FRPSDUHG�ZLWK� S.

S = time separation of the pulses in the train

An analysis of  ASE is given elsewhere.  In order to include its
effect in this calculation approximate analytic expressions are
used for B as follows:
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≈  for close-coupled double pass amplifiers

Using these equations the dynamic development of both gain
and pulse train fluence was evaluated to find a solution for a
specified output pulse train with less than 1% variation over the
required pulse train length. Figure 2 shows an example of the
output pulse train for the case of a double pass amplifier with its
gain switched on in the presence of the input pulse train.  The
output pulse energy rises to become stable (’steady state’) after a
characteristic response time.  At later times the output is seen to
be stable to a very high degree.  The process with the minimum
response time is critically damped and evaluating a number of
different simulations such as in Figure 2 we find the following
approximation for critically damped Nd:YLF amplifiers:

    

with a response time sGµln.10≈

2/240
2

.4
cmkW

D

absP
≈

π
(7)



Laser Science and Development – Laser Optics and Laser Design

Central Laser Facility Annual Report 2000/2001                           186

Figure 2.  Double pass Nd:YLF amplifier with diodes initiated
at zero time and continuous injection of pulse train.

Another important parameter of the amplifier performance is its
sensitivity to variations in the pump power and the input pulse
energy.  These are illustrated in Figure 3 for which the input
energy has been decreased by 1% and the pump power is
suddenly LQFUHDVHG��E\����DIWHU��� V�

Figure 3.  Effect of small changes in input energy and pump
power.

The conclusion on sensitivity tests is:

Output variation = input variation / G + pump variation (8)

This is simple to demonstrate analytically by differentiating
Equation (1). Consequently by extending this argument through
several saturated amplifiers in series, the tolerance to the input
pulse energy increases with the total gain of the system.  The
requirement for stability of the beam energy and pump power of
early amplifiers and oscillator is very much relaxed.

:H� DOVR� QRWH� D� ��H� UHVSRQVH� WLPH� RI� DERXW� � V� IRU� D� VXGGHQ
pump power change.

We can conclude that good output energy stability can be
achieved after an acceptable initial period of pumping to
converge to steady state operation. If necessary this initial
response time can be eliminated by pumping the amplifier for a
short period before switching in the input pulse train.

Double pass amplification gives slightly better performance
than single pass but involves additional optical elements.

Diode Pumping of the Rod
We concentrate on the requirements for the final amplifier in
CLIC since these are likely to be the most difficult to meet and
estimates suggested that an absorbed pump power of 47kW
would be required.  The problem is reduced to finding the
simplest design of pumping chamber which will contain a
sufficient number of diode arrays, will couple the diode power
efficiently to the rod, and will allow efficient cooling of the rod.

The maximum thermal loading on the rod for the final CLIC
amplifier is given by:

Thermal Power = Output Optical Power x 

p

p

η
η−1

 (9)

           = 0.32 x Output Optical Power    for Nd:YLF

Since the average output power requirement is 430W, the
thermal deposition rate is 140W.  This can be satisfied using
simple flow-tube water immersion and a low flow rate.

The absorption efficiency of the rod has been analysed by
Barnes et al1) and for the case being considered
(Nd:YLF at 1% concentration, diode bandwidth = 5nm, average
of both polarisations) their results can be reduced to the
approximate expression:

( ) 77.0

42.0exp1 D
abs −−≈η (10)

For example, for an absorption efficiency greater than 80% the
rod diameter must be greater than 0.78cm.  If the un-absorbed
pump is reflected back into the rod for a second pass we can
achieve 80% efficiency with rods of diameter 0.39cm.

STACKED DIODE ARRAY

WATER COOLING
SILICA TUBE

AMPLIFIER ROD

MIRROR COATINGS

Figure 4.   Schematic of diode-pumped amplifier head.

Figure 4 illustrates a simple design suitable to meet the
requirements of the CLIC photo-injector system.  This design
stacks 5 x 9  1cm2� DUUD\V� DURXQG� D� �� [� ��FP� ODVHU� URG�
providing at a maximum total output well above the required
47kW. The estimated coupling efficiency of this design is 85%
and the estimated absorption efficiency is 96%.

Thermal distortion
A significant advantage of YLF is its low value of thermal
focusing.  From Murray2) we derive the following relationship
IRU�WKH�WKHUPDOO\�LQGXFHG�IRFDO�OHQJWKV�LQ�WKH�
R
��
 
��DQG�
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��
 
�
planes at the principal wavelength of 1047nm:
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for D in mm and P in W

or, maximum ZDYHIURQW�HUURU�� 0 = 0.05Pth or e = –0.19Pth P

Although Nd:YLF has less thermal distortion than other
materials it is still necessary to use spherical and cylindrical
optics to correct for the resulting aberration.

Design of amplification system
The specification for the CLIC system is given in Table 1.  A
mean pulse train power of 47kW is required, and it is important
to minimise the required pump power.  A key parameter is the
total gain of the amplifier system.  Suitable oscillators up to
100W output power have been demonstrated so we assume for
this design study that 30W is available. 30W input and 47kW
output leads to the requirement for a gain of 1600.

A three amplifier system is preferred because it is more
conservative and places less demands on pump power and gives
less thermal effects in the final amplifier.  The total pump
power requirement is almost the same for all possible schemes.

The performance of the final amplifier is illustrated in Figure 5
by the dependence of the output train pulse energy on the time
after initiation of the pumping, and in the presence of a constant
energy input pulse train.  The pump power required to achieve
the specified performance is 48kW with a rod geometry of
����[���FP���7KH�SXPS�SXOVH�GXUDWLRQ�UHTXLUHG�WR�JLYH�D��� V

output pulse train with high stability is ���� V�DQG�DW����+]�WKH
average thermal deposition in the rod is 15W/cm which is less
than but quite close to the thermal fracture limit of Nd:YLF3).
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Figure 5.   CLIC a) final and b) penultimate amplifier giving
gains of 4 and 20 respectively.

Operating the final amplifier in double pass would result in a
shorter time to reach the steady state and reduce the thermal
stress in the rod by about 18%, but with increased complexity.

The penultimate amplifier operating in double pass with a gain
of 20 is also illustrated in Figure 5.  The required pump power
LV���N:�IRU�D� ����[���FP�URG���,Q�WKLV�FDVH��WR�HQVXUH�WKDW�WKH
steady state is reached before the pump for the final amplifier is
LQLWLDWHG�� WKH� SXPS� SXOVH� GXUDWLRQ� PXVW� EH� ��� V� ZLWK� D
resulting thermal loading on the rod of 11W/cm.

Fourth harmonic generation
Fourth harmonic generation is needed to meet the requirements
of the photo-cathode and we have assumed a conversion
efficiency of 10%.  Although sensible to take a conservative
estimate for this design study it is important to improve on this
efficiency since this would lead to a significant reduction in the
cost of the laser and in the loading of the final amplifier.

Fourth harmonic generation (FHG) uses two second harmonic
generation (SHG) crystals in series and, in principle, each SHG
process can be 100% efficient for pulses square in space and
time.  For many systems 50% is generated leading to an FHG
efficiency of 25%, but to do this it is necessary to be able to
achieve the correct conditions at the crystal.  These are:

for high efficiency:    04.0. 2

2

21

3
fIL

deff







λλ

λ
 (12)

for sufficient bandwidth: 

�/���YDOXH�IRU�FU\VWDO�DQG�ZDYHOHQJWKV�� (13)

for sufficient angular tolerance:

�/���YDOXH�IRU�FU\VWDO�DQG�ZDYHOHQJWKV�� (14)

where: deff = effective nonlinear coefficient in pm/V
I     = incident intensity in GW/cm2

L    = crystal length in cm
subscripts 1,2 and 3 refer to the three wavelengths

�� �LQSXW�SXOVH�EDQGZLGWK�LQ�QP
�� �LQSXW�EHDP�GLYHUJHQFH�LQ�mrad

Equation (13) determines the maximum length of crystal
acceptable for the bandwidth of the laser.  For 10ps pulses the
minimum bandwidth is 1.5cm-1 (the transform limit for a 10ps
pulse).  Having determined the crystal length, or less if
appropriate, Equation (12) is used to determine the pulse
intensity required to achieve high efficiency.  Equation (14)
determines the acceptable divergence of the input beam.

Crystal parameters suggest that, using spatially flat top beams it
should not be difficult to achieve at least 50% conversion at
each stage and an overall conversion efficiency to the fourth
harmonic of 25%, a factor of 2.5 higher than assumed for this
design study.  BBO for both stages looks a good option since it
allows the beams to be larger and have the same size.  The most
critical parameter may be the beam divergence requirement at
the fourth harmonic stage as this must be close to the diffraction
limit to achieve maximum efficiency.  If this proves a problem
then KDP offers an attractive alternative.

Optical Damage Requirement
Estimated minimum damage threshold (for anti-reflection
coatings)  for the CLIC output pulse train (4.2 J in 91 V�� LV
40 J/cm2.  Allowing for a safety factor of 4, maximum fluence
is 10 J/cm2 and minimum beam diameter is 7 mm.  This
criterion allows us to have a calculated beam non-uniformity of
2:1 and still have a factor of 2 in hand.

System Staging
The layout of the system and its optical design are determined
by the requirements of beam size and profile at all points in the
system.  These requirements are:

− The oscillator to generate a single mode beam.

− The beam diameter to match that of the amplifiers.

− For maximum efficiency the beam profile to be close to
top hat at the final amplifier, harmonic crystals and photo-
cathode.

− To minimise the risk of component damage, the peak to
average intensity in the beam at all components should be
less than 2.

The single mode generated profile is converted to as close to
top hat as possible before the high efficiency amplifier stages.
This profile is then image-relayed to subsequent amplifiers, into
the harmonic crystals and onto the photo-cathode.  The image
relays also enable the beam diameter to be matched to the
following stage.

The closest it is possible to approach a top hat distribution and
meet the requirement that the peak to average intensity must be
nowhere greater than 2 is demonstrated in Figure 6 for a ’super-
Gaussian’ profile.  In this case the profile FWHM is 9.4mm or
94% of the final amplifier aperture.
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Figure 6.  Super-Gaussian and down-stream diffraction pattern.

A schematic of the proposed optical layout of the system is
shown in Figure 7.
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Figure 7.  Optical design for the photo-injector laser system.

Conclusions

A design for a laser system has been proposed to meet the
specifications appropriate for the CLIC drive beams.  The
feasibility of this system both in terms of performance and cost
have been demonstrated.
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Introduction

A rapidly evolving and exciting field in the current
development of lasers is the generation of ultrashort pulses and
ultrahigh peak powers fostered by the technique of chirped
pulse amplification (CPA).  Exploiting this approach, powers up
to 1 PW have been obtained1) and with comparable magnitudes
projected for other systems2-5). The future development of these
systems to higher powers would require the generation of
shorter pulses.  However, the existing systems have already
reached their practical limits in pulse duration given by the
bandwidth of the amplifier gain medium.  These limitations can
be circumvented using a technique called optical parametric
chirped pulse amplification (OPCPA)6,7) relying on
amplification within a broadband optical parametric amplifier.
In this concept the energy from a narrowband, high power laser
operating in an efficient energy extraction mode (typically on
the nanosecond timescale) is transferred onto a broadband seed
pulse generated as an ultrashort pulse and stretched to match the
duration of the pump.  The OPCPA technique is particularly
beneficial to those high power laser systems for which the
conventional CPA technique cannot be used effectively.  This is
especially true for a high power iodine laser because of its very
narrow gain bandwidth.

