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PREFACE

This report contains scientific accounts of the work of the Central Laser Facility for the financial year 1994/5. It has
been an outstandingly fruitful year and also very eventful. The granting of a Royal Charter to the new Council for the
Central Laboratory of the Research Councils and the changes which flow from it are described on the next page. Scientific
excellence will continue to be the goal.

Chirped pulse amplification was extensively used in complex experiments on both Vulcan and Sprite throughout the
year. Electrons were accelerated to over 45 MeV in a distance of a few tenths of a millimetre; high neutron yields were
observed from CPA interactions with deuterated plastic targets; the shortest wavelength harmonic yet to be recorded was
produced; a high harmonic was amplified in a laser-produced plasma; channeling by a preformed plasma was observed;
high gain was demostrated at 11 nm wavelength in a recombination X-ray laser. Long pulse experiments also yielded
new results: improved X-ray laser gain from the use of separated pulses to form and heat the plasma and the demonstration
of foam smoothing of laser ablative acceleration, for example.

The Titania amplifier module was thoroughly tested in over 1000 shots, coming fully up to design expectations. The
start of the construction phase of the laser system was marked by the firing of Sprites last shot as a laser in its own right,
on the 31st March, by Paul Williams. He is scheduled to fire the first shot of the new Titania system on 1st April, 1996.

Sprite has delivered 21000 shots since its first, in 1982. Picosecond operation began in 1987. Sprite was the only high
power KrF laser to be used for plasma experiments and more recently was the worlds brightest UV laser. It will now
become the preamplifier for Titania, designed to be ten times brighter still.

Highlights of the very diverse programme of the Laser Support Facility include high rates of reaction at low temperatures
in the gas phase; the observation that vitamins E and C act to prevent as well as cure cell damage; the production of
transistors whose 200 nm gates are defined by X-ray lithography; the generation of soft X-rays at an average power of
one watt. Recently awarded grants have enabled three new lasers to be purchased for the loan pool, one incorporating
OPO technology. A femtosecond OPA system for transient Raman and absorption spectroscopy at RAL is under test.

The increaingly international nature of the programme can be seen from the authorship of the reports, which includes the
names of many visiting collaborators. Some reports describe work done abroad by the UK community. Work funded
from abroad includes experiments on X-ray lasers and on ceramic film deposition carried out by European visiting groups
under the HCM programme and also investigations of KrF gain bandwidth, funded by ONRL, and the development of the
plasma X-ray source, funded commercially.

The Longair Review Panel reported to the EPSRC in February following a thorough study of the Facility and its
community. It found that outstanding science was being produced in all parts of the facility and recommended that it
continue to operate from the Rutherford Appleton Laboratory at the current level of baseline funding. The policy to
operate both Vulcan and Titania was endorsed and a proposal to increase the
peak power of Vulcan towards the Petawatt level was given a high priority.
Additional funding has now been obtained for the first phase of this upgrade.
The report is to be published by the EPSRC, which has accepted its
recommendations. I would like 1o express my thanks to Professor Longair
and the Panel for the open and constructive manner in which the review was
conducted.

It is a pleasure to record the election to the Royal Society of
Professors G Pert and I W M Smith, both of whom are contributors to this
report. and have long associations with the Facility. 1 would also like to
congratulate Mike Key on the award of the Max Born prize of the Institute of
Physics and the Deutsche Physikalische Gesselschaft, for his contributions to
laser science. He is on sabbatical this year.

It has been a great privilege 1o lead the facility, particularly in a vintage year
such as this has been, and my thanks are due to everyone in the community
and on the staff for a superb performance. There is every reason for
confidence that there are many more years of excellent science yet to come.

Wl e T B

W T Toner




INTRODUCTION TO THE CENTRAL LASER FACILITY
C B Edwards

The Central Laser Facility was established in 1977 at the Rutherford Appleton Laboratory to provide advanced
lasers and associated instrumentation for use by UK university researchers. Today it is one of the world’s leading
centres for high power laser research.

Laser Facilities for Users

Two unique large scale, ultra-high intensity laser installations, Vulcan and Sprite, provide ultra-short pulse laser irradiation
facilities at the 10'°W.cm™ level, and multi-beam nanosecond pulses at the 3kJ level for a user programme in basic plasma
physics research, inertial confinement fusion studies, x-ray lasers, particle acceleration and high harmonic generation.

In the Laser Support Facility (LSF) a suite of specialised tunable laser systems provides laser pulses with durations from
100fs to 20ns and a wavelength coverage which spans the spectrum from the ultra violet to the infra-red for studies in
photo-chemistry, biology and photo-physics. The LSF specialises in the application and development of advanced
diagnostic and analytical techniques including transient Raman spectroscopy.

Stand-alone, commercial laser systems are available on loan from the Laser Loan Pool for periods of up to 6 months at the
user’s home laboratory.

A high repetition rate (100Hz) laser-produced x-ray source provides radiation for applications in contact and scanning
X-ray microscopy, lithography, and radio-biology.

A vigorous development programme ensures that the facilities maintain their international competitiveness. Titania, the new
KrF facility currently under construction at the CLF, will come on line in 1996 as a successor to SPRITE with peak powers
in excess of 10TW. An upgrade is underway to the Vulcan laser to enhance its performance to the 250TW level over 2
years. The LSF is currently being extended with the purchase of new lasers funded from grants.

Council of the Central Laboratory of the Research Councils

During the period covered by this report, and following the change in the structure of the Research Councils arising from
the White Paper on Science, the Rutherford Appleton and Daresbury Laboratories have been operated as a single entity by
the Engineering and Physical Sciences Research Council.,

This transitional arrangement ceased on Ist April 1995, when the two laboratories transferred to the ownership of the
Council for the Central Laboratory of the Research Council (CCLRC), formed by a Royal Charter approved on 14th
December 1994, This year’s Annual Report has been issued following the change to the new arrangements, and is presented
in the new corporate style of the CCLRC.

Operating within the new council, the CLF is curmrently negotiating Service Level Agreements (SLA’s) with EPSRC,
BBSRC etc. which specify facility availability, the level of user support, funding and reporting mechanisms under the new
arrangement.

Central Laser Facility
W T Toner i
(Deputy C B Edwards) Admin
Research and Development Division CLF Scientific Operations Division
W T Toner C B Edwards
(Deputy M J Shaw)
KrF Lasers Laser Research and|| Laser Support Theory and Vulcan Engineering Support KrF Operations
M J Shaw Development Facility Computation C N Danson and Technology G J Hirst
I N Ross A W Parker S JRose B E Wyborn

Fig.1 Divisional and Group Structure of the Central Laser Facility



Access to Facilities at the CLF
There are three calls per year for proposals for experiments requiring access to LSF and High Power Laser facilities. Each

proposal is assessed by a specialist panel (see Section [V for membership of the LSFP and HPLP) which determines
scientific prionties and advises on strategic lines of research for the CLF programme.

Proposals will normally be for research themes already supported by grants from the Research Councils, though a small
proportion of beam time is available for proof-of-principle experiments to assist in the preparation of full grant applications.
Commercial access is also available on a full costs basis.

Researchers from Europe have the opportunity to bid for beam time at the CLF with funding from the E.C. through a Large
Facility Access contract with the C.L.F. Severul Furopean groups have already performed extremely successful experiments
under this arrangement. More E.U. funded expeniments are scheduled in the coming year.

Potential new users should contact the Head of the CLF in the first instance for further information.

Facility Management
The divisional and group structure of the facility staff for the year to March 1995 is shown in Fig.1.

During Prof. Key's absence on sabbatical leave, the CLF has been led by Mr WT Toner who has also headed the Research
and Development Division, Dr CB Edwards has acted as deputy Head of the CLF and head of the Scientific Operations
Division.

Dr AW Parker has led the LSF; Mr CN Danson and Dr GJ Hirst have led the Vulcan and Sprite Operations Groups
respectively.

Facts and Figures

Baseline funding of the CLF from the Research Councils in the FY to March '95 was £3.8 (EPSRC) and £140k (BBSRC)
with an additional £358k from Research Council grants.

Dunng the period covered by this report, 16 experiments were scheduled on the Vulcan facility, involving a total of 89
weeks of beam time including experiment set-up. Seven experiments were performed on SPRITE which provided 34 weeks
of beam time, plus a further 5 weeks of lacility development. In the LSF 48 experiments were performed during a total of
153 weeks of laser access. A total of six vears of laser access was made available from the Laser Loan Pool involving 15
UK universities.