In this report, we numerically demonstrate that the
implementation of OPCPA to a high power iodine laser system
can be used to greatly enhance its performance and generate
powers up to ~5 PW, focused intensities higher than
1023 Wcm-2 and pulses with duration as short as ~20 fs. The
presented design was calculated to match the existing output
parameters of the Asterix IV iodine laser. The numerical
simulations used in the design take into account saturation
effects within the OPCPA amplifiers, and the temporal variation
of the pump pulse intensity. A full account of this work can be
found in Reference 8.

Optical Parametric Chirped Pulse Amplification

In the OPCPA scheme the energy from a high power laser
system operating in a narrow bandwidth, energy efficient mode
is transferred onto a chirped pulse in an optical parametric
amplifier (OPA). The amplified pulse is then recompressed in a
grating compressor.  The high power laser pulse and chirped
pulse act as pump and signal, respectively. The OPA typically
operates in a noncollinear geometry9) optimised to give a
maximum gain bandwidth.  The scheme overcomes the
bandwidth limitations of conventional high power lasers and
enables pulses in the region of tens of femtoseconds to be
generated.  Other advantages of this approach include lower
amplified spontaneous emission (ASE) on target and improved
beam quality stemming from the fact that pump pulse
aberrations are not imprinted on the amplified chirped pulse.

The OPA process is fully described by three coupled wave
equations expressing the nonlinear interactions between the
pump, signal, and idler waves10-12).  In the nanosecond regime
where the group velocity mismatch between the pump signal
and idler pulses can be neglected the set of equations can be
reduced in the plane wave approximation to12,13) .
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f is the fraction of energy lost to the pump and distributed
between the signal and idler in proportion to their frequency at
time t, L is the propagation distance within the crystal, go is the
gain coefficient defined in6), ωp and ωs are the pump and signal
angular frequencies, respectively, Ip(t) and Is(t) are the time
dependent pump and signal intensities at the input of the crystal,
respectively, and ∆k is the wave vector mismatch between the
three waves. It can be shown13) that the additional phase
acquired by the signal within the OPCPA can be approximated
by the phase in the non-saturated case given in Reference 6.

The above equation was solved numerically in Mathematica 3.0
for a three stage OPCPA as given in Figure 1. The dependence
of the gain coefficient go on the signal and idler wavelengths
across the pulse bandwidth was neglected as it only accounts for
± 1 % change corresponding to ± 2 % change of pump intensity
which, as shown later, is insignificant in the presented design.

Asterix IV / PALS Pump Laser

The OPCPA system discussed in this paper is conceived as an
upgrade to the iodine laser Asterix IV14) which is integrated into
a new facility named PALS (Prague Asterix Laser System)15).
The Asterix IV is a high power laser system consisting of a
master oscillator and an array of five power amplifiers.  At the
fundamental wavelength (1.315 µm) it delivers in a single beam
up to 1.2 kJ of energy in a pulse with a duration of 100 to
500 ps and beam diameter 290 mm. The beam can be frequency
tripled to 438 nm in a DKDP crystal, with an efficiency up to
60 %.  The Asterix IV also delivers up to 100 J in an auxiliary
beam with 148 mm diameter, which may be converted to
438 nm with up to 30 % conversion efficiency.  A particularly
noteworthy feature is a good spatial quality of the output beams
exhibiting intensity uniformity within a few percent of rms
deviation from the ideal top-hat profile.

The Asterix IV bandwidth is less than ~1 cm-1 (1.7 Å) which is
more than two orders of magnitude less than that possessed by
Nd:glass systems and as a result the iodine laser is not capable
of the effective amplification of pulses with bandwidth larger
than ~30 GHz.  This restricts its pulse duration to above
~ 40 ps.  Consequently the conventional direct chirped pulse
amplification (CPA) technique as a means of generating sub-
picosecond high-power pulses is not applicable to this type of
laser.  Alternative routes for producing short pulses with
Asterix IV have been proposed.  These include the use of the
frequency tripled 483 nm beam to drive the population
inversion in an auxiliary amplifier consisting of either a Raman
ethanol-filled cell16) or a Ti:sapphire crystal17).  Although the
viability of both of these approaches was demonstrated at the
millijoule level, their scalability to a larger system utilising the
full pump power of Asterix IV is yet to be established.  It is
however expected that the maximum achievable peak power
would not exceed ~100 TW.

Design of a 5 PW Optical Parametric Chirped Pulse Amplifier for the Iodine Laser
Asterix IV
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In contrast, the Asterix IV iodine laser system is ideally suited
as a driver for an OPCPA as it has a high spatial uniformity and
large pulse energy available in a single beam (500 J, 438 nm) of
subnanosecond duration.  Its third harmonic output (438 nm)
can be used to pump an OPCPA consisting of LBO and KDP
crystals to amplify very broad band pulses at wavelengths
(~785 nm) which can be conveniently generated by existing
commercial Ti:sapphire oscillators.

Figure 1. The proposed layout of the OPCPA system using the
high-power iodine laser Asterix IV as a driver.

Design of an OPCPA Add-on System to Asterix IV

The conceptual layout of the OPCPA scheme is shown in
Figure 1. The system consists of two LBO pre-amplifiers (of
thickness 13.5 mm and 12 mm, respectively) of a moderate
size, and a final, large aperture (270 mm diameter clear
aperture, 45 mm thickness) KDP power-amplifier. The LBO
stages are driven by the Asterix IV auxiliary beam using ~20 J
at 438 nm.  The final KDP stage is pumped by the third
harmonic of the main Asterix IV beam with energy 500 J,
which is conservatively taken lower than the highest available.
The third harmonic output was favoured over the second to
pump the OPCPA as its wavelength enables broader bandwidth
to be amplified in the OPCPA.  BBO crystals were also
considered for use as pre-amplifier stages but provided
narrower gain bandwidth than LBO crystals. The temporal
shape of the pump pulse used in the modeling was Gaussian
with a nominal FWHM of 500 ps.  A suitable seed pulse can be
generated from a Ti:sapphire oscillator with a sech2 temporal
profile and FWHM duration as short as 10 fs, corresponding to
a spectral bandwidth ~1000 cm-1. The seed pulse is stretched
(3.2 cm-1/ps) in a grating stretcher to several hundred
picoseconds and injected into the first LBO stage, temporally
overlapping with the pump pulse.  The amplified pulse is
compressed in a compressor with overall throughput 56%
(assuming 70 % compressor throughput and additional 20 %
loss due to spectral clipping in the compressor).

Optimized Configuration using 500 ps Pump Pulses

A non-zero angle between the signal and pump pulses was used
(internal angles of 2.1 and 1.4 deg for LBO and KDP,
respectively) in order

(i) to maximise the OPCPA bandwidth,

(ii) to enable a suitable phase mismatch to be
introduced by detuning the crystals to maximise
the amplifier bandwidths and

(iii) to help separate the beams after the
amplification.

An additional feature of the optimisation was the variation of
both the ratio of pump and signal pulse durations and the length
of individual crystals while keeping the B-integral below unity.
The highest peak power was obtained with the signal pulse
shorter in duration by a factor 1.6 relative to the 500-ps pump
pulse (~ 310 ps).  The maximum achieved energy extraction
efficiency in the final KDP amplifier was 36 % giving an output
energy of 180 J.

Figure 3 shows the temporal profile of the signal pulse after
recompression.  The resulting pulse length is 21 fs.  By
accounting for losses in the compressor, the simulation
demonstrates that the peak powers up to 4.9 PW may be
generated.  The overall intensity contrast of the pulse is better
than 5x10-2 and better than 10-3 outside the range ±100 fs.  The
output pulse contrast can be improved by either spectral pulse
shaping in the compressor or by operating the OPCPA in a
regime optimised for highest contrast at some loss to the peak
intensity.
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Figure 2.  Intensity temporal evolution for the input pump
(black), output pump (blue) and output signal (red) pulses in the
final KDP amplifier.
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Figure 3.  The temporal profile of the output pulse after
recompression, obtained by taking the Fourier transform of the
output signal spectrum and residual phase.

Practical Aspects of the OPCPA Design

The beams are injected into the amplifiers using dichroic
mirrors at the required non-collinear angle with respect to the
signal beam.  The Amp3 is driven by the Asterix IV main beam
which is telescoped from 290 to 270 mm to attain a higher
pump fluence allowing the use of a shorter KDP crystal and to
avoid possible problems with overfilling of the compressor
gratings.  The reduction of the Asterix IV main beam from 290
to 270 mm may be accomplished most conveniently by
adapting the output end of the current final spatial filter.  The
Asterix IV / PALS beam divergence which is below 50 µrad is
well within the pump beam angular tolerance of OPCPAs in the
presented design.  The input and output faces of the crystals
constituting the amplifiers should be antireflection coated for
the signal and idler wavelengths, to minimise the internal
reflection of these beams to avoid potential parasitic
oscillations.

The ~10 fs seed pulse can be conveniently generated using a
Ti:sapphire oscillator synchronised to the 38 MHz radio-
frequency driving the acousto-optical mode coupler of the
Asterix IV oscillator. As the jitter of the Asterix IV oscillator is
well within 100 ps, it should not be a critical factor for the shot-
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to-shot stability of the performance of the proposed OPCPA
chain8). The oscillator pulse having an energy of ~5 nJ is
frequency chirped to 310 ps in a stretcher.  It is then injected to
the Amp1 to match the temporal peak of the pump pulse and
amplified to ~0.24 mJ. Both the residual pump and the idler
(~990 nm) waves are removed from the beamline prior to the
beam expander using their angular separation with respect to
the signal.  Upon amplification to ~0.5 J in Amp2, the signal
beam is separated from the residual pump using a dichroic
mirror while the idler wave is again eliminated using its angular
separation with respect to the signal beam.  The final
amplification in the KDP stage is achieved with the total spatial
overlap of the signal and pump beams.  Residual pump and idler
beams are removed as for Amp2, requiring for the idler an
optical path of ~3.1 m.  The signal fluence on the compressor
gratings is ~0.3 Jcm-2, which is safely below the damage
threshold of currently available Au-coated gratings.  In a
double-pass compressor involving commercially available
gratings 40 cm in size, designed to an angle of incidence of
~45 degrees, the signal beam will underfill the first grating and
will be spectrally clipped at ~4 x FWHM on the second one18).
Assuming a 56% efficiency of the compressor, we obtain the
power in the compressed beam of 4.9 PW representing an
improvement by three orders of magnitude over the existing
system.

Assuming a focusing reflective optic with the f-number equal to
1 and 3 and a 2-times diffraction limited beam6)  the estimated
focused intensity available on target would be
~ 1.6x1023 Wcm-2 and 2x1022 W/cm2, respectively.  This
represents an improvement of five orders of magnitude over the
highest attainable focused intensity from the current Asterix
IV / PALS system.

Conclusions

The presented design demonstrates that the OPCPA technique
promises a very large increase in peak power (1000×), focused
intensity (100,000×) and reduction in duration for the high
power pulse down to 21 fs.
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Introduction

Shutters have been used to modulate the output of light sources
since optical science began. A very wide range of shuttering
techniques is available but few of these work in the vacuum
ultraviolet (VUV) part of the spectrum, usually considered to
have a long wavelength limit of ~190 nm. Particular problems
arise when the requirement is for high speed VUV shutters.

There are a number of applications for such devices but perhaps
the most important current one is the selection of single VUV
pulses from synchrotrons. These are high average power
facilities, providing radiation to many users at the same time.
Their output consists of pulse trains lasting for hours, with
intervals of just a few nanoseconds between pulses of 10-100 ps
duration. While the short inter-pulse interval is not a problem
for most experiments it does restrict the study of processes with
relatively long decay times. This can be accommodated to some
extent by operating the synchrotron in “single-bunch” mode,
where the inter-pulse interval can be hundreds of nanoseconds.
However this leads to a substantial reduction in average power
which is unpopular with most of the other users. A much better
solution would be to provide each of the synchrotron’s
beamlines with a fast shutter, allowing single pulses to be
isolated. Unfortunately this is not currently practical in the
VUV where the fastest shutters are based on the photoelastic
effect. This involves interrupting the beam using two crossed
polarisers with a quartz block between them. When the block is
stressed by an acoustic wave it exhibits birefringence which
alters the polarisation of the light passing through it, thereby
opening the shutter. However the acoustic waves cannot be
switched faster than a few hundred kilohertz, so photoelastic
shutters are far too slow to select single pulses. Much faster
shutters can be built using the electro-optic effect. Here the
quartz block in a photoelastic shutter is replaced with a material
whose birefringence depends on the applied electric field, rather
than on mechanical stress. Electro-optic shutters, including one
called the Pockels cell, can operate at gigahertz frequencies.