In terms of scientfic publications, the vear has been extremely productive with 156 articles published and a further 22 in
press, This performance continues the excellent publication record of the facility which is shown in Fig. 2
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SPATIAL DISTRIBUTION OF THE C VI LASING GAIN REGION
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INTRODUCTION

Adiabatically cooled recombination x-ray lasers show promise as
efficient producers of high gain at short wavelengths. An
exceptionally high gain operation has been demonstrated at 18.2
nm in a C VI recombination laser driven by a 20 J, 2 ps pulses at
RAL [1]. In order to obtain information on the uniformity, size
and distribution of the high gain region in the lasing plasma, an
imaging experiment was conducted.

EXPERIMENT

The experimental set-up was similar to that in the previous work
[1]. A 2 psec, 20 TW CPA laser beam at 1.053 pm was generated
using the Nd:glass laser VULCAN which was equipped with a
chirped pulse amplification (CPA) system [2]. The final pulse
recompression grating was located inside the target chamber
under vacuum. The recompressed beam of diameter 140x88 mm
was incident onto a partially reflecting turning mirror which
transmitted 5% of the recompressed pulse for measurements of
the laser pulse length, prepulse (contrast ratio), spectral
distribution and divergence. An f/4 off-axis parabolic mirror
reflected the beam to a spot focus which was imaged by an /4
off-axis spherical mirror to produce a line focus 7 mm long and
20 pm wide.

It is important to minimise any pre-pulse and post-pulse to avoid
pre-forming a plasma and post-heating of the plasma respectively.
Pre-forming a plasma may reduce the laser gain and both pre-
and post-pulses can be expected to increase the plasma x-ray
emission which is not associated with x-ray lasing. For this
experiment, a large background contrast ratio of between 105 to
10’ was measured [2). The pulse length was monitored during the
experiment by a single shot third order auto-correlator and was
typically in the range of 2 * 0.6 ps. The incideat spatially
averaged irradiance in the line focus was (6 + Dx10!5 W/em?.

The targets used in the experiment were 7 pm diameter carbon
fibres supported at one end [1]. The fibre targets were positioned
with better than + 2 pm spatial accuracy and + 1 mrad angular
accuracy using a modified split-field microscope system [1]. The
irradiation of the fibre targets was accomplished by placing the
fibres in the 20 pm wide line focus using a CW alignment laser.
The free end of the fibre target was always placed well within the
imradiated line focus length so as to avoid a cold end of the line
plasma, which could absorb the x-ray radiation along the fibre
length.

A 250 mm focal length concave x-ray multilayer mirror (central
wavelength at 18.2 nm, bandwidth of 2.0 nm) [3] situated at a
distance 320 mm from the free end of the fibre target imaged at a

magnification of 3.8x the output end of the lasing plasma onto a
Kodak 101-04 film with a spatial resolution of ~ 2 pm or an XUV
sensitive phosphor that was coupled to a computer controlled CCD
detector. A 1.5 pum thick Al filter provided rejection. of optical
emission.

Off-axis diagnostics included a flat-field grating spectrometer
with a 2400 line/mm grating at 45 degree off the fibre axis to
record C V and C VI resonance spectra in the range of 2.0 nm -
10.0 nm. These spectra were used to diagnose the characteristics
of plasma which could effect the soft x-ray lasing performance
during adiabatic expansion [1,4]. The length and uniformity of the
plasma were monitored with an x-ray pinhole camera recording
an image of emission at wavelengths below 1 nm. A group of
Faraday cups/calorimeters gave an estimate of the absorbed

_energy in the plasma and of the angular variation of ion emission.
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Figure 1. Image showing the intensity distribution of the C VI x-
ray laser at the exit plane of the recombining plasma.

RESULTS

An image on a Kodak film of output end of the C VI laser is shown
in figure 1. The image is dominated by the 18.2 nm laser line
emission rather than continuum as the line emission measured in
the experiment [1] is at least an order of magnitude stronger than
the continuum emission when integrated over the 2.0 nm
multilayer mirror bandwidth [1,4]. The peak intensity region has a
structure with a diameter around 35 pm. The emission from the
region was so intense that the recording film was bleached. Figure
2 is a horizontal scan along the central line of the output end of



the C VI laser. It is not clear- why the part of film recording
emission from the most central region (~ 5 pm diameter) was not
bleached. Images recorded on the CCD detector, which had a
thicker Al filter, however suggested that the most central region
had the strongest emission [1]. It is therefore suspected that the
most central region on the film may be somewhat damaged due to
the strong emission from this region. The outer region of the
image has full widths at half maximum of 120 pm and 80 pm in
the horizontal and vertical directions respectively. This part of
film recorded the emission from the outer region was saturated.

The origin of the abscissa in figurel is however not the position of
the target surface because the spatial position was not properly
referenced for the shots on films. The spatial location of the peak
emission was estimated from CCD images to be displaced by 100
+ 50 pm towards the laser from the surface of the fibre by
comparison with a reference CCD image of continuum emission
from a Cu slab target [1]. This displacement is broadly consistent
with the simulation prediction within the £ 50 pm error in the
referencing of the spatial location (5].
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Figure 2. Horizontal scan of the output end of the C VI laser.
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Figure 3. Three-dimensional plot showing the intensity
distribution of the C VI laser vs the spatial position at the exit
plane. The central region of the peak emission has bleached the
film giving an apparent hollow to the “tree trunk” intensity
variation. '

The intensity distribution of the output end of the laser is shown
three-dimensionally in figure 3. The image looks rather like a
“hollow tree trunk”. The top of the trunk is “cut” by the saturation
level of the recording film. The hollow caused by the bleaching of
the film represents the highest gain region.

The output energy from the high gain region of the 5 mm long
lasing plasma was estimated from the photon flux for bleaching
the recording film, solid angle of the detector and reflectivity of
the mirmor to be larger than 7.8 nJ. Similarly, the output energy
from the outer region was estimated from the photon flux required
to saturate the film to be larger than 7.7 nJ. The output apertures
can be estimated from the image in figure 1 & 2 to be 9.61x10°¢
cm? and 7.54x10"% cm®respectively. The duration of the emission
was not measured but modelling predicts it to be about 50 ps [6].
The power densities on these two output apertures were then
determined from the data to be 1.6x107 W/cm? and 2.0x106
W/em?

The power density from the high gain region was about 2 orders
of magnitude higher than the averaged output level (which
corresponds to a space-averaged gain coefficient of 12.5 cm’!) of
the C VI laser in the previous experiment [1]. This fact suggests
that a much higher gain coefficient (~ 17 cm™!) has been achieved
in this high gain region.

It is of interest to compare this with the saturation intensity of the
laser predicted by modelling. If the lifetime of the n = 3 level is
assumed to be dominated by Lyman B decay, and the line width of
the transition is taken to be due to Doppler broadening at 10 eV
temperature, the saturation intensity is calculated to be 2x10°
W/cm?. The onset of saturation for this laser is predicted to 6ceur
when the plasma length is about 8 mm. This onset of saturation for
a small increase in length reflects the fact that the peak gain is
higher than the apparent gain so that with increasing length there
should be an increase of apparent gain. A saturated laser of this
type would generate a peak power of about 5 kW with a pulse
Iength of about 50 ps and energy of about 200 nJ.

CONCLUSION

In conclusion, we have measured the near field distribution of the
C VI recombination x-ray laser in the exit plane. The output end of
the C VI laser has been imaged with a high spatial resolution
multilayer mirror system. The highest gain coefficient of 17 cm!
has been found in the central region with diameter of about 35
pum. The output power density from this high gain region of a 5
mm long plasma was estimated from experimental data to be
1.6x10” W/cm?.
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AMPLIFICATION OF XUV HARMONIC RADIATION IN A GALLIUM AMPLIFIER
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INTRODUCTION.

In recent years the development of sources of intense, coherent XUV
radiation has been carried out using two distinct approaches. With
intense, short optical pulses from chirped pulse amplification (CPA)
lasers [1], ultra-high harmonics of the fundamental have been
observed [2,3] extending to wavelengths below 7.0 nm [4]. In the so
called plateau region of harmonic generation, (where sucessive orders
have similar intensities) conversion of optical energy to xuv with an

efficiency up to 10™7 has been achieved [5]. With weak focusing
conditions and intensities low enough that phase matching is not
destroyed by plasma formation, these harmonics appear to exhibit a
high degree of spatial coherence [6,7]. Since harmonics are produced
only during the laser pulse, the xuv emission has a duration
determined by the driving laser. As a result xuv pulses can be
produced at any length from a few tens of femtoseconds to near 100
picoseconds.