Pockels effect

The term “Pockels effect” is used to describe an electro-optic
response where the induced birefringence is linearly
proportional to the applied electric field. The Pockels effect can
only occur in materials which are not centro-symmetric, i.e. in
the case of crystals, those that have no central point through
which each atom can be reflected onto an identical atom1). This
is also a necessary condition for crystals to be piezoelectric. Of
the 32 crystal classes, only 20 are not centro-symmetric, so
many crystals are excluded from displaying the Pockels effect.
The same is true of all disordered materials e.g. glasses and
liquids in their natural states, although it is possible for “poled”
glasses to have linear electro-optic coefficients2).

In order for a material to work successfully in a VUV Pockels
cell it must be transparent in the VUV and have a sufficiently
large electro-optic coefficient. To our knowledge the only non-
centro-symmetric crystals which are known to transmit at
wavelengths below 190 nm3) are the colquiriites, lithium
calcium aluminium hexafluoride (commonly known as LiCAF)
and its analogue, lithium strontium aluminium hexafluoride
(LiSAF). A recent literature search revealed no reference to
their electro-optic coefficients so it was decided to attempt to
measure these directly.

Figure 1. The crystal structure of LiCAF.

Linear electro-optic coefficient calculations

The linear electro-optic effect is described mathematically4) by
the following equation, which relates the change in the
components of the optical indicatrix, (1/n2)ij, to the components
of the electric field vector, Ek, through the third rank
electro-optic tensor, r:

∆(1/n2)ij = rijkEk (1)

Since r is symmetric in the first two indices, the Einstein
summation rule over equal indices can be used and r can be
reduced to matrix form.

The crystal structure of LiCAF is shown in Figure 1 (LiSAF is
identical except that the calcium ions are replaced by
strontium). The structure has 3m symmetry and it can be
shown5) that in this case ten of the elements of r are identically
zero and only four of the remaining eight are independent. In
more detail:

r =

00r

00r

0r0

r00

rr0

rr0

61

51

42

33

2322

1312

(2)

and

r12= -r22 = r61, r42 = r51, and r13 = r23 (3)

The actual size of any Pockels effect will depend on the
magnitudes of r12, r13, r33 and r42. These are difficult to model
numerically6) so the only way to establish whether LiCAF or
LiSAF will be a useful Pockels material is to measure them.

In general applying an electric field to a Pockels material
changes its refractive index in such a way as to steer, as well as
retard, different polarisation components of the transmitted
light. Beam steering is undesirable in a practical shutter, so
particular geometrical arrangements are chosen to eliminate it.
Two common arrangements are to propagate the light with its k
vector perpendicular to the entrance and exit faces of the crystal
and either parallel to the applied electric field or perpendicular
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(transverse) to it. It can be shown that an r matrix constrained
as in (2) and (3) leads to an identically zero birefringence when
the E and k vectors are parallel, so only the transverse
arrangement can be used for Pockels materials with 3m
symmetry. Such an arrangement is shown in Figure 2. The
retardance, Γ, i.e. the phase difference introduced between the
light polarised along the material’s optic axis and that polarised
parallel to it, is then given by:
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where c is the speed of light, ω is its angular frequency, no and
ne are the crystal’s refractive indices in the absence of any
applied field and the other variables are as defined in Figure 2.
The shutter is “closed” when the value of Γ is an even multiple
of π radians and fully “open” when it is an odd multiple. The
length of the Pockels material is usually adjusted so that Γ is an
exact multiple of 2π radians when V=0.

Experimental setup

The experimental setup is shown in Figure 3. It is almost
identical to the schematic in Figure 2 except that a Babinet-
Soleil compensator has been added between the first polariser
and the crystal. This allows the total retardance to be adjusted to
an odd multiple of π/2 radians which is the value at which the
output is most sensitive to small changes in Γ.

Figure 3. Photograph of the experimental set-up.

The light source is a He-Ne laser operating at a wavelength of
632.8 nm. The LiCAF and LiSAF crystals were provided by
VLOC Inc7) and are mounted between spring-loaded solid
electrodes in a custom built cell. Their dimensions are given in
Table 1. The high voltage comes from a commercial Pockels
call driver (Leysop Ltd) which can deliver up to 8 kV with a
falltime to ground of less than 5 ns. The output signal is

monitored using a silicon photodiode (Thorlabs Inc, DET 210).
To reduce the noise the system was fired repetitively and up to
64 signals were averaged.

Crystal Length l (mm) Height d (mm)

LiCAF 6.00±0.005 6.00±0.005

LiSAF 10.02±0.005 9.38±0.005

Table1. Dimensions of the crystals.

Under good conditions the system should detect a retardance
change when the driver is fired of as little as 0.01 radians.

Results

Preliminary measurements have shown no Pockels effect in
either crystal. It would seem that the upper limits to the value of
(ne

3r33 – no
3r13) are approximately 4 × 10-8 cm/kV for LiCAF

and 5 × 10-8 cm/kV for LiSAF. A value of the order of
10-6 cm/kV would be required to make a practical Pockels cell
within the constraints of high voltage breakdown and useable
crystal length.

However the apparent absence of any Pockels effect may be due
to one or more experimental artifacts. In particular the high
natural birefringence of both materials (more than 103 radians in
each sample) means that strict crystal parallelism is required if
the birefringence is not to vary significantly across the beam
width. If it were present such variation would mask small
Pockels signals.

It is planned to carry out more detailed measurements including
a calibration of the experimental set-up using a sample of KDP
– a well-characterised Pockels material.

Conclusions

The colquiriite crystals LiCAF and LiSAF have been identified
as being potential transverse Pockels materials in the VUV.
However to be practically useful they must exhibit sizeable
electro-optic coefficients. An experimental set-up has been
designed and built to measure these coefficients. Preliminary
results suggest that any effects are very small. However further
and more detailed experiments, including a calibration of the
experimental hardware, are under way.

References

1. See e.g. E Hecht,
Optics (3rd edn.), publ Addison Wesley Longman, (1998)

2. X-C Long, R A Myers and S R J Brueck,
Opt Letts, 19 1819, (1994)

3. K Shimamura, S L Baldochi, I M Ranieri, H Sato, T Fujita,
V L Mazzocchi, C B R Parente, C O Paiva-Santos,
C V Santilli, N Sarukura and T Fukuda,
J Cryst Growth, 223 383, (2001)

4. P Gunter (ed),
Nonlinear Optical Effects and Materials, publ Springer-
Verlag, (2000)

5. A Yariv,
Quantum Electronics (3rd edn.), publ Wiley, (1988)

6. S Popov, S V Svirko, P Yu and N I Zheludev,
Susceptibility Tensors for Nonlinear Optics, publ IoP,
(1995)

7. VLOC Inc, T826 Photonics Drive, New Port Richey,
FL 34655, USA

Output
beam

Pockels material
optic axis

Input
beam

V

Input
polariser

Output
polariser

Pockels
material

d

l

Figure 2. Transverse Pockels cell arrangement, showing the
applied voltage, optic axis, polariser and beam directions.



Appendices – Operational Statistics

193                           Central Laser Facility Annual Report 2000/2001

Schedules and Operational Statistics

1) Vulcan

2) Astra

3) Lasers for Science Facility



Appendices – Operational Statistics - Vulcan

Central Laser Facility Annual Report 2000/2001                           194

Vulcan has completed an active experimental year, with 8 full
experiments taking place between April and December 2000 in
the two main target areas, East (TAE) and West (TAW).  The
laser was shut down for the first three months of 2001 to install
equipment for the Petawatt upgrade.

Table 1 below shows the operational schedule for the year, and
illustrates the shot rate statistics for each experiment.  Numbers
in parentheses indicate the total number of full energy laser
shots delivered to target, followed by the number of these that
failed.

The total number of full disc amplifier shots that have been
fired this year is 951 with only 44 of these failing to meet user
requirements.  This gives an overall system reliability figure of
95.4%.  The EPSRC Service Level Agreement (SLA) requires
Vulcan to be at least 90% reliable.

Figure 1. Analysis of Vulcan failure modes.

The SLA also requires that the laser system be available, during
the four week periods of experimental data collection, from
09:00 to 17:00 hours, Monday to Thursday, and from 09:00 to
16:00 hours on Fridays (a total of 156 hours).  The laser has not
always met the startup target of 9:00 am but it has been
common practice to operate the laser well beyond the standard
contracted finish time on several days during the week and to
operate during some weekends.  On average, Vulcan has been
available for each experiment for approximately 138 hours
during contracted hours with an additional 9 hours of laser
downtime giving an availability of 82%.  The facility was also
operated for an average of 80 additional hours per experiment
outside of contracted hours giving an overall availability of
132%.

The Vulcan laser remains very reliable; the overall shot failure
rate to target for the year is 4.6%.  This compares with 4.6%
during 1999-2000 and 5.4% for the previous year.  Analysis of
the reasons for failure of the individual shots enables a
breakdown of these causes into specific categories.  Figure 1
shows the identified failure modes and their individual failure
rates. This information enables servicing and equipment
refurbishment to be focused on the most serious sources of
system downtime.  Figure 1 shows the most serious causes of
failed shots to be the oscillators (25%), energy low
(unspecified) (16%) and the disc amplifiers (13%).  These
issues are being addressed individually.  Improvements to the
system continue to be made by targeting the main causes of
failure.  The three main causes of failure for 1999-2000 were
the rod amplifier chain (19%), the alignment of the beam
through the system (17%) and the oscillators (14%).
Improvements to the alignment procedure included the use of
CCD cameras to monitor the near field images at the output of
the rod amplifier chain.

PERIOD TAE TAW

24 Apr – 4 June

GR/L72718 – J Wark

Radiative transfer

(115, 5)

GR/L79151 – A E Dangor

Beat-wave acceleration

(82, 3)

12 Jun – 23 Jul Not operational

GR/M82936 – K Krushelnick

CPA magnetic fields

(174, 4)

31 Jul – 10 Sep Not operational

Direct Access – M Borghesi

Proton imaging

(119, 7)

24 Sep – 29 Oct

GR/L72718 – J Wark

Radiative transfer

(134, 9)

GR/L04436 – O Willi

Additional tickets

(119, 5)

13 Nov – 24 Dec

LLNL access – G Collins

EOS of planetary cores

(90, 3)

GR/L79151 – A E Dangor

Wakefield acceleration

(118, 8)

Table 1. Experimental schedule for the period April 2000 – March 2001. (Shut down for Upgrade, January to March 2001).

Vulcan Operational Statistics
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Failed Shots for 00-01 Experiments

Oscillator 
25%

Energy Low 
(Unspecified) 

16%Disc Amplifiers
13%

Human Error 
13%

Attenuators
9%

Rod Chain 
7%

Pockel Cells
4%

Alignment
2%

Faraday 
2%

Timing 
9%
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A total of 40 scheduled experiment weeks were carried out with
the Astra laser during the reporting period April 2000 to March
2001. The EPSRC sponsored 73 % of the experiments whilst
the remainder were sponsored by the EU. All of the
experiments were physics based.