Higher pulse energy and shorter wavelength radiation than currently
obtainable from high harmonics has been demonstrated with electron
collisionally pumped laser schemes in neon-like [8] and nickel-like
[9] ions and in recombination schemes [10]. These sources have
produced amplified spontaneous emission in the range 43-400 A with
output energy as high as a millijoule at 21 nm [11]. However they
generate relatively long pulses typically on the order of a few hundred
picoseconds. Due to the spontaneous nature of the emission and the
lack of a cavity, they also have low spatial coherence, although this
issue has to some extent been addressed by using injection seeding of
light from one plasma into another.

EXPERIMENT AND RESULTS

Here we report the first observation of amplification of a high
harmonic in a collisionally pumped X-ray amplifier. This was
achieved by injecting harmonic radiation from a frequency doubled
Nd:Glass CPA laser into a Neon-like Gallium plasma. The 21st
harmonic of the frequency doubled Nd:Glass laser was tuned to give a
spectral overlap with the J=2-1 transition of GaXXI at a wavelength
of 25.11nm. For these experiments, the Vulcan laser was configured
to operate with one arm in CPA mode for the generation of harmonics
and three arms to provide long pulse pumping beams for the X-ray
amplifier. A 1nJ, 8506 duration pulse was stretched in a dispersive
delay line, amplified to 10-30 J in one arm of Vulcan, and then
recompressed using a single-pass, two-grating system to a final pulse
length of 1.3ps. Light entering the amplifiers was tuned by spectral
windowing in the Fourier plane of the grating stretcher, and this, in
conjunction with gain pulling in the glass amplifier chain determined
the output spectrum of the amplified pulse. This allowed us to
wavelength tune the CPA laser and hence the high harmonics to give
a spectral overlap with the x-ray laser line. The beam was then
frequency doubled in a lcm thick KDP crystal giving a conversion
efficiency of 30% and up to 5 J of second harmonic light. This
second harmonic beam was then focused with an f = 3.5 m singlet
lens to an approximately 4x diffraction limited spot with a peak
intensity of ~5x101% W cm?. At focus this beam traversed 1 mm of

helium gas at a density of ~2x10'? em3 produced by a hypersonic

gas jet.

To produce the x-ray amplifier gallium stripe targets up to 18 mm
long were irradiated from one side with three overlapped line foci,
and particular care was taken to ensure that both ends of the stripe
were well iluminated to avoid absorption of the input or output
radiation. The separation between the gas jet and the entrance to the
gallium amplifier was 20 mm, which is comparable to the Rayleigh
range of the harmonic beam (~15 mm). This allowed for good
coupling of the harmonics into the approximately 80 pm diameter
gain region of the plasma, while being far enough removed to avoid
preionization of the gas jet by blackbody radiation. The experimental
arrengement for the target chamber is shown below. (Figure 1)

The harmonic beam was analysed with an axial 1200 //mm flat-field
grating spectrometer placed 2 m downstream from the gas jet to avoid
damage from the driving laser. Spectra were recorded with either a
calibrated time integrated CCD camera or an x-ray streak camera.
For x-ray laser or amplified harmonics shots, the instrument was
shifted slightly off axis in the horizontal plane to allow for refraction
of x-rays by the density gradient in the Gallium plasma.

Figure 1. Experimental arrangement

In time integrated measurements the single shot energy contained in
the 21st harmonic was found to be between 0.5 and 2nJ. From this

the efficiency of harmonic production is estimated to be ~ 10, which
is substantially less than has been previously demonstrated for
optimum conditions in the plateau region. We believe that spatial
modulation of the pump beam degraded the phase matching of the
harmonics and result in a much greater divergence and lower



conversion efficiency than achieved with a Gaussian profile. As well
as the 21st harmonic which we wish to amplify, the spectrometer
covers sufficient wavelength range to show adjacent harmonic orders
at the same time. These should remain unamplified when traversing
the Ga plasma and thus act as an intensity feducial. Figure 2
compares different single shot harmonic spectra demonstrating the
good shot to shot reproducibility in relative intensity of harmonic
orders.
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Figure 2. Comparison of single shot harmonic spectra

Using the axial spectrometer the length dependence of the gallium J =
2-1 laser line at 25.11 was measured for plasmas up to 18 mm
showing gains of approximately 3cm’L. This is the first time that the
Ga XXII laser system has been investigated in any detail and figure 3
shows a plot of the exponential growth of the j = 2-1 at 25.11nm.
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Figure 2. Plasma length study of the Ga XXII laser line

The time integrated output of the plasma in the 25.11 nm spectral
region is substantially greater than that of the harmonic, and to
distinguish the amplified 21lst harmonic from the longer lived
background plasma emission we used a streak camera to time resolve
the specira. Figure 4 shows a time trace taken at 25.11 nm from a
combined harmonic / x-ray amplifier shot showing a clear spike in
time when the harmonic was injected.
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Figure 4. Time history of 25.11 nm signal

Figure 5 compares the spectra from a fime resolved harmonic shots
with no plasma present, and after fraversing an 18 mm Ga plasma.
The harmonic was tuned to give optimum spectral overlap with the
25.11 nm laser line. These two spectra were averaged over a 30 ps
time window which was the tesolution of the streak camera. The
instrument and filter response have been deconvoluted and the
background, found from averaging fime slices 30 ps either side of the
harmonic signal, has been subtracted. There is a clear enhancement
of approximately three of the 21st harmonic relative to the 19th and
23rd hamonics in the case where the harmonic propagates through
the amplifying plasma.

Comparison of Streaked Harmonic Spectra
with and without a Ga XX1I Plasma
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We can estimate the expected gain for the 21st harmonic based on the

measured 3 ecm’! gain coefficient for the 25.11 nm GaXXII laser line
and the coupling efficiency between the harmonic and the plasma
amplifier. For complete coupling between the harmonic and the 18
mm x-ray amplifier, we would expect a small signal gain of expl[al]
~220 A. However, this will be reduced by both the spectral and
spatial overlap of the harmonic with the gain region of the plasma.

Based on previous measurements of harmonic linewidths for 140 fs
pulses at 825 nm we estimate the linewidth of the 21st harmonic to be
~0.01 nm (FWHM) which is well below the resolving power of our
XUV spectrometer. Measurements of the linewidths of similar
collisionally pumped neon-like x-ray laser schemes suggest that the
linewidth is predominately Doppler broadened with small corrections
for Stark and lifetime broadening. From this work we estimate that
the linewidth of the Ga XXII, J=2-1 transition is ~0.005 nm. Thus,
with optimum spectral overlap of the harmonic to the laser line, we
calculate that the coupling efficiency will be ~ 25 % assuming a
convolution of Gaussian spectral profiles. This lowers the maximum
gain to ~ 50. The observable harmonic gain will be further reduced
because only a fraction of the harmonic energy can be coupled into
the plasma since the spatial extent of the harmonic exceeds that of the
gain region. We estimate from far field measurements that the beam
waist of the harmonics at the plasma is ~ 300 pm while the diameter
of the gain region is only ~ 80 pm. This will further reduce the
observable gain to ~ 3.5 which is in good agreement with what we
measure for optimum shots

In conclusion we have demonstrated the injection and amplification of
harmonic radiation in a collisionally-pumped soft x-ray amplifier. A
net energy gain of three was achieved for the 21st harmonic of a
frequency doubled Nd:glass laser in a neon-like gallium plasma at
25.11 nm. The measured gain is in good agreement with that
calculated when the spatial and spectral overlap of the harmonic with
the amplifier is accounted for. In an optimized experiment using a
more tunable source and better mode matching between the harmonic
source and amplifier considerably higher amplification could be
possible. We believe that this can provide a method of achieving
short pulse operation of soft x-ray lasers with good spatial coherence
for use in applications such as ultra-short pulse probing of laser
plasmas. In addition this technique can be used for direct
measurements of the spatial and temporal distribution of gain in x-ray
laser plasmas.
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INTRODUCTION

Significant progress has been made in our efforts to produce
efficiently a bright , monochromatic, and highly coherent XUV laser
beamline below 25 nm. This has been achieved by using prepulses
and multi-pulses with the Ne-like ions of Ni, Zn and Ge, to enhance
the J=0-1 ( 2522pin2p*a3puz J=0 to 252pin2phin3s J=1)
transition?. OF particular interest has been the dramatic increase in
the lasing output of the J=0-1 line at 19.6nm in the germanium XUV
laser with both low ( ~0.02% ) and high ( ~2% ) level prepulses. The
levels are quoted as the fractional energy in the prepulse compared
with that in the main pulse arriving on target. A summary is given
here of the main results from two experiments using different prepulse
conditions and the comparison made between them. Modelling has
improved significantly our understanding of the mechanisms involved
in these schemes with general agreement between the model
predictions and the experimental observations®.

EXPERIMENTAL DETAILS

The experiments were carried out in Target Area East using the
Vulcan glass laser at 1.06 pm wavelength. A more detailed
description of the setup has been previously reported including how
the prepulses were generated. Given here in table 1 is a summary of
the main experimental parameters used in both cases. To allow for
measurements of the effective gain observed on both the J=0-1 ( 19.6
nm ) and J=2-1 lines ( 23.2 & 23.6 nm ), target lengths of 9 and
14mm were used as well as those given in the table.

RESULTS AND DISCUSSION

A significant enhancement of the J=0-1 line relative to the J=2-1
lines was observed when the prepulse was applied in both cases.
The temporal characteristics were similar, with the J=0-1 line
lasing more intensely than the J=2-1 lines, earlier in time and for a
considerably shorter duration. Evidence from the beam pointing,
which was reduced with the prepulse, suggested a relaxation of the
electron density gradients within the plasma column. In summary
for both prepulse levels, -the onset of lasing tended to occur earlier
in time compared to the no prepulse case, -the J=0-1 lasing occured
earlier in time compared to that on the J=2-1 lines with the J=0-1
line peaking typically 300ps before that of the J=2-1 lines, whose
peak in turn corresponded closely to the peak of the drive pulse, -
the FWHM of the J=0-1 line was much shorter with the prepulse,
~100ps, compared with J=2-1 lines whose FWHM remained
similar to that with no prepulse at typically 500ps, -the average
output power in the J=0-1 line was nominally ~6X that of the
average of the J=2-1 lines, -the peak radiant density ( pJ/st ) on the

PARAMETERS LOW PP | HIGH PP
Prepulse relative intensity ( % ) ~0.02 ~1.8
Target Length (mm) 22140.5 18+0.5
Target Width (um) 10010 120+10
Drive pulse duration FWHM (ps) 70050 825+125
Average Irradiance (x10PWem?) 1.840.4 1.620.5
Delay after prepulse (ns) 5 32
Detector Iiford Q Kodak
plates 101.04

Table 1 Main experimental parameters

J=0-1 line was increased to a level similar to that of the J=2-1 lines, -
the beam pointing was reduced from typically 10mrad without any
prepulse to a few mrad with the low prepulse and 5-9 mrad with the
high prepulse.
It was necessary to adjust the results from each prepulse experiment
to allow for a comparison, taking into account the variation of the
gain with irradiance on target. The gain dependence on irradiance for
the J=0-1 line was assumed similar to that for the J=2-1 lines which
has been previously characterised®. The results for the low case were
also adjusted for their longer target lengths of 22mm. To minimise
the effects of diffraction gratings, reflection filters, transmission filters
and detectors, which were also different between the experiments, the
results were normalised to the peak radiant densities and powers
observed when no prepulse was applied in the two cases. The results
are given in table 2. They show that the high ( ~1.8% ) prepulse
delivered at 3.2ns was more effective than the low ( ~0.02% )
prepulse delivered at 5ns in increasing the output on the J=0-1 line at
19.6nm. Its peak energy was estimated to increase by a factor of ~
4.5X and its peak power by a factor of ~ 40X. The output power for
the J=2-1 lines was also increased with the high level of prepulse.
There was ~ 2x more radiant density and ~ 7x more power for both
J=0-1 and J=2-1 lines with the high prepulse compared with the low
prepulse. Due to the limited data set and the inherent fluctuations
from shot to shot. it was not possible to deduce what effect if any the
low prepulse had on the J=2-1 lines output. The overall observations
supported by modelling suggest that the prepulse leads to a) enhanced
absorption of the drive energy, b) increase in the volume of the gain
zone, and c) a relaxation in the density gradients. This provides the
necessary high density and temperatuere conditions for accessing gain
on the J=0-1 transition.

1. GF Cairns et.al. RAL annual report 1994

2. J Warwick et.al. This report.

3. AG MacPhee et.al. This report.

4. SB Healy et.al. This report

5. D Neely et.al. Optics Comm., 87, (1992) 231

BOTH LOW HIGH RATIO RATIO RATIO
NO PP PP PP PP/NoPP PP/NoPP HIGH PP
LOW HIGH /LOW PP

Peak J=0-1 radiant density 0.2+0.1 0.5+0.2 0.91+0.3 2.5 4.5 1.8
Peak J=2-1 radiant density 1.0 0.4+0.2 0.7+0.2 0.4 0.7 1.8
Average (0-1) power 0.2+0.1 1.4+0.8 855 7.0 40.0 5.7
Average (2-1) power 1.0 0.2+0.1 1.7+0.8 0.2 1.7 8.5
Rad. Density ratio E(0-1)/E(2-1) 0.2 1.25 13
Power ratio P(0-1)/P(2-1) 0.2 7 5

Table.2 A summary of the normalised results for the low and high prepulse cases where scaling of gain with irradiance and different target
lengths have been taken into account. A unit of power, as scaled to an 18mm long target irradiated at 1.6x10"™ Wem? with no prepulse
corresponds to 0.035kW. Peak radiant density for the same conditions are in units of 26pJ/st. The large uncertainties are primarily due the
inherent shot to shot fluctuations in output coupled with a small sample number of shots for each case.
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INTRODUCTION

There is a need to reduce the driver energy of XUV lasers to enable
the development of a saturated laser at a wavelength suitable for
holography of biological specimens. 1 The best candidate XUV
laser is Ni- like Ta at a wavelength of 4.48 nm 2, but it has not so
far been possible to drive this laser to saturation because the
required energy ( >10 kJ by extrapolation from ref. 2 ) exceeds the
capability of current drivers. One possible solution to this problem is
to reduce the energy requirement by taking advantage of scaling
characteristics which favour the use of a shorter duration pulse at a
shorter wavelength in a narrower line focus. The basis of this
scheme has been described elsewhere 3, and it has been shown that
the KrF laser pumped Raman laser is particularly suitable for this
purpose. Estimates from the scaling analysis suggest the possibility
of saturated output from the Ta laser with less than 700 J of driver
energy at 268 nm in a 125 ps pulse and a 30 micron wide line focus

at 10! Wem 2. These parameters are close to the capability of the
Titania laser system currently being constructed at RAL.A4
Motivated by this attractive possibility we have conducted an
experimental study of plasma production in a short line focus under
relevant conditions using the available Sprite KrF laser which
delivers up to 12J in Raman laser mode of operalion.S The aim of
the experiment was to verify the scaling concept by X-ray
spectroscopy showing the production of the necessary degree of
ionisation and excitation in the plasma and by X-ray imaging
showing the production of the required narrow line focus.

THE EXPERIMENT

This experimental arrangement is shown as figure 1.

Alignment
Cameras
\ Pinhole
% amera
%Curved Cryslal
Spectrometer
arget
Off Axis
Spherical
) ror
i‘_\llélﬁgmm'- Drive Beam
N Off axis
Paraboloid
Mirror

Figure 1. The experimental arrangement.

The 268 nm Sprite Raman beam of 10 cm diameter was focused to a
line using an f/4 off axis parabola to produce a point focus which
was imaged astigmatically by an off axis spherical mirror to give a
500 micron long line focus. The optical width of the line focus on
the target was varied by defocusing, the minimum width being less
than 10 microns. The targets were solid slabs or thin films of Ta or
Ag ( Ag being a Neon-like analogue of the Ta laser 2). The targets
were positioned using highly magnified images from orthogonal
telemicroscopes and aligned in angle using reflection of a reference
He-Ne laser beam. The pulse duration of the Raman beam was
either 25 ps or 60 ps .

A pinhole camera equipped with a 12 micron pinhole and filtered by
25 micron Be and 400 micron mylar, imaged the line focus at an
angle of 45 degrees in the plane of incidence of the drive beam. The
image was recorded on film ( Industrex C) at 4x magnification .