The Astra laser was available for experiments for an average of
75 % of the time in normal day-time hours during scheduled
experiments.  In 6 of the 8 experiments 100 % of day-time
down-time was made up in out-of-hours working.  The average
lost-time made up was 88 % across all experiments.   Reliability
defined as the time the laser was available as a percentage of the
total time provided to scheduled experiments was 79 %.

Eleven weeks of development this year have helped Astra make
a successful transition from a development programme to an

operational facility capable of delivering 5 TW pulses of 50 fs
duration with focused intensities up to 1019 Wcm-2. Facility
development focused exclusively on characterising the system
and optimising it for the user programme.  Pulse energy and
beam distribution, for example, have been improved by about
25% as the performance of the final amplifier has been
enhanced with the installation of a better quality titanium-
sapphire crystal.  We have worked to reduce pre-pulse to ~10-5

of the main pulse, an essential requirement for many
experiments.  A suite of diagnostics are in place to support
experiments – a single-shot autocorrelator to monitor pulse
duration and on-line pulse spectrum, laser energy, far and near-
field detectors are in place to monitor the laser through the day.
A third-order correlator (TOC) is also available.

Astra Operational Statistics

A J Langley
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Date Target Area 1 (ATA1) Target Area 2 (ATA2)

3 Apr
10 Apr Ross Laser amplifier
17 Apr (RAL) development
24 Apr Gratings damage tests
1 May System characterisation
8 May Newell/Williams (UCL/Belfast)
15 May Short pulse laser interactions
22 May with positive ions and molecules Maintenance

29 May Hooker
5 Jun Newell/Williams (Oxford)
12 Jun (UCL/Belfast) Short wavelength lasers driven by
19 Jun optical field ionisation
26 Jun Direct access
3 Jul to
24 Jul

Laser maintenance and optimisation

31 Jul Maintenance
7 Aug Hooker
14 Aug (Oxford)
21 Aug Capillary waveguides for driving
28 Aug Short-wavelength lasers
4 Sep
11 Sep ∗
18 Sep
25 Sep Maintenance
2 Oct Dangor
9 Oct (IC)
16 Oct Laser  plasma wave generation
23 Oct and electron acceleration
30 Oct
6 Nov to
18 Dec

Laser maintenance and optimisation

25 Dec CHRISTMAS/NEW YEAR
1 Jan Maintenance Maintenance
8 Jan Osvay
15 Jan (Szeged, Hungary) Dangor
22 Jan Optical parametric chirped pulse amplification (IC)
29 Jan of femtosecond pulses between 290 – 530nm
5 Feb Laser  plasma wave generation
12 Feb and electron acceleration
19 Feb
26 Feb Maintenance
5 Mar Ledingham
12 Mar (Glasgow)
19 Mar Osvay Proton production with a
26 Mar (Szeged, Hungary) TW laser interacting with thin solid targets

Table 1. Astra Experiment Schedule 2000/2001 ∗ 5 week experiment over a 6 week period.
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RAL-based experiments

In the reporting period (April 2000 to March 2001), 21 different
User groups performed a total of 58 experiments in the LSF
laboratories at RAL.  A total of 3978 hours laser time was
scheduled throughout the year and 4371 hours delivered with
only 133 hours downtime.  Across the funding Councils the
weeks scheduled were 75 to EPSRC, 5 to the MRC, 9 to
BBSRC, 12 to Commercial Users, 5 to European Users, and 4
to Internal R&D giving 110 weeks delivered to the User
community overall.  Once again, a wide spread of disciplines
was covered and a breakdown is shown in Figure 1 with the
RAL-Based schedule Table 1.  There was a total of 28
publications and 14 conference proceedings published during
the reporting year.

Loan Pool

The Loan Pool delivered 359 weeks of laser time in the
reporting period.  Downtime was 26 weeks and was mainly due
to a laser being damaged during removal and transit.  In the 29
laser loans there were 8 groups new to the Loan Pool.  The
chemistry community was once again the biggest user as shown
in Figure 2 and this year there were 2 applications for the cw
systems to study biological systems using LIF and confocal
imaging.  The Loan Pool schedule is shown in Table 2.  There
was a total of 13 publications, 14 conference proceedings and 1
PhD during the reporting year.

Table 1. RAL-BASED SCHEDULE April 2000 to March 2001

Date Laser  Microscope
Laboratory

Nanosecond Science
Laboratory

Ultrafast Spectroscopy
Laboratory

X-Ray Laboratory

3-Apr-00 M GEORGE
(Nottingham)

10-Apr-00

17-Apr-00
MAINTENANCE COMMERCIAL P.I.R.A.T.E. COMMERCIAL

24-Apr-00
GR/M40486

1-May-00
MAINTENANCE US1C1/00

8-May-00
COMMERCIAL

H REEHAL (SBU)GR/L63044
TFCS Photovoltaics XU3E1/00

15-May-00 K BRINDLE
(Cambridge)

D PHILLIPS
(Imperial College)

22-May-00 Novel fluorescence technique for
studying proteins in vivo

Reorganisation Dynamics of
Charge Transfer Reactions COMMERCIAL

29-May-00 8/E11895
 CM1B1/00

U JAYASOORIYA (UEA)
Raman studies of the metal

GR/L84001
US5C1/00

G HIRST (CLF)
High brightness

5-Jun-00 centre in bacterioferritin
NL1C1/00 MAINTENANCE

microtomography system
XU1P1/00

12-Jun-00 J J McGARVEY
    (QUB)

C THOMAS GR/K90074
TFEL Devices

LSF Operational Statistics

S M Tavender, M Towrie, A W Parker

Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX

Main contact email address: S.M.Tavender@rl.ac.uk
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Date Laser  Microscope
Laboratory

Nanosecond Science
Laboratory

Ultrafast Spectroscopy
Laboratory

X-Ray Laboratory

19-Jun-00 BAGSHAW (Leicester)
Time-resolved fluorescence

DNA Interactions at colloidal
surfaces

G HIRST (CLF)
High brightness

26-Jun-00 anisotropy of myosin
91/C11088 CM5B2/00

GR/M45696
US2C1/00

microtomography system
XU1P1/00 CEO

3-Jul-00
DEVELOPMENT MAINTENANCE

10-Jul-00
OF LASER

D PHILLIPS Reorganisation
Dynamics GR/L84001 NL2C1/00

K REID
(Nottingham)

J CAIRNS  (Dundee)
Production of X-ray masks

17-Jul-00
OPTICAL

A novel Probe of
Intramolecular Vibrational

 GR/M41223
XU2C2/00

24-Jul-00
TWEEZERS

Energy Redistribution H REEHAL (SBU) GR/L63044
TFCS Photovoltaics XU3E1/00

31-Jul-00
MAINTENANCE

D PHILLIPS Reorganisation
Dynamics GR/L84001 NL5C2/00

GR/M83759
US4C1/00

COMMERCIAL
Q99/179

7-Aug-00 D PHILLIPS
(Imperial College)

14-Aug-00
MAINTENANCE

Reorganisation Dynamics of
Charge Transfer Reactions

21-Aug-00 S KELLY (Hull)
Photoluminescence of electro-

GR/L84001
US11C2/00 MAINTENANCE

28-Aug-00 luminescent liquid crystals
GR/L41417  CM4M2/00

MAINTENANCE

4-Sep-00 M SEARLE
(Nottingham)

M GEORGE
 (Nottingham)

11-Sep-00 Fast time-resolved infrared
analysis of beta-sheet

J CAIRNS (Dundee)
Production

18-Sep-00 K BRINDLE (Cambridge)
Novel fluorescence technique for

peptide folding in aqueous
solutions P.I.R.A.T.E.

  of X-ray masks
GR/M41223 XU5M2/00

25-Sep-00 studying proteins in vivo
8/E11895   CM2B2/00

NL5C2/00

2-Oct-00 GR/M40486
US9C2/00A

H  REEHAL(SBU) GR/L63044
TFCS Photovoltaics XU7E2/00

9-Oct-00
DEVELOPMENT OF

D McGARVEY
(Keele) MAINTENANCE

16-Oct-00
LASER

Nanosecond TR3 of
carotenoid radicals resulting

COMMERCIAL
00/0050S

M HILL  (MRC) Cellular
radiobiology XU6B2/00

23-Oct-00
OPTICAL TWEEZERS

 from trapping
phenylacetylperoxyl radical in

J J McGARVEY (QUB)
DNA Interactions at colloidal

30-Oct-00 polar  and non-polar solvents
NL4C2/00

surfaces
GR/M45696  US8C2/00

C WHARTON (Birmingham)
Intracellular dynamics

6-Nov-00 C WHARTON Intracellular
dynamics CM3P2/00 GR/N19052

M GEORGE
 (Nottingham)

GR/N19052
XU8P2/00

13-Nov-00 P.I.R.A.T.E.

20-Nov-00 GR/M40486
US9C2/00B

COMMERCIAL
Q99/179

27-Nov-00
MAINTENANCE

M GEORGE (Nottingham)
GR/M40486   US13C3/00A MAINTENANCE

4-Dec-00 D PHILLIPS
(Imperial College)

M HILL (MRC) Cellular
radiobiology XU13B3/00A

11-Dec-00 C WHARTON (Birmingham)
GR/N19052    CM9P3/00A

Reorganisation Dynamics of
Charge Transfer Reactions

C WHARTON (Birmingham)
GR/N19052   XU14P2/00

18-Dec-00 P O’NEILL (MRC) DNA Base
 Radical Ions CM8C3/00

GR/L84001
US14C3/00

25-Dec-00

1-Jan-01
X-MAS/

NEW YEAR
8-Jan-01

MAINTENANCE
A MICHETTE (King’s College)

Development of the
15-Jan-01 COMMERIAL - LASER

TWEEZERS Lattice
P MOJZES

(Czech Republic)
Scanning X-Ray  Microscope
 GR/N28061/01  XU10P3/00

22-Jan-01 forces in 2-D crystalline
monolayers  CM6C3/00

D PHILLIPS (IC)
 GR/L84001 NL8C3/00

TR3 Study of Porphyrin -
Oligonucleotide Exciplex

29-Jan-01 Formation
USEV11C3/00

P O’NEILL (MRC) Energy
Dependence for Base Damage

5-Feb-01 K BRINDLE (Cambridge)
8/E11895   CM7B3/00A

A VLCEK    (QMWC)
Early photochemical

in DNA by low energy
Photons      XU11B3/00

12-Feb-01 COMMERIAL - LASER
TWEEZERS Lattice  

dynamics of charge
transfer excited MAINTENANCE

19-Feb-01 forces in 2-D crystalline
monolayers  CM6C3/00

organometallic complexes
GR/N11414         US15C3/00A

C WHARTON
(Birmingham)

26-Feb-01 C WHARTON  (Birmingham)
GR/N19052    CM9P3/00B MAINTENANCE

Intracellular dynamics
GR/N19052    XU8P2/00

5-Mar-01
MAINTENANCE

M GEORGE
 (Nottingham)

J CAIRNS (Dundee)
Production

12-Mar-01 P.I.R.A.T.E.   of X-ray masks
GR/M41223      XU9M3/00

19-Mar-01 K BRINDLE (Cambridge)
8/E11895   CM7B3/00B

GR/M40486
US13C3/00B

H  REEHAL (SBU) XU12E3/00
Photovoltaics GR/L63044

26-Mar-01 A VLCEK (QMWC)
GR/N11414    US15C3/00B

M HILL (MRC) Cellular
radiobiology    XU13B3/00B
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Table 2.Delivered Loan Pool Schedule April 2000 to March 2001
Date NSL1

YAG/Dye
NSL2

YAG/Dye
NSL3

YAG/Dye
NSL4

YAG/Dye
NSL5

Fluoride excimer
NSL6

YAG/Dye
CWL2
 Ti:S

CWL3
FreD Ar Ion

CW1
Ar Ion

Apr 3 JONES COATS SIMONS TAYLOR SHIELDS

10 UNALLOCATED Edinburgh Leicester GEORGE Oxford ImperialColle
ge

Oxford

17 Nottingham GaN based

24 Supersonic jet UV/UV and semiconductors

May  1 Spectroscopy
d

LP15E2/99 UNALLOCATED IR/UV LP31P3/99 FROST

8 Density Vibrational Ion-dip Heriot-Watt

15 DENNING functional Spectroscopy Spectroscopy

22 Oxford calculations COATS Of of amino acids LP27C3/99 NEUENDORF

29 of Leicester DNA base Amides and
th i

Birmingham Visible laser

June 5 liquid crystal Radical ions: Hydrated
l t

Induced

12 Two-photon Molecules A time- BERK Fluorescence

19 Spectroscopy Acoustic COLE/RAITHBY Resolved Manchester Optical Studies of

26 Of LP28C3/99 Instability Bath Infrared LP26C3/99 Two-photon Properties Dysplasia in

July 3 Lanthanide Of Investigation Fluorescence Of Human

10 Ions Fully Correlation Nanoscale Colonic tissue

17 SERVICE Premixed LP3C1/00 SIMONS Spectroscopy Silicon

24 AT SIRA Flames Crystallographic Oxford For Structures

31 Studies Studying

Aug 7 REPAIR On GEORGE Ion dip Drug LP30B3/99

14 OF Excited state Nottingham Spectroscopy Delivery

21 LP1C1/00 YAG Molecular Of In living

28 LP7E1/00 complexes neurotransmitt
ers amino

Tissue LP6P1/00 RETIRED

Sept 4 Vibrational and their AWARDED

11 DENNING Spectroscopy Hydrated
l t

To

18 Oxford COATS Of LP8B1/00 FROST

25 Leicester LP9C2/00 DNA base Herriot-Watt

Oct 2 Two-photon STACE Acoustic Radical ions:

9 Spectroscopy Sussex Instability KLENERMA
N

16 Of Of COLE/RAITHBY Cambridge

23 Lanthanide Spectroscopic Fully Bath LP11C2/00

30 Ions Studies of Premixed POTTON

Nov 6 transition metal Flames 2-Photon Salford

13 complexes Crystallographic SIMONS Scanning

20 in the Studies On Oxford Microscopy

27 LP17C3/00 Gas phase Excited state and surface

Dec 4 Molecular Con-focal Optical

11 complexes Vibrational Imaging of Poling of

18 UNALLOCATED Spectroscopy Living cells Glasses for

25 LP14E3/00 Of DNA base non-linear

Jan20
01

Radical ions Optical

08 LACZIK LP2C1/00 components

15 Oxford REID LP12C2/00

22 Nottingham LP13C2/00 LP15C3/00

29 Use of STACE Photoelectron

Feb 5 diffractive Sussex Angular LINFIELD LP16P3/00

12 Optical Distributions Cambridge

19 elements Cluster a Probe of UNALLOCATED UNALLOCATED LP15C3/00 Development

26 for enhanced Spectroscopy Intramolecular of an optical

Mar5 Micro- in Helium and high power

12 machining Nanodroplets Photoionizatio SIMONS terahertz LEGGATT

19 Dynamics Oxford source UMIST

26 LP22E3/00 LP19C3/00 LP18C3/00 SMITH LP6C1/01 LP21C3/00 LP23C3/00
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Publications
1) High Power Laser Programme – Vulcan Laser

2) High Power Laser Programme – Astra Laser

3) Lasers for Science Facility

4) Laser Science and Development
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High Power Laser Programme – Vulcan
Laser
JOURNAL PUBLICATIONS, BOOKS AND PUBLISHED
PROCEEDINGS

C A Back, N C Woolsey, T Missalla, O L Landen, S B Libby,
L S Klein, R W Lee
Implosions: an experimental testbed for high energy density
physics
Astrophys J Suppl Series 127 (2) 227-232 (2000)

D Batani, J R Davies, A Bernardinello, F Pisani, M Koenig,
T A Hall, S Ellwi, P Norreys, S Rose, A Djaoui, D Neely
Explanations for the observed increase in fast electron
penetration in laser shock compressed materials
Phys Rev E 61 (5) 5725-5733 (2000)

M E Beer, P K Patel, S J Rose, J S Wark
Calculations of the modal photon densities and gain in a K/Cl
resonantly photopumped X-ray laser
J Quant Spectr & Rad Trans 65 (1-3) 71-81 (2000)

M Borghesi, A J MacKinnon, R Gaillard, G Malka, C Vickers,
O Willi, A A Offenberger, B Canaud, J L Miquel, N Blanchot,
J R Davies, A Pukhov, J Meyer-ter-Vehn
Short pulse interaction experiments for fast ignitor applications
Laser and Particle Beams 18 (3) 389-397 (2000)

E L Clark, K Krushelnick, M Zepf, F N Beg, M Tatarakis,
A Machacek, M I K Santala, I Watts, P A Norreys, A E Dangor
Energetic heavy-ion and proton generation from ultraintense
laser-plasma interactions with solids
Phys Rev Letts 85 (8) 1654-1657 (2000)

S J Davidson, K Nazir, S J Rose, R Smith, G J Tallents
Short-pulse laser opacity measurements
J Quant Spectr & Rad Trans 65 (1-3) 151-160 (2000)

L A Gizzi, A Giulietti, O Willi, D Riley
Soft-x-ray emission dynamics in picosecond laser-produced
plasmas
Phys Rev E 62 (2) 2721-2727 (2000)

M J Grout, G J Pert, A Djaoui
The effect of Coulomb explosion ion heating in optical-field
ionised nitrogen X-ray laser schemes
Opt Comm 177 (1-6) 333-345 (2000)

S M Hooker
Inner shell soft x ray lasers driven by optical field ionization
CLEO 2000 Technical Digest, publ OSA, TOPS Vol.39 515-
516 (2000)

S M Hooker
Inner-shell soft X-ray lasers in Ne-like ions driven by optical
field ionization
Opt Comm 182 (1-3) 209-219 (2000)

A Klisnick, P Zeitoun, D Ros, A Carillon, P Fourcade,
S Hubert, G Jamelot, C L S Lewis, A G MacPhee,
R M N O’Rourke, R Keenan, P V Nickles, K Janulewicz,
M Kalashnikov, J Warwick, J-C Chanteloup, A Migus,
E Salmon, C Sauteret, J P Zou
Transient pumping of a Ni-like Ag X-ray laser with a
subpicosecond pump pulse in a travelling-wave irradiation
geometry
JOSA B 17 (6) 1093-1097 (2000)

K Krushelnick, E L Clark, R Allott, F N Beg, C N Danson,
A Machacek, V Malka, Z Najmudin, D Neely, P A Norreys,
M R Salvati, M I K Santala, M Tatarakis, I Watts, M Zepf,
A E Dangor
Ultra-high intensity laser-produced plasmas as a compact
heavy ion injection source
IEEE Trans Plasma Sci 28 (4) 1184-1189 (2000)

K Krushelnick, E Clark, Z Najmudin, M Salvati, M I K Santala,
M Tatarakis, A E Dangor, V Malka, D Neely, R Allott,
C Danson
Diagnosis of peak laser intensity from high energy ion
measurements during intense laser interactions with
underdense plasmas
Laser and Particle Beams 18 (4) 595-600 (2000)

K Krushelnick, E L Clark, M Zepf, J R Davies, F N Beg,
A Machacek, M I K Santala, M Tatarakis, I Watts, P A Norreys,
A E Dangor
Energetic proton production from relativistic laser interaction
with high density plasmas
Physics of Plasmas 7 (5) 2055-2061 (2000)

A C Machacek, J S Wark
A versatile matrix-based solution for the two plasmon decay
instability
Physics of Plasmas 8 (3) 704-712 (2001)

A J Mackinnon, M Borghesi, S Hatchett, M H Key, P K Patel,
H Campbell, A Schiavi, R Snavely, S C Wilks, O Willi
Effect of plasma scale length on multi-MeV proton production
by intense laser pulses
Phys Rev Letts 86 (9) 1769-1772 (2001)

V Malka, C Coulaud, J P Geindre, V Lopez, Z Najmudin,
D Neely, F Amiranoff
Characterization of neutral density profile in a wide range of
pressure of cylindrical pulsed gas jets
Rev Sci Instr 71 (6) 2329-2333 (2000)

V Malka, J Faure, J R Marques, F Amiranoff, C Courtois,
Z Najmudin, K Krushelnick, M R Salvati, A E Dangor
Interaction of ultraintense laser pulses with an underdense,
preformed plasma channel
IEEE Trans Plasma Sci 28 (4) 1078-1083 (2000)

Z Najmudin, R Allott, F Amiranoff, E L Clark, C N Danson,
D F Gordon, C Joshi, K Krushelnick, V Malka, D Neely,
M R Salvati, M I K Santala, M Tatarakis, A E Dangor
Measurement of forward Raman scattering and electron
acceleration from high-intensity laser-plasma interactions at
527 nm
IEEE Trans Plasma Sci 28 (4) 1084-1089 (2000)

Z Najmudin, A E Dangor, A Modena, M R Salvati,
C E Clayton, C N Danson, D F Gordon, C Joshi, K A Marsh,
V Malka, P Muggli, D Neely, F N Walsh
Investigation of a channeling high-intensity laser beam in
underdense plasmas
IEEE Trans Plasma Sci 28 (4) 1057-1070 (2000)

D Neely, J L Collier, R Allott, C N Danson, S Hawkes,
Z Najmudin, R J Kingham, K Krushelnick, A E Dangor
Proposed beatwave experiment at RAL with the Vulcan CPA
laser
IEEE Trans Plasma Sci 28 (4) 1116-1121 (2000)

P A Norreys, R Allott, R J Clarke, J Collier, D Neely, S J Rose,
M Zepf, M Santala, A R Bell, K Krushelnick, A E Dangor,
N C Woolsey, R G Evans, H Habara, T Norimatsu, R Kodama
Experimental studies of the advanced fast ignitor scheme
Physics of Plasmas 7 (9) 3721-3726 (2000)

P K Patel, E Wolfrum, O Renner, A Loveridge, R Allott,
D Neely, S J Rose, J S Wark
X-ray line reabsorption in a rapidly expanding plasma
J Quant Spectr & Rad Trans 65 (1-3) 429-439 (2000)
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F Pisani, A Bernardinello, D Batani, A Antonicci, E Martinolli,
M Koenig, L Gremillet, F Amiranoff, S Baton, J Davies, T Hall,
D Scott, P Norreys, A Djaoui, C Rousseaux, P Fews,
H Bandulet, H Pepin
Experimental evidence of electric inhibition in fast electron
penetration and of electric-field-limited fast electron transport
in dense matter
Phys Rev E 62 (5) R5927-5930 (2000)

D Riley, N C Woolsey, D McSherry, E Nardi
X-ray scattering from a radiatively heated plasma
J Quant Spectr & Rad Trans 65 (1-3) 463-470 (2000)

S J Rose
The inclusion of Compton scattering in line radiation escape
factors
J Quant Spectr & Rad Trans 65 (1-3) 471-475 (2000)

M I K Santala, Z Najmudin, E I Clark, M Tatarakis,
K Krushelnick, A E Dangor, V Malka, J Faure, R Allott,
R J Clarke
Observation of a hot high-current electron beam from a
self-modulated laser wakefield accelerator
Phys Rev Letts 86 (7) 1227-1230 (2001)

M I K Santala, M Zepf, F N Beg, E L Clark, A E Dangor,
K Krushelnick, M Tatarakis, I Watts, K W D Ledingham,
T McCanny, I Spencer, A C Machacek, R Allott, R J Clarke,
P A Norreys
Production of radioactive nuclides by energetic protons
generated from intense laser-plasma interactions
Appl Phys Letts 78 (1) 19-21 (2001)