A crystal spectrometer using a KAP crystal recorded the resonance
lines from the plasma in the region 5.5 A to 8 A: increased
resolution was achieved by the use of a convex configuration (30 cm
radius ). The spectrometer was operated with either a 300 pm  slit
(which gave an effectively spatially integrated output) or a 100 pm
slit which gave limited spatial resolution transverse to the line focus,
The spectra were recorded on a CCD detector connected to a
compiterised image acquisition system.

RESULTS

The pinhole camera was used to record the width of the X-ray
emitting line focus (FWHM) as a function of the displacement of
the focal plane relative to the target as shown in figure 2 for 60 ps
pulses on Ta. Similar plots were obtained with 25 ps pulses and
when Ag was substituted for Ta .

Line focus width, microns

o t 1
-150 -100 -50 0 50 100
Step position, arbitrary units

Figure 2. A graph of the width of the X-ray image of the line focus
as a function of displacement of the target for Ta slabs irradiated by

60 ps pulses carrying 10 J.

Note that the minimum line focus width is around 12 pm confirming
our expectation that the scaling allows use of narrow line foci
without significant lateral spreading of the energy flow. By contrast
studies with 1.05 micron light at 3x10 !3 Wem™ in 0.6 ns pulses,
drivirig the Neon-like Ge laser, have previously shown that lateral
spreading limits the minimum effective line focus width to 50
micron.

‘The resonance spectra at minimum line focus width and for a width
of 60 microns are compared in figures 3a and 3b.

There is a clear difference between these spectra with an obvious
increase in emission at shorter wavelengths for the narrow line focus
compared lo the wide line focus.

An identification of the spectrum was made’-8 by fitting a
dispersion curve to the data using wavelength calibration lines from
an Al target. This dispersion curve was used to make the
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Figure 3a The resonance spectra recorded from a Ta slab target irradiated by a 60 ps pulse in a line focus with a 10 micron wide X-ray image.

Intensity in this case was 3 x 10 15 wem2
Intensity, 3 -
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Figure 3.b The resonance spectra recorded from a Ta slab target irradiated by a 60 ps pulse in a line focus with a 60 micron wide X-ray image.

identification of Ni-like lines shown in Figures 3. The spectra
obtained here were compared with spectra from a conventionally
driven Ta laser>( 530 nm 500 ps drive at 2.5 1014 Wcm'z) It was
noted that the narrow line focus result gave:a very similar spectrum
in the area of overlap of the datavwhich is centred around the
3p3d10-3p5(1/2)3d 1045 Ni-like dine at 5.3 A.

The intensity ratio of the Ni-like line (3p®3410-
[3p63d95/24p3/210°=1) at 7.3 & and Co-like line (3p%3d®-
(3483 5/2(4)4p1213°=712) at 7.2 A was measured for different
line focus widths for tantalum slab targets irradiated by 60 ps pulses.
In this way a relative measure of the ionisation and excitation of the
plasma was obtained The results of such a plot are shown as
figure 4.

(=3

0.67
0.57
0.4
0.31
0.2]
0.17

0 t

0 10 20 30
Line focus width in microns

Figure 4. The ratio of Co-like resonance emission to Ni-like
emission for Ta slabs irradiated by 60 ps pulses.

Ratio of Co-like to Ni-like lin

The monotonic change of the ratio shows the effectiveness of
narrowing the line focus on increasing the excitation of the Ni- like
1ons.

CONCLUSION

The experiment demonstrates that a Ta plasma with ionization and
excitation similar to that of an operational Ta laser is obtained with
short pulse short wavelength drive in a narrow line focus as
postulated in a scaling model . The results are an encouraging
indicator of the possibility of future use of the Titania KrF pumped
Raman laser system to drive the Ta laser close to saturation .
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INTRODUCTION

Low intensity prepulses preceeding the main drive pulse have been
used in the past to enhance the output and efficiency of low Z Ne-like
x-ray lasers[1-5]. The most marked improvement occurs in the J = 0-1
lines; indeed in some cases lasing is not achieved in the absence of a
prepulse. It is thought that they preform a cold plasma which is then
heated by the main pulse, leading to an increase of the electron
temperature and a relaxation of the density gradients which cause
refraction of the x-rays out of the plasma. More efficient coupling of
the main pulse into the plasma and a larger gain volume are also
thought to occur.

However, as yet this effect has not been characterised in detail. We
report the first parameter scan of prepulse fraction (prepulse / main
pulse ratio), investigating the J = 0-1 lasing intensity in neon-like Zinc
(A =212A), Copper (A = 221A) and Nickel (A = 2314).

EXPERIMENTAL DETAILS

The experiment was conducted in collaboration with the Laboratoire
De Spectroscopie Atomique et [onique using six beams of the LULI
Nd:YAG laser at L’Ecole Polytechnique, Palaiseau, France. Fig.1
shows the experimental setup.

Crystal Speciromeler
Film /CCD

Crossed cylindrical

Target length 20mm

Focus width 250um 1.06 pm

4001 / 800ps

Double rel
filter

Transmission filter

Grating

etector

CCD / Sweak camera

Fig. 1 Schematic diagram of experimental setup

Pairs of crossed cylindrical optics were used to produce line foci
0.25mm x 25mm, at the fundamental, for an average intensity on
target of ~10'> W/em®. The pulse duration was measured to be
800150ps, with a total pulse energy of 400350J. Diagnostics included
a flat-field spectrometer coupled either to a CCD camera or to a streak
camera and a space resolving KeV crystal spectrometer. Prepulse
fractions were induced at the 107 to 10™ level using a polarisation
sensitive optical beam splitter and delays of the main pulse relative to
the prepulse of both 2ns and 4.5ns investigated. This apparatus
was located after the first stage

amplifiers, prior to the splitting of the beam into separate beam lines,
in order to induce an equal prepulse into all six pump beams. In order
to eliminate any uncertainty in the prepulse fraction introduced by
intensity dependent gain in the amplifier chain, the prepulse level on a
single beam was monitored prior to entering the interactions chamber.
The beam leakage through one of the final mirrors was split with a
glass platg and taken to a pair of differentially filtered optical diodes,
reverse biased and impedance matched to the inputs of a pair of 7GHz
band-width digital oscilloscopes. The attenuation was adjusted to
allow one to record the prepulse signal, whilst saturating on the main
pulse, and the other to register the main pulse only. Cross calibration
of the two channels was performed by firing laser shots, with the
attenuation set to allow both channels to resolve the intensity of the
prepulse. By inserting calibrated ND filters one channel was then
attenuated sufficiently to observe the main pulse. Full experimental
details are given in reference [6]

RESULTS

Time integrated data for Zn, Cu and Ni for both the 4.5 ns delay and
the 2 ns delay are shown in Fig. 2.
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Fig.2 Time integrated emission as a function of prepulse fraction for
(a) Zn, (b) Cu and (c) Ni. The error bars have been left off Fig. 2(a)
for clarity but are comparable to those for Fig. 2(b) and (c)

The graphs for Copper and Nickel clearly show a trend of increasing
output with prepulse fraction, up to the maximum prepulse
investigated, 10", for both 4.5ns and 2ns delays. The graph for Zinc is
not so conclusive. While it appears to exhibit a peak at ~2x10™
prepulse, there is a large scatter in the data due partly to shot to shot
variations in the laser energy. This for example is evident for the Ni
shots at prepulse fraction in the range around 0.0S in the 4.5ns delay
case. It is possible that we were not working in a strong lasing regime,
large variations in the output signal resulting from relatively small
fluctuations of input.-intensity. It is our feeling that had a more
extensive data set been built up at the higher prepulse fractions the
trend would have been continuously increasing output above 107,
This is supported by the time resolved data, by the lack of peaks in
both Cu and Ni for either 4.5ns or 2ns delay, and Zn itself for the 2ns
delay.

For all three elements the 4.5ns delay is more efficient than the 2ns
delay at producing lasing output. The J = 2-1 lines were barely
distinguishable above noise and showed no significant response to
prepulse fraction.

Fig. 3 shows the time resolved data for Zn. The signal has been
spectrally and temporally binned to give a measure of the total lasing
output. It shows a:similar trend to that observed with the time
integrated data; increasing output with increasing prepulse fraction
and the 4.5ns delay being more effective than the 2ns delay.
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Fig.3 The time resolved data for Zn.

Fig. 4 shows a section through a typical time resolved image after
digitisation.

1.0
~ 08 ]

Intensily {a.u.
o
~
|

o
N
T
1

T

o

200 400 600 80O
Time (ps)

Fig. 4 Typical temporal history of Zn 212A line.

The time integrated space-resolved KeV spectra of the 4.5ns delay
Zinc data has been analysed [7] to infer the effect of the prepulses on
the plasma conditions through spectroscopic line ratio measurements.
It was observed that the plasma temperature and large scale
homogeneity along the line focus were unchanged by varying the
prepulse fraction from 10 to 10 2. The lateral size of the Ne-like
region of the plasma was seen to increase with the prepulse fraction,
which is consistent with the general idea of the prepulse contributing
to the formation of a larger volume gain zone with improved ASE
propagation charactistics. The Ne-like ground state density in the
plasma also increases with the prepulse level, creating more efficient
pumping of the J = 0-1 upper level through direct collisional
excitation from the Ne-like ground state. These effects help to explain
the observed dependence of lasing output on prepulse fraction.

REFERENCES

[1]. T. Boehly, M.Russotto, R.S.Craxton, R.Epstein,

B Yaakobi, L.B. DaSilva, J.Nilsen, E.A.Chandler, D.J.Fields,
B.J.MacGowan, D.L.Matthews, J.H. Scoficld, G. Shimkaveg,
Physical Review A, 42, No.11, 6962 (1990)

[2] J Nilsen, B.J.MacGowan, L.B.DaSilva, J.C. Moreno.

Physical Review A, 48, No.6, 4682 (1993)

[3] J Nilsen, J.C. Moreno, B.J.MacGowan, J.A. Koch

Appl. Phys. B 57, 309-311 (1993)

[4] G.F. Caims, C.L.S. Lewis, M.J.Lamb, A.G. MacPhee, D.Neely,
P.Normreys, M.H.Key, S.B.Healy, P.B.Holden, G.J.Pert J.A Plowes,
G.J).Tallents, A. Demir.

Submitted to Optics Communications.

[5] E.EFill, Y.Li, D.Schlogl, J.Steingruber

Optics Letters, 20, No. 4, 374-376, (1995)

[6] A.G.MacPhee et al., in preparation

[7] M. Nantel, A. Klisnick, G. Jamelot, Ph. Zeitoun, P. Jaegle,

G. Tallents, A G.MacPhee, C.L.S. Lewis

Submitted to Optics Letters



SPACE-RESOLVED MEASUREMENT OF O VIl BALMER ALPHA
FINE STRUCTURE IN EXPLODING FOIL PLASMAS

J Zhang!, P A Norreys?, G Caims?, G J Tallents®, A. Demir?,
A Behjat*, M Holden*, M H Key!?, C L S Lewis?, C Smith!

Department of Atomic and Laser Physics, University of Oxford, Oxford, 0X1 3PU, UK
2Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, 0X11 0QX, UK
3Department of Pure and Applied Physics, Queen's University, Belfast, BT7 INN, UK
4Depan.ment of Physics, University of Essex, Colchester, CO4 3SQ, UK

INTRODUCTION

The strategic goal of the x-ray laser programme has been to
realise saturated gain in the water window of the spectrum,
preferably by using sub-kilojoule laser drivers that could be made
available to the biological community on a facility basis. One way
to achieve this goal is to provide short wavelength Ni-like x-ray
lasers. Irradiating exploding foil targets with two pulses has two
beneficial effects: the density gradients in the plasma are
eliminated (reducing the refraction of the x-ray laser beam out of
the high gain region); and to generate Ni-like ionisation at high
densities, thereby increasing the gain coefficient [1,2].

We conducted an experiment on the VULCAN Nd-glass laser to
investigate this scheme. A compact spectrometer consisting of a
double cylindrical mirror coupled to a Hitachi flat field 2400 I/mm
grating provided spatially resolved spectra at high spectral
resolution (AJAA > 2000). We report here on a space-resolved
measurement of the O VIII Balmer alpha lines. The ratios of the
intensities and line profiles of the Balmer alpha fine structure are
of great interest both because of their value in diagnosing the
plasma conditions and for ascertaining the plasma parameters
suitable for recombination x-ray lasers [3-5].

EXPERIMENTAL SET-UP

Six opposing beams of the VULCAN laser operating at 0.53 pm
were focused into a line on a 41.7 pg/cm? (60 nm thick) pure Yb
foil with a 11.1 pg/cm? (100 nm thick) Formvar (C;;H;505)
backing. The width of the line focus was approximately 50 pm
and the target length was about 6 mm. The line-focus length
extended beyond the ends of the target, thus fully illuminating the
target. A 150 ?s FWHM (full width at half maximum) Gaussian
pulse of 1x10'? W/cm? followed by a second Gaussian pulse of 20
ps duration and intensity 1x10'* W/cm?from the six opposing
beams illuminated a common area from both sides of the target.

X-ray emission in the axial direction was measured by use of a
flat-field grazing incidence XUV spectrometer with a 2400
line/mm aperiodically ruled grating [6]. It recorded the spectral
range from 3.0 nm to 20.0 nm on Kodak 101-04 film. Spatial
resolution in the spectrometer was provided by two cylindrical
mirrors that compensated for the astigmatism in the focal plane
[7], instead of toroidal mirrors that are usually used in astigmatic
grating-incidence spectrometers. In the sagittal plane the first
cylindrical mirror forms an image of the source on the focal plane
of the spectrometer to provide one-dimensionally space-resolved
spectra; in the meridional plane the source is focused through a
100 pm entrance slit to illuminate the grooved surface of the
grating in order to obtain good spectral resolution and high
throughput. The whole spectrometer has a spatial resolution better
than 40 pm, a spectral resolution (A/AXA) higher than 2000 and a
collecting solid angle larger than 2x10% sr.

RESULTS

The emission of the Balmer alpha spectral lines of hydrogen-like
oxygen ions in the exploding foil plasma is shown in figure 1. The
ordinate is the spatial expansion direction. The abscissa is
wavelength. It is easily seen that the oxygen plasma, where the
emission of the Balmer alpha lines come from, originates from the

back of the foil target and expands outwards. The Balmer alpha
lines of the hydrogen-like ions consist of seven fine-structure
components grouped to give the appearance of a doublet. The
wavelength separation of the doublet was measured from figure 1
to be about 140 mA, which agrees approximately with the
published data [4]. )

1.0

o
w

Distance ( mm )

0.0

101.5 102.0 1025 103.0
Wavelength ( Angstroms )

Figure 1. Space-resolved O vii Balmer alpha line emission from
an exploding foil plasma.

The Balmer alpha lines do not clearly split, though distinguishable,
inside the exploding region (the continuum emission region 0.0mm
- 0.3mm in Fig. 1), where the broadening effects of the spectral
lines are so dominant that the separation between the doublet
components become masked due to the high density and
temperature in this region. The full width at half maximum
(FWHM) of a wavelength component of the Balmer alpha doublet
in this region was measured by deconvolution method to be about
120 mA. The fine structure splitting become progressively more
pronounced with increasing distance corresponding to regions of
decreasing density and temperature during the expanding stage.
The line profiles shown in figure 2 for increasing distance from
the target correspond to regions of decreasing density and
temperature and consequently the various local broadening
mechanisms, Stark and Doppler, decrease with respect to the

fine-structure separation. The FWHM at a position of 0.5 mm .

from the target was measured to be 100 mA. For positions farther
l.hin 0.7 mm, the FWHMSs remained approximately constant (80
mA).
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Figure 2, Proliles of the Balmer alpha line emission vs distance from the target in relative units of intensity.
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Figure 3. Theoretical prediction of the electron temperature and
electron densily vs distance from the target using an accurate
simple model [8].

The intensity of the fine structure components of the Balmer alpha
line depends on the population density of the n = 3 upper quantum
sub-level associated with the transition and on the transition
probability for the particular fine structure component [5}.
Tallents investigated theoretically the dependence of the fine
structure ratio on the electron density and on the ground-state
density of the hydrogen-like ions. From the fine structure ratio of
the Balmer alpha lines in figure 2, the electron densities at
different positions of the expanding plasma can be deduced using
Tallents's model. Inside the exploding region and part of the
expanding region (< 0.9 mm), the ratio was measured Lo be about
1.3:1, which approximates the statistical value 1.24:1. This implies

- an electron density > 1.3x102° cm™ for these regions [4], where

the n=3 sublevel populations are proportional to their statistical
weights. This estimate agrees approximately with a theoretical
prediction using an accurate simple model assuming an
isothermal, homogenous plasma expansion [8] (figure 3). At
larger distances (> 0.9mm) from the target, the fine structure ratio
become somewhat a larger value in the range of 1.6-1.8, implying
that a population inversion may have been formed due to the rapid
recombination cascade into the n = 3 levels and a nearly emply

population of the ground state [9], which is a necessary condition
for recombination lasers. With most recombination schemes, the
peak gain of the Balmer alpha line occurs at densities Ne ~ 101427
cm™? [9], which is about 2.0x102° cm'? for oxygen plasmas. This
density corresponds to the expanding plasma regions of 0.7 - 0.8
mm, where the electron temperature is about 100 eV (figure 3),
from the target. A detailed investigation is still in the process of
analysis.

No gain was observed on the Ni-like Yb J = 0-1 transition at 50.23
A during the experiment. Detailed modelling by MEDUSA for
these target and irradiation conditions indicate that the electron
temperature peaked at 800 eV at the end of the 20 psec heating
pulse. However the flat density profile that is essential for this
scheme was only established 15 psec later after the electron
temperature had reduced to 600 eV, which is below that required
for efficient collisional excitation. Thus demonstration of the
feasibility of the double pulse technique must await the
implementation of pulse compression techniques to increase the
power to targets.

* CONCLUSION

In conclusion, spatial transition of splitting of the Balmer alpha
line emission has been observed from an exploding foil plasma.
From the fine structure ratio of the Balmer alpha line;, the electron
density of plasmas with increasing distance from the target has
been diagnosed. The deduced electron density agrees with the
theoretical prediction using an accurate model. Evidence of
population inversion has been observed at large distances from
the target suggesting that Balmer alpha gain may occur in the
plasma region of 0.7-0.8 mm from the target.
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INTRODUCTION

Evidence for recombination lasing at 18.2 nm on the CV1 Balmer
o~line was recently obtained (1) with 7 pm diameter carbon fibre
targets irradiated using the 2 ps, 20 TW, chirped pulse
amplification (CPA) beam of the VULCAN laser facility. The laser
line focus was created by the combination of off axis parabolic and
spherical mirrors. Axial and transverse flat-field spectrometers and
a footprint monitor were used to diagnose the plasma(z). The
uniformity of the x-ray laser medium is thought to be critical to the
development of recombination x-ray laser® and soa passive pin
hole camera was used to monitor the uniformity and the length of
the created plasma. In this report, we examine some of the issues
relevant to uniformity in short pulse recombination x-ray laser

experiments.
PARAMETER STUDY RESULTS

Assuming a flat topped laser beam profile, the intensity distribution
varies approximately along the line focus as
1

I(x) = 1)1 —(%")215 M

where L is the length of the line focus and x is the distance from the
centre of the line focus. The electron temperature along the line
focus, Te(x), will thus be different along the plasma line, varing

approximately as

2
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Figure 1 Variation of the electron temperature along the plasma
length calculated using equation (1) assuming electron peak
temperatures of 80, 100 or 120 ev.

where I(0) is the laser beam intensity and Te(0) is the electron

temperature at the centre of the line focus (Figure 1)(4).

The RATION (5) code was used to calculate the intensities of the
sum of the CVI Lyman-a;, CVI Lyman-§, CV182-152p and CV
152-1s3p spectral lines (Isum) over a range of T up to 500 ev
assuming an electron density of 10 21cm-3 and neglecting
opacity effects. The transmission coefficient through the 0.5 pm
and 0.9 um thick aluminium filters (which were used in the pin
hole camera) was taken into account at each wavelength using the
SF code(6). Resultant line intensities for the spectral lines were
then summed and the variation of this total intensity (Isum) with
electron peak temperature plotted for each filter (Figure 2).
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Figure 2 -A RATION code calculation of the intensities of the
sum of the CVI Lyman-o,CVI Lyman-B , CV 1s2-152p and CV
152-1s3p spectral lines (Isum) without and after filtering (0.5 and
0.9 micron Al filter) for an electron density of 1021 ¢m3.

The variation of the electron temperature along the plasma length
was calculated using equation (2) for different peak electron
temperatures (figure 1). These plots were used to deduce the total
recorded x-ray emission along the plasma line for different
temperatures (figure 3 and 4).

It can be seen that the spatially resolved x-ray emission recorded
cannot be expected to be uniform. Increasing the laser irradiance
and consequently the electron temperature produces apparent
emission peaks at the irradiated fibre ends (figure 4). By increasing
the filtering, the spatially resolved x-ray emission can be expected
to become apparently more uniform (figure 3 ).
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Figure 3 Calculated variation of recorded x-ray intensity along the
plasma for an assumed peak plasma electron tempreture of 100 ev.
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Figure 4 Calculated x-ray emission assuming different peak
electron temperatures (0.9 micron Al filter).

An experimentally observed intensity variation along the plasma
length is shown in figure 5 . The emission peaks at the ends of the
irradiated fibre in agreement with the modeling (figure 3 and 4) .
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Figure 5 Typical densitometer trace of a pin hole camera image
converted to x-ray intensity obtained from a 2 ps laser irradiated
carbon fibre target with a 0.9 pm Al filter.

POLARISATION DEPENDENCE OF RESONANCE
ABSORPTION

Resonance absorption varies along the line focus length if the
incident beam polarisation is horizontal, but is constant for vertical
polarisation (figure 6). With horizontal polarisation, the resonance
absorption is at a minimum at the centre of the line focus where the
irradiance is highest. Hence, the total resonance absorption
integrated along the line focus is less for horizontal polarisation.

Experimental evedence for this was suggested by results reported
by Holden et al.?) where ion probe signals for vertical polarisation
indicated higher absoiption (figure 3 of Holden et al. shows
horizontal and vertical polarisation as the top and bottom traces
respectively).

Horizontal polarisation
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Vertical polarisation
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absoption Absorbed
or Irradiance
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Irradiance Laser Irradiancel(x)

- L > Distance

Figure 6 Schematic showing why resonance absorption is less for
horizontal polarisation in a (horizontal) line focus. The fractional
resonance absorption and target irradiance as a function of distance
along the line focus for horizontally and vertically polarised laser:
light is shown.

CONCLUSION

A pinhole camera was used to study the uniformity of the line
plasmas produced by 2ps, 10-30 Joules laser pulses and a model of
the expected emission along the plasma length has been presented.
It has been shown that better uniformity and more resonance
absorption should be obtained with vertical polarisation.
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INTRODUCTION

There is growing interest in the interaction of ps or fs pulses with
matter, owing to the advent of short-pulse high-power lasers based
on chirped-pulse amplification. In particular, more and more work is
devoted to generating laser-produced plasmas with such pulses, in
view of variety of applications such as faser fusion, short pulse x-ray
emission and x-ray lasers [1-3].

While the generation of x-rays by ns laser plasmas is well
investigated, and a considerable amount of work has also been
expended on investigating x-ray emission from ps laser plasmas, only
a few studies are devoted to comparing x-ray spectra generated by
different pulse durations.

Short (ps or fs) laser pulses can heat targets significantly before any
expansion occurs, generating plasmas at densities close to solid
density, in contrast to the interaction of ns long pulse with targets
where the main heating occurs at densities close to the critical
density. Consequently, the densities of ps laser plasmas can be orders
of magnitude higher than those of ns laser plasmas. The enommous
difference of the densities and the different plasma processes will
have dominant effects on the atomic energy structures and therefore
spectra of the plasma emission. Comparison of plasma emission
generated by ns and ps laser pulses would provide better
understanding of different plasma physics in the ns laser plasmas and
ps laser plasmas.

In this paper we present a comparison of plasma emission in the
region 60 A <A < 220 A generated by 1 ns and 2 ps laser pulses,
with similar pulse energies. Thus, the intensities applied to the target
differed by a factor of up to 500. The investigations were made with
moderately high intensities up to 1x10'3 W/em? for 1 ns and 5x1015
Wicm? for 2 ps pulses.

EXPERIMENT

The experiment was conducted with the VULCAN high-power Nd-
glass laser. The VULCAN laser can be operated either in the normal
mode, in which mode-locked pulses of 1 ns duration are amplified or
in the chirped pulse amplification (CPA) mode [4] in which ps pulses
from a separate oscillator are stretched and recompressed after
amplification. In both cases the precursor intensity is < 10 of the
intensity of the main pulse.