D J Spence, S M Hooker
Investigation of a hydrogen plasma waveguide
Phys Rev E 63 (1 Pt 2) 015401(R) (2001)

D J Spence, S M Hooker
Simulations of the propagation of high intensity laser pulses in
discharge ablated capillary waveguides
CLEO 2000 Technical Digest, publ OSA, TOPS Vol.39 293-
294 (2000)

D J Spence, S M Hooker
Simulations of the propagation of high-intensity laser pulses in
discharge-ablated capillary waveguides
JOSA B 17 (9) 1565-1570 (2000)

O Willi, L Barringer, C Vickers, D Hoarty
Study of super- and subsonic ionization fronts in low-density,
soft X-ray-irradiated foam targets
Astrophys J Suppl Series 127 (2 Pt 1) 527-531 (2000)

N C Woolsey, C A Back, R W Lee, A Calisti, C Mossé,
R Stamm, B Talin, A Asfaw, L S Klein
Experimental results on line shifts from dense plasmas
J Quant Spectr & Rad Trans 65 (1-3) 573-578 (2000)

PUBLISHED DURING 1999/2000

A C Cefalas, E Sarantopoulou, P Argitis, T W Ford, A D Stead,
C N Danson, D Neely
Fast, high resolution negative chemically amplified epoxy
photoresist for X ray imaging of living biological specimens in
the water window
Proc LASERS '98, publ Society for Optical & Quantum
Electronics, 649-652 (1999)

K Ledingham, T McCanny, P Graham, X Fang, R Singhal,
J Magill, A Creswell, D Sanderson, R Allott, D Neely,
P Norreys, M Santala, M Zepf, I Watts, E Clark, K Krushelnick,
M Tatarakis, B Dangor, A Machecek, J Wark
Laser induced nuclear reactions
AIP Conf Proc 454 229-234 (1999)

C I Moore, K Krushelnick, A Ting, H R Burris, R F Hubbard,
P Sprangle
Transverse modulation of an electron beam generated in
self-modulated laser wakefield accelerator experiments
Phys Rev E 61 (1) 788-792 (2000)

O Renner, P K Patel, J S Wark, E Krousky, P E Young,
R W Lee
Vertical variant of a double channel-cut crystal spectrometer
for investigation of laser-generated plasmas
Rev Sci Instr 70 (7) 3025-3031 (1999)

P J Warwick, K A Janulewicz, M P Kalachnikov, A Klisnick,
C L S Lewis, W Sandner, P V Nickles
Transient inversion soft X ray lasers
IEEE J Select Topics in Quant Electr 5 (6) 1447-1452 (1999)

IN PRESS AT END OF 2000/2001

A Bernardinello, D Batani, A Antonicci, F Pisani, M Koenig,
L Gremillet, F Amiranoff, S Baton, E Martinolli, C Rousseaux,
T A Hall, P Norreys, A Djaoui
Effects of self-generated electric and magnetic fields in laser-
generated fast electron propagation in solid materials: Electric
inhibition and beam pinching
Laser and Particle Beams 19 (1) 59-65 (2001)

M Borghesi, H D Campbell, M Galimberti, L A Gizzi,
A J MacKinnon, W Nazarov, A Schiavi, O Willi
Propagation issues and fast particle source characterization in
laser-plasma interactions at intensities exceeding 1019 W/cm2

Proc SPIE 4424 414-417 (2001)

M Galimberti, A Giulietti, D Giulietti, L A Gizzi, M Borghesi,
H D Campbell, A Schiavi, O Willi
Gamma-ray measurements in relativistic interactions with
underdense plasmas
Proc SPIE 4424 512-515 (2001)

N C Woolsey, Y A Ali, R G Evans, R A D Grundy, S J Pestehe,
P G Carolan, N J Conway, R O Dendy, P Helander,
K G McClements, J G Kirk, P A Norreys, M M Notley,
S J Rose
Collisionless shock and supernova remnant simulations on
VULCAN
Physics of Plasmas 8 (5) 2439-2445 (2001)

M Zepf, E L Clark, K Krushelnick, F N Beg, C Escoda,
A E Dangor, M I K Santala, M Tatarakis, I F Watts,
P A Norreys, R J Clarke, J R Davies, M A Sinclair,
R D Edwards, T J Goldsack, I Spencer, K W D Ledingham
Fast particle generation and energy transport in laser-solid
interactions
Physics of Plasmas 8 5 2323-2330 (2001)

CONFERENCE PRESENTATIONS

7th International Conference on X-ray Lasers, St Malo,
France (Jun 2000)

K M Aggarwal, F P Keenan
Electron impact excitation of A1 XIII: collision strengths and
rate coefficients

K M Aggarwal, P H Norrington, K L Bell, F P Keenan,
G J Pert, S J Rose
Electron impact excitation of Gd XXXVII

K M Aggarwal, P H Norrington, K L Bell, F P Keenan,
G J Pert, S J Rose
Energy levels and radiative rates for Ni-like ions with 60<Z<90

A Demir, G J Tallents, G J Pert
Modelling of Ne-like Y resonance lines emitted from x-ray laser
media
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A Demir, G J Tallents, G J Pert
Electron temperature and density diagnostics using Li-like Ti
resonance lines emitted from laser-produced plasma

R Keenan, C L S Lewis, R M N O’Rourke, G J Pert,
G J Tallents, P Simms, S P McCabe, A G MacPhee, J Collier,
R Allott
Saturated output at 7.3 nm from travelling-wave CPA-pumped
Ni-like Sm

R Keenan, C L S Lewis, S J Topping, G J Pert, G J Tallents,
F Strati, A Klisnick, D Ros, J Kuba, R Smith, P V Nickles,
K Janulewicz
Inner shell XRL transitions may be a useful route to the
water-window

R Keenan, C L S Lewis, S J Topping, G J Tallents, F Strati,
G J Pert, A Klisnick, D Ros, J Kuba, R Smith, P V Nickles,
K A Janulewicz, F Bortolotto, A G MacPhee, R J Clarke,
R Allott
Developments in X-ray laser pumping with travelling wave at
Vulcan

R E King, G J Pert
Computational modelling of short pulse X-ray laser
experiments

G J Pert
X-ray lasers pumped by ultra-short pulsed lasers

S J Pestehe, G J Tallents, F Strati, G J Pert
Opacity measurements across expanding x-ray laser media

F Strati, G J Tallents, S J Pestehe, C L S Lewis, A G MacPhee,
R Keenan, R M N O’Rourke
Travelling wave pumped soft x-ray lasers in collisional
excitation

G J Tallents, F Strati, S J Pestehe, G J Pert, C L S Lewis,
A MacPhee, R Keenan
Short pulse pumped X-ray lasers

S J Topping, C L S Lewis, R M N O’Rourke, R Keenan,
S Dobosz, G J Pert, G J Tallents
Four wave sum difference frequency conversion of soft X-rays
in a plasma

L M Upcraft, G J Pert
Simulation of collisionally pumped OFI lasers

Laser-Produced Plasmas, Dublin, Ireland (Jun 2000)

M Borghesi
High-intensity laser-plasma interaction experiments for fast
ignitor applications

Euresco conference on Matter in Super Intense Laser
Fields, Maratea, Italy (Sept 2000)

M Borghesi
Propagation and guiding of ultra-intense laser pulses through
preformed plasmas

Ultraintense Laser Interaction and Applications 2, Pisa,
Italy (Sept-Oct 2000)

A Bernardinello, D Batani, A Antonicci, F Pisani, M Koenig,
F Amiranoff, S Baton, L Gremillet, E Martinolli, T Hall,
C Rousseaux, P Norreys, H Bandulet, H Pepin
Effects of self generated electric and magnetic fields in laser
generated fast electron propagation in solid materials: electric
inhibition and beam pinching

A Djaoui
ICF target ignitions studies with non-local alpha particle
transport

L A Gizzi, M Galimberti, A Giulietti, D Giulietti, M Borghesi,
H D Campbell, A Schiavi, O Willi
Gamma-ray measurements in relativistic laser interactions with
preformed plasma channels

J Kuba, A Klisnick, D Ros, R Smith, P Fourcade, G Jamelot,
J L Miquel, C Chenias-Popovics, J F Wyart, R Keenan,
S J Topping, C L S Lewis, F Strati, G J Tallents, D Neely,
R Clarke, J Collier, A G MacPhee, P Nickles, K A Janulewicz,
F Bortolotto
Temporal profile of a transient x-ray laser

M Tatarakis, I Watts, K Krushelnick, M Zepf, P Norreys,
E L Clark, A E Dangor
Magnetic fields of 30,000 tesla in relativistic laser solid target
interactions

S J Topping, R Keenan, C L S Lewis, R M N O’Rourke,
A G MacPhee, S Dobosz, G J Tallents
Progress in FWSD non-linear effects with XRLs

O Willi
Propagation of an ultra-intense laser beam through underdense
and overdense plasmas

42nd Annual Meeting of the Division of Plasma Physics of
The American Physical society and the 10th International
Congress on Plasma Physics, Quebec City, Canada
(Oct 2000)
E L Clark, F N Beg, M Tatarakis, M Zepf, C Escoda,
M Norefeldt, A E Dangor, K Krushelnick, P A Norreys,
I Spencer, K W D Ledingham
Energetic particle generation from ultra intense laser plasma
interactions with solids

B Dangor, Z Najmudin, K Krushelnick E Clark, M Santala,
M Tatarakis, C Danson, D Neely J Faure, V Malka
The correlation of Raman side-scatter with relativistic
self-focusing and implications for the generation of relativistic
electrons

K Krushelnick, Z Najmudin, B Walton, M A Delannoy,
R Kingham, A E Dangor, D Neely, J Collier, R Clarke,
C Danson
High power short pulse beat wave experiments using VULCAN

J D Moody, P E Young, R L Berger, L Divol, A B Langdon,
E A Williams, D M Chambers, J Hawreliak, P Sondhauss,
J S Wark
Observation of laser self-smoothing in an exploding foil plasma

A J Mackinnon, S Hatchett, M H Key, P Patel, R Snavely,
R R Freeman, S Wilks, M Borghesi ,H Campbell, A Schiavi,
O Willi
Effect of plasma scalelength on MeV proton production in short
pulse high intensity laser plasma interactions

Z Najmudin, M Tatarakis, K Krushelnick, E Clark, M Santala,
B Dangor, R Clarke, D Neely, J Faure, V Malka
Investigating the inverse Faraday effect with an intense short
pulse laser

P Norreys, R J Clarke, I F Watts, M Tatarakis, M Zepf,
F N Beg, K Krushelnick, M Santala, A E Dangor, A Machacek
Harmonic emission measurements as a diagnostic of dense
plasmas produced by high intensity laser interactions

M Tatarakis, K Krushelnick, F Beg, M Zepf, E L Clark,
M Santala, A E Dangor, P Norreys, R Clarke, R Allott,
I Spencer, K Ledingham
Measurements of energetic electron beams produced during
high intensity laser-plasma interactions using optical probing
techniques
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N C Woolsey, Y Abou-Ali, P Carolan, N Conway, R O Dendy,
R A D Grundy, P Helander, J G Kirk, K G McClements,
P A Norreys, M M Notley, S J Peschte, S J Rose
Collisionless shock and supernova remnant simulation
experiments on VULCAN

M Zepf
Fast particle generation and energy transport in laser-solid
interactions

International Conference on Lasers 2000, Albuquerque,
USA (Dec 2000)

M Borghesi
Laser propagation and fast particle generation in ultra-intense
interaction experiments

O Willi
Laser propagation in overdense plasmas

Plasmas In Super-Intense Laser Fields: Meeting of the
MPQ Laser-Plasma-Group, Ringberg, Germany (Mar 2001)