The pulses, with a maximum energy of 45 J, were focused by means
of an off-axis parabola in conjunction with an off-axis spherical
mirror to a line 6 - 7 mm long and 20 pm wide, Thus, fora 1 ns and a
2 ps pulse, after a 50% reflection loss by the compression gratings
and focusing system, intensities up to 1x10!3 and 5x10' W/cm?,
respectively, were reached in the focal region. Fibre targets with a
diameter of 7 um were irradiated, thus, only about one third of the
laser energy reached the target. The fibres were supported on one
end and positioned with better than £2 pm spatial accuracy and +1
mrad angular accuracy by using a modified split-field microscope
system [2]. The targets were fabricated by coating Sigradur fibres
[5], 7 pm in diameter, with a thickness > 300 A NaF, Al, Cu or Fe
layer. It tumed out that the deposition process frequently resulted in
bending of the fibre targets. Only fibres with a deviation from
straightness of less than 20 pum were used in the experiment.

To record the soft x-ray spectra, a flat-field spectrometer [2]
coupled to a x-ray sensitive fluorescent-screen CCD camera was
installed axially to the fibre target. For a number of shots Shanghai x-

ray film (SIOFM-5FW) or Kodak 101-05 plates were used as the
detector, in which case the evaluation of the spectra was carried out
by means of a digital densitometer. The densitometer yielded time-
integrated spectra with a spectral resolution of about 0.2 A and with
a spatial resolution better than 40 pm. The data were Abel-inverted
along the spatial co-ordinate fo take the cylindrical symmetry of the
experiment into account.

RESULTS

In figs. 1 - 3 spectra of NaF, Al and Cu plasmas generated with 1 ns
and 2 ps pulses are shown. The pulse energies and the lengths of
fibre are indicated on the spectra. These spectra are integrated over
a spatial region with r > 50 pm (here r represents the radial distance
from the fibre surface).

It is quite conspicuous that in all cases the ps spectra show a
significantly higher ratio of continuum to line intensity. This can be
attributed to a number of reasons related to opacity, line broadening
effects etc.

The spectra allow comparison of the ionisation stages generated with
the different pulse durations. In NaF the ns and ps spectra show that
esseritially the same ionisation stages are reacheé). Li-like Na and Li-
like F lines predominate. H-like and He-like F can also be seen,
while He-like and H-like Na lines are absent.
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Fig. 1. Axial spectra of 7 pm diameter carbon fibres
coated with 3000 A of NaF. a) 1 ns duration. b) 2 ps
duration.
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For aluminium the situation is quite different: While the spectra with
ns pulses show a predominance of Li-like recombination lines (in
particular the gain lines 3d-4f and 3d-5f at 154 and 106 A) the
spectra with 2 ps pulse duration are dominated by lines emitted from
relatively low ionisation stages, with Ne-like, F-like and O-like lines
being the most prominent ones. The Li-like 3d-4f line appears only
weakly in these spectra. The reason for this observation 1s not clear,
since simulations would predict the ionisation of the aluminium to be
similar for ns and ps pulses.

For the Cu and Fe (not shown here) spectra the degree of ionisation
is again similar for ns and ps pulses. Pl:' both pulse durations Na-like
recombination lines show the strongest emission. Spectra taken with a
KAP crystal spectrograph observing transversally to the fibre axial
direction revealed the presence of Ne-like and F-like and O-like
resonance lines in both materials.

Special attention was paid to the Na-like recombination laser lines
5g-4f, 5f-4d, 6g-4f and 6f-4d. It was found that all four lines were
strongly present in the ns spectra. In the spectra with 2 ps pulses only
the 5g-4f line emission was seen, but with a high intensity. This line is
by far the strongest one in the sgectrum if the spectrum is integrated
over the spatial region with r > 50 pm, thus suppressing the emission
from the part close to the target surface. Figure 3b show the
corresponding spectra for Cu. The high intensity of Sg-4f line and the
absence of the 5f-4d, 6g-4f and 6f-4d lines give a strong indication
of gain on that line. A gain measurement will be presented in a
following paper.

SUMMARY AND CONCLUSIONS

We have compared the axial soft x-ray emission from fibre targets
of two low-Z materials (NaF and Al) and of two medium-Z materials
(Fe and Cu) generated with 1 ns and 2 ps pulses with similar pulse
energies. For the two pulse durations the pulse energy on target was
kept constant, resulting in a factor up to 500 higher intensity for the
ps pulse irradiation. For NaF, Fe and Cu, in spite of the large
difference in intensity, the degree-of ionisation for both durations
were found to be rather similar and in accord with computer
simulations. For aluminium the experimental spectra with ps pulse
indicate a plasma of much lower ionisation stage than with ns pulses.
Simulations predict however the ionisation stages to be rather similar
in the two cases.

For all targets the ratio of continuum to line emission was
considerably higher for the short pulse irradiation, a fact explained
by the higher density from which the x-rays are emitted in the ps
plasmas. For iron and copper strong emission on a recombination
gain line, the Sg-4f line of the Na-like ion, was observed for ns and
ps irradiation. For ps pulses this line dominated the spectra if the
spatially integrated emission over the region with r > 50 pm from the
target surface was considered.

The spatial extent of the emission was quite different for the two
pulse durations. For ns pulses the time-integrated spatially resolved
spectra show a typical fall-off of the line emission within a region of
300 pm, whereas for the ps pulses the emission terminates much
closer to the target, typically around 100 pm from the target surface.
This observation is explained by the simulations to be due to the sharp
density gradients and the rapid decay of the density perpendicular to
the target surface for ps pulses.

The anomalously strong emission on the 5g-4f line in Na-like Cu and
Fe ions suggests that there is gain on that recombination line. This is
accord with the simulation results, which predicts a gain coefficient
of about 10 cm'! under the conditions of the experiment.
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INTRODUCTION

One of the primary objectives in x-ray laser research is biological
applications in the so-called water window around 22-45 A
X-ray laser microscope could provide higher resolution than
optical instruments and avoid much of the often destructive
specimen preparation needed for an electron microscope. X-ray
laser holograms of biological structure in living cells would be
very helpful for investigating their functions.

The recombination scheme operating with adiabatic cooling is in
principle more favourable than the collisional pumped scheme in
extending x-ray lasers to shorter wavelength range because the
recombination scheme requires a much lower driver energy.
Systematic studies suggest that interaction of fibre targets and
picosecond (ps) laser pulses produces a heating-close to solid
density, thus enhancing the adiabatic cooling. The rapid cooling in
tum leads to a high gain in recombination lasers [2,3]. There is
reason therefore to believe that it is possible to reduce the driver
energy for x-ray lasers considerably by using ps high brightness
laser pulses. Towards this goal, a series of experiments was
conducted at RAL. An exceptionally high gain was recently
demonstrated on the hydrogen-like carbon 3-2 transition using 20
J, 2 ps pulses focused on 7 pm diameter carbon fibres {4).

Lithium-like and sodium-like ions are analogous to the hydrogen-
like ions, having one electron in the outer atomic shell but one or
two inner atomic shells. For lasing transitions, lithium-like and
sodium-like ions have somewhat higher quantum efficiency.
Amplification has been observed for many transitions both in
lithium- and sodium-like ions using nanosecond (ns) driver pulses
[5,6]-

With a view to a possible extension of high gain recombination x-
ray lasers to shorter wavelengths, sodium-like copper was chosen
for the present investigation. We report here experimental results
of an evidence of high gain in a sodium-like copper
recombination x-ray laser driven by 20 J, 2 ps pulses from the
chirped pulse amplification (CPA) beam on the VULCAN laser
facility.

EXPERIMENT

The set-up is similar to that used in the C v1 x-ray laser experiment
[4]. The 2 ps CPA beam was reflected by an f/4 off-axis
parabolic mirror to a spot focus which was imaged by an f/4 off-
axis spherical mirror to produce a line focus 7 mm long and 20
pm wide. The spatially averaged incident irradiance in the line
focus was (5 + 1)x10!5 W/em? for the data discussed here.

The targets used in the experiment were copper coated (thickness
typically > 3000 A) carbon fibres of 1 cm length and 7 pm
diameter supported at one end. They were positioned better than
+2 pm spatial accuracy and +1 mad angular accuracy using a
split-field microscope system. The free end of the target was
placed well within the line focus to avoid creating a cold output
end in the plasma, and the irradiated length was varied by moving

the line focus axially along the fibre which was always at the
same location.

Two soft x-ray spectrometers viewed the line plasma in the axial
direction from both sides as the primary diagnostics. One of the
spectrometers was a flat-field grazing incidence soft x-ray
spectrometer