P Norreys
Prospects for measuring Gigagauss magnetic fields using
harmonics from laser plasma surfaces

S Rose
High-energy density plasmas produced by short laser pulses

O Willi
Proton imaging of laser-produced plasmas

N Woolsey
Spectroscopy of indirectly driven spherical implosion

M Zepf
Fast-ignitor experiments in a novel geometry

Workshop on Particle Sources with High Intensity Lasers,
Milan, Italy (Mar 2001)

O Willi
Plasma imaging with laser-produced multi-MeV protons

High Power Laser Programme – Astra Laser
JOURNAL PUBLICATIONS, BOOKS AND PUBLISHED
PROCEEDINGS

L J Frasinski, J Plumridge, J H Posthumus, K Codling,
P F Taday, E J Divall, A J Langley,
Counterintuitive alignment of H2

+ in intense femtosecond laser
fields
Phys Rev Letts 86 (12) 2541-2544 (2001)

P Graham, X Fang, K W D Ledingham, R P Singhal,
T McCanny, D J Smith, C Kosmidis, P Tzallas, A J Langley,
P F Taday
Unusual fragmentation patterns from disscociation of some
small molecules
Laser and Particle Beams 18 (3) 417-432 (2000)

P Graham, K W D Ledingham, R P Singhal, T McCanny,
S M Hankin, X Fang, P Tzallas, C Kosmidis, P F Taday,
A J Langley
The angular distributions of fragment ions from labelled and
unlabelled N2O in intense laser fields
J Phys B-At Mol Opt Phys 33 (18) 3779-3794 (2000)

N Hay, M Castillejo, R de Nalda, E Springate, K J Mendham,
J P Marangos
High-order harmonic generation in cyclic organic molecules
Phys Rev A 61 053810 (2000)

J H Posthumus, J Plumridge, L J Frasinski, K Codling
Dynamic Raman processes on the rising and falling edges of
intense laser pulses
Laser Physics 11 (2) 261-268 (2001)

J H Posthumus, J Plumridge, L J Frasinski, K Codling,
E J Divall, A J Langley, P F Taday
Slow protons as a signature of zero-photon dissociation of H2

+

in intense laser fields
J Phys B-At Mol Opt Phys 33 (16) L563-L569 (2000)

P Tzallas, C Kosmidis, P Graham, K W D Ledingham,
T McCanny, S M Hankin, R P Singhal, P F Taday, A J Langley
Coulomb explosion in aromatic molecules and their deuterated
derivatives
Chem Phys Letts 332 (3-4) 236-242 (2000)

P Tzallas, C Kosmidis, K W D Ledingham, R P Singhal,
T McCanny, P Graham, S M Hankin, P F Taday, A J Langley
On the multielectron dissociative ionization of some cyclic
aromatic molecules induced by strong laser fields
J Phys Chem A 105 (3) 529-536 (2001)

I D Williams, P McKenna, B Srigengan, I M G Johnston,
W A Bryan, J H Sanderson, A El-Zein, T R J Goodworth,
W R Newell, P F Taday, A J Langley
Fast-beam study of H2

+ ions in an intense femtosecond laser
field
J Phys B-At Mol Opt Phys 33 (14) 2743-2752 (2000)

CONFERENCE PRESENTATIONS

Ultraintense Laser Interaction and Applications 2, Pisa,
Italy (Sept-Oct 2000)

A D Tasker, L Robson, S M Hankin, K W D Ledingham,
R P Singhal, X Fang, T McCanny, C Kosmidis, P Tzallas,
A J Langley, P F Taday, E J Divall
Analysis of nitrated polycyclic aromatic hydrocarbons (PAHS)
using nanosecond laser desorption/femtosecond ionisation laser
mass spectrometry (FLMS)

P Graham, K W D Ledingham, R P Singhal, T McCanny,
S M Hankin, X Fang, P Tzallas, C Kosmidis, P F Taday,
A J Langley
The angular distributions of fragment ions arising from
tetrahedral CH3I

Lasers for Science Facility
JOURNAL PUBLICATIONS, BOOKS AND PUBLISHED
PROCEEDINGS

P Bakule, P E G Baird, M G Boshier, S L Cornish, D F Heller,
K Jungmann, I C Lane, V Meyer, P G H Sandars, W T Toner,
M Towrie, J C Walling
A chirp-compensated, injection-seeded alexandrite laser
Appl Phys B 71 (1) 11-17 (2000)

A Beeby, S W Botchway, I M Clarkson, S Faulkner,
A W Parker, D Parker, J A G Williams
Luminescence imaging microscopy and lifetime mapping using
kinetically stable lanthanide (III) complexes
J Photochem Photobiol B 57 (2-3) 83-89 (2000)

A C Benniston, P Matousek, A W Parker
Kerr-gated picosecond time-resolved resonance Raman
spectroscopic probing of the excited states in
Λ-[Ru(bipy)2dppz](BF4)2 (bipy=2,2’-bipyridyl,
dppz=dipyrido[3,2-a:2’,3’-c]phenazine)
J Raman Spec 31 (6) 503-507 (2000)

G J Berry, J A Cairns, M R Davidson, Y C Fan, A G Fitzgerald,
J Thomson, W Shaikh
Analysis of metal features produced by uv irradiation of
organometallic films
Appl Surf Sci 162-3 504-507 (2000)

G J Berry, J A Cairns, M R Davidson, Y C Fan, A G Fitzgerald,
A H Fzea, J Lobban, P McGivern, J Thomson, W Shaikh
Thermal stability and analysis of laser deposited platinum films
MRS Symposium Proc 624 249-254 (2001)
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R H Bisby, S A Johnson, A W Parker
Radicals from one-electron oxidation of 4-aminoresorcinol:
Models for the active site radical intermediate in copper amine
oxidases
J Phys Chem B 104 (24) 5832-5839 (2000)

F Bortolotto, D Batani, F Previdi, L Rebonato, E Turcu,
R Allott
Study of a X-ray laser-plasma source for radiobiological
experiments: microdosimetry analysis and plasma
characterisation
Eur Phys J D 11 (2) 309-320 (2000)

C J Buckley, G Dermody, N Khaleque, A G Michette
S J Pfauntsch, Z Wang, I C E Turcu, W Shaikh, R Allott
A modified electron multiplier x-ray detector for synchrotron
and laser plasma sources
Proc 6th International Conference on X-ray Microscopy, Eds
W Meyer-Ilse, T Warwick, D Attwood, American Institute of
Physics CP507, 405-410 (2000)

P Butz, R T Kroemer, N A Macleod, E G Robertson,
J P Simons
Conformational preferences of neurotransmitters:
Norephedrine and the adrenaline analogue,
2-methylamino-1-phenylethanol
J Phys Chem A 105 (6) 1050-1056 (2001)

P Butz, R T Kroemer, N A Macleod, J P Simons
Conformational preferences of neurotransmitters: Ephedrine
and its diastereoisomer, pseudoephedrine
J Phys Chem A 105 (3) 544-551 (2001)

D Chastaing, S D Le Picard, I R Sims, I W M Smith
Rate coefficients for the reactions of C(3PJ) atoms with C2H2,
C2H4, CH3C=CH and H2C=C=CH2 at temperatures down to
15 K
Astron Astrophys 365 (2) 241-247 (2001)

G I Childs, C S Colley, J Dyer, D C Grills, X Z Sun, J Yang,
M W George
Investigation into the reactivity of M(η5-C5R5)(CO)2(alkane) (M
= Mn or Re; R = H, Me or Ph; alkane = n-heptane or
cyclopentane) and Re(η5-C5H5)(CO)2(Xe) in solution at
cryogenic and room temperature
J Chem Soc Dalton Trans 12 1901-1906 (2000)

C M Coats, Z Chang, P D Williams
PLIF visualisation of oscillating premixed methane-air flames
Album of visualisation 17 11-12 Visualisation Society of Japan,
ISBN 0919-4630, (2000)

C S Colley, I P Clark, S R Griffiths-Jones, M W George,
M S Searle
Steady state and time-resolved IR spectroscopy of the native
and unfolded states of bovine ubiqitin: protein stability and
temperature-jump kinetic measurements of protein folding at
low pH
Chem Comm 2000 (16) 1493-1494 (2000)

W M Cranton, E A Mastio, C B Thomas, C Tsakonas,
R Stevens
Laser processing for enhanced performance thin film
electroluminescent devices
Electronics Letts 36 (8) 754-756 (2000)

I R Farrell, P Matousek, C J Kleverlaan, A Vlcek
Ultrafast dynamics of photochemical radical formation from
[Re(R)(CO)3(dmb)] (R=Me,Et; dmb = 4,4’-dimethyl-2,2’-
bipyridine): A femtosecond time-resolved visible absorption
study
Chem Eur J 6 (8) 1386-1394 (2000)

J S Hirsch, O Meighan, J-P Mosnier, P van Kampen,
W W Whitty, J T Costello, C L S Lewis, A G MacPhee,
G J Hirst, J Westhall, W Shaikh
Vacuum-ultraviolet resonant photoabsorption imaging of laser
produced plasmas
J Appl Phys 88 (9) 4953-4960 (2000)

J S Hirsch, O Meighan, J-P Mosnier, P van Kampen,
W W Whitty, J T Costello, C L S Lewis, A G MacPhee,
G J Hirst, J Westhall, W Shaikh
VUV photoabsorption imaging of a laser produced Ca plasma
Europhys Conf Abstr 24D 70-71 (2000)

A E Jones, C A Christensen, D F Perepichka, A S Batsanov,
A Beeby, P J Low, M R Bryce, A W Parker
Photochemistry of the pi-extended
9,10-bis(1,3-dithiol-2-ylidene)-9,10-dihydroanthracene system:
Generation and characterisation of the radical cation, dication,
and derived products
Chem Eur J 7 (5) 973-978 (2001)
W M Kwok, C Ma, P Matousek, A W Parker, D Phillips,
W T Toner, M Towrie, S Umapathy
A determination of the structure of the intramolecular charge
transfer state of 4-dimethylaminobenzonitrile (DMABN) by
time-resolved resonance Raman spectroscopy
J Phys Chem A 105 (6) 984-990 (2001)

W M Kwok, C Ma, A W Parker, D Phillips, M Towrie,
P Matousek, D L Phillips
Picosecond time-resolved resonance Raman observation of the
iso-CH2I-I photoproduct from the “photoisomerization”
reaction of diiodomethane in the solution phase
J Chem Phys 113 (17) 7471-7478 (2000)

W M Kwok, C Ma, D Phillips, P Matousek, A W Parker,
M Towrie
Picosecond time-resolved study of 4-dimethylaminobenzonitrile
(DMABN) in polar and nonpolar solvents
J Phys Chem A 104 (18) 4188-4197 (2000)

W M Kwok, C Ma, P Matousek, A W Parker, D Phillips,
W T Toner, M Towrie
Time-resolved resonance Raman spectra of the intramolecular
charge transfer state of DMABN
Chem Phys Letts 322 (5) 395-400 (2000)

C Ma, W M Kwok, P Matousek, A W Parker, D Phillips,
W T Toner, M Towrie
Time-resolved study of the photochemical reaction of
4-dimethylaminobenzonitrile with carbon tetrachloride
J Raman Spec 32 (2) 115-123 (2001)

E A Mastio, W M Cranton, C B Thomas
Pulsed laser annealing for high-efficiency thin film
electroluminescent devices
J Appl Phys 88 (3) 1606-1611 (2000)

V Meyer, S N Bagayev, P E G Baird, P Bakule, M G Boshier,
A Breitrück, S L Cornish, S Dychkov, G H Eaton,
A Grossmann, D Hübl, V W Hughes, K Jungmann, I C Lane,
Yi-Wei Liu, D Lucas, Y Matyugin, J Merkel, G zu Putlitz,
I Reinhard, P G H Sandars, R Santra, P Schmidt, C A Scott,
W T Toner, M Towrie, K Träger, L Willmann, V Yakhontov
Pulsed laser spectroscopy in muonium and deuterium
Hyperfine Interacts 127 (1-4) 197-200 (2000)

A G Michette, Z Wang
Selection and suppression of soft x-ray spectral features using
optimized multilayer coatings
J Opt A Pure Appl Opt 3 (1) 61-66 (2001)

A G Michette, S J Pfauntsch
Laser plasma x-ray line spectra fitted using the Pearson VII
function
J Phys D Appl Phys 33 (10) 1186-1190 (2000)
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A G Michette, C J Buckley, S J Pfauntsch, N R Arnot,
J Wilkinson, Z Wang, N I Khaleque, G S Dermody
The King’s College laboratory scanning X-ray microscope
Proc 6th Intl Conf X-ray Microscopy, Eds W Meyer-Ilse,
T Warwick, D Attwood, American Institute of Physics CP507,
420-423 (2000)

P O’Neill, A W Parker
Radiation induced damage migration in DNA: Base Damage
Distribution
Radiation Research Volume 2, Proc 11th Intl Congress of Rad
Research 1999, Eds M Moriaty, C Mothersill, M Seymour,
J F Edington, J F Ward, R J M Fry, Dublin Allen Press Inc,
325-329 (2000)

L Puskar, P E Barran, R R Wright, D A Kirkwood, A J Stace
The ultraviolet photofragmentation of doubly charged
transition metal complexes in the gas phase: Initial results for
[Cu.(pyridine)n]

2+ and [Ag.(pyridine)n]
2+ ions

J Chem Phys 112 (18) 7751-7754 (2000)

E G Robertson
IR-UV ion-dip spectroscopy of N-phenyl formamide, and its
hydrated clusters
Chem Phys Letts 325 (1-3) 299-307 (2000)
E G Robertson, M R Hockridge, P D Jelfs, J P Simons
IR-UV ion-dip spectroscopy of N-benzylformamide clusters:
Stepwise hydration of a model peptide
J Phys Chem A 104 (50) 11714-11724 (2000)

L C Snoek, E G Robertson, R T Kromer, J P Simons
Conformational landscapes in amino acids: infrared and
ultraviolet ion-dip spectroscopy of phenylalanine in the gas
phase
Chem Phys Letts 321 (1-2) 49-56 (2000)

Y Sonoda, W M Kwok, Z Petrasek, R Ostler, P Matousek,
M Towrie, A W Parker, D Phillips
Solvent effects on the photophysical and photochemical
properties of (E,E,E)-1,6-bis(4-nitrophenyl)hexa-1,3,5-triene
J Chem Soc Perkin Trans 2 (3) 308-314 (2001)

S D Summers, H S Reehal, G J Hirst
KrF excimer laser crystallization of silicon thin films
J Mat Sci 11 (7) 557-563 (2000)

S Summers, L Wang, H S Reehal, G J Hirst
Excimer laser and aluminium induced crystallisation of silicon
thin films on foreign substrates for solar cells
Proc 16th European Photovoltaic Solar Energy Conference,
Glasgow, 1541-1544 (2000)

A Vlcek
The life and times of excited states of organometallic and co-
ordination compounds
Coordination Chem Rev 200-202 933-977 (2000)

P.Matousek, M.Towrie, W.M.Kwok, C.Ma, D.Phillips,
W.T.Toner, A.W.Parker,
Rejection of fluorescence from Raman spectra using picosecond
optical gating
Proceedings of the XVIIth International Conference on Raman
Spectroscopy (ICORS 2000), John Wiley, 2000, p 190-191.

S.Schneider, J.Kurzawa, A.Stockmann, P.Matousek, M.Towrie,
R.Engl, J.Daub,
Photophysical properties of phenothiazine and pyrene based
dyades studied by picosecond time-gated Raman spectroscopy
Proceedings of the XVIIth International Conference on Raman
Spectroscopy (ICORS 2000), John Wiley, 2000, p 252-253.

C.G.Coates, M.Coletti, P.L.Callaghan, J.McGarvey,
Picosecond TR3 examination of the ’light-switch’ states of
[Ru(phen)2dppz]2+
Proceedings of the XVIIth International Conference on Raman
Spectroscopy (ICORS 2000), John Wiley, 2000, p 744-745.

PUBLISHED DURING 1999/2000

E A Mastio, E Fogarassy, W M Cranton, C B Thomas
Ablation study on pulsed KrF laser annealed
electroluminescent ZnS:Mn/Y2O3 multilayers deposited on Si
Appl Surf Sci 154-155 (1-4) 35-39 (2000)

J R G Thorne, C S McCaw, R G Denning
Spin correlated crystal field analysis of lanthanide elpasolites
Chem Phys Letts 319 (3-4) 185-190 (2000)

IN PRESS AT END OF 2000/2001

S Ameer-Beg, S M Ormson, R G Brown, P Matousek,
M Towrie, E T J Nibbering, P Foggi, F V R Neuwahl
Ultrafast measurements of excited state intramolecular proton
transfer (ESIPT) in room temperature solutions of
3-hydroxyflavone and derivatives
J Phys Chem A 105 (15) 3709-3718 (2001)

W M Kwok, C Ma, A W Parker, D Phillips, M Towrie,
P Matousek, X Zheng, D L Phillips
Picosecond time-resolved resonance Raman observation of the
iso-CH2Cl-I and iso-CH2I-Cl photoproducts from the
"photoisomerization" reactions of CH2ICl in the solution phase
J Chem Phys 114 (17) 7536-7543 (2001)

C Ma, W M Kwok, P Matousek, A W Parker, D Phillips,
W T Toner, M Towrie
Time-resolved study of the triplet state of
4-dimethylaminobenzonitrile (DMABN)
J Phys Chem A 105 (19) 4648-4652 (2001)

P O’Neill, A W Parker, M A Plumb, L D A Siebbeles
Guanine modification following ionisation of DNA occurs
predominantly via intra- not interstrand charge migration: An
experimental and theoretical study
J Phys Chem B 105 (22) 5283-5290 (2001)

CONFERENCE PRESENTATIONS

MRS Symposium on Materials Development for Direct
Write Technologies, San Francisco, USA (Apr 2000)

G J Berry, J A Cairns, M R Davidson, Y C Fan, A G Fitzgerald,
A H Fzea, J Lobban, P McGivern, J Thomson, W Shaikh
Thermal stability and analysis of laser deposited platinum films

Radiation Research Society 47th Annual Meeting,
Albuquerque, USA (Apr-May 2000)

S W Botchway, P O'Neill, M G Makrigirogos, S Chakabrati,
A W Parker
Selective direct or indirect damage in DNA and its base
constituents by monophotonic ionisation or hydroxyl radicals

E-MRS, Strasbourg, France (May 2000)

D C Koutsogeorgis, E A Mastio, W M Cranton, C B Thomas
Pulsed KrF laser annealing of ZnS:Mn laterally emitting thin
film electroluminescent displays

Workshop On Femtosecond Lasers And Applications,
Stellenbosch, South Africa (May 2000)

A W Parker
Characterising ultrafast processes through the eyes of ultrafast
spectroscopy - physics or chemistry?

16th Photovoltaics Conference, Glasgow, UK (May 2000)

S Summers, L Wang, H S Reehal, G J Hirst
Excimer laser and aluminium induced crystallisation of silicon
thin films on foreign substrates for solar cells
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ERC Conference on Cluster-Surface Interaction 2000,
Castelvecchio-Pascoli, Italy (Jun 2000)

A Wellner, S Pratontep, C Pederson, R Neuendorf, R Smith,
K W Kolasinski, R E Palmer
Optical properties of nanoscale silicon structures

32nd EGAS Conference, Vilnius, Lithuania (Jul 2000)

J S Hirsch, O Meighan, J-P Mosnier, P van Kampen,
W W Whitty, J T Costello, C L S Lewis, A G MacPhee,
G J Hirst, J Westhall, W Shaikh
VUV photoabsorption imaging of a laser produced Ca plasma

IUPAC Photochemistry Conference, Dresden, Germany
(Jul 2000)

E Tuite, P Lincoln, B Önfelt, J Olofsson, B Nordén,
P Matousek, A W Parker
Picosecond transient absorption and TR3 of
[Ru(phen)2(dppz)]2+: Solvation and charge separation
dynamics in water, organic solvents and DNA

Gordon Research Conference on Light Emission from
Solids, Oxford, UK (Jul 2000)

C B Thomas, W Cranton
Light piping etc., light loss mechanisms

Fast Reactions In Solution, Royal Society of Chemistry,
Durham, UK (Aug 2000)

S M Tavender, A W Parker, M Towrie
Scientific highlights of the EPSRC Laser Loan Pool

A W Parker
Kerr gated time-resolved resonance Raman spectroscopy:
Intramolecular charge transfer and structural change

R H Bisby
Time-resolved resonance Raman spectroscopy of the radical
from oxidation of 4-hydroxycinnamic acid

International Conference on Raman Spectroscopy, Beijing,
China (Aug 2000)

C G Coates, M Coletti, P L Callaghan
Picosecond TR3 examination of the ‘light-switch’ states of
[Ru(phen)2dppz]2+

P Matousek, M Towrie, A W Parker, W M Kwok, C Ma,
D Phillips, W T Toner
Rejection of fluorescence from Raman spectra using picosecond
optical gate

S Schneider, J Kurzawa, A Stockmann, P Matousek, M Towrie,
R Engl, J Daub
Photophysical properties of phenothiazine and pyrene based
dyades studied by picosecond time-gated Raman spectroscopy

IOP Applied Optics and Opto-Electronics Conference,
Loughborough, UK (Sept 2000)

R Bartlett, S Caulder, R Chandy, P Eldridge, J McTavish,
P J Scully, I Clark, M Towrie, A W Parker
UV laser photo-induced refractive index changes in PMMA for
application in plastic optical fibres (POF) and waveguides

14th International Conference on Optical Fibre Sensors,
Venice, Italy (Oct 2000)

P J Scully, R Bartlett, S Caulder, P Eldridge, R Chandy,
J McTavish, V Alexiou, I Clark, M Towrie, A W Parker
UV laser photo-induced refractive index changes in
Poly-Methylmethacrylate and plastic optical fibres for
application as sensors and devices

47th International American Vacuum Society
Symposium/Nano6, Boston, USA (Oct 2000)

A Wellner, R Neuendorf, R E Palmer
Fabrication and optical properties of ordered nanoscale silicon
structures

ISSPIC10 Conference, Atlanta, USA (Oct 2000)

A Wellner, R Neuendorf, R E Palmer
Fabrication and optical properties of ordered nanoscale silicon
structures

Optics - The Enabling Technology, Photonex Meeting,
Coventry, UK (Oct 2000)

C M Coats, Z Chang, P D Williams
Dynamic visualisation of flame interaction with an acoustic
field

ILS-XVI: 16th Interdisciplinary Laser Science Conference
Rhode Island, USA (Oct 2000)

J P Simons

Burton Memorial Lecture KCL (Feb 2001)

J P Simons

Instrumentation in Combustion, IOP Meeting, Cranfield,
UK (Mar 2001)

C M Coats, Z Chang, P D Williams
Dynamic visualisation of flame interaction with an acoustic
field

THESIS

D Shah
Discharge-flow studies of reactions of halogen containing
species of relevance to the atmosphere
D Phil, University of Oxford

Laser Science and Development
JOURNAL PUBLICATIONS, BOOKS AND PUBLISHED
PROCEEDINGS

J Collier, C B Edwards, C N Danson, M H R Hutchinson,
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Simultaneous dual wavelength CPA operation of the Vulcan
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Laboratoire Physique Gaz et Plasmas, Universite Paris XI -
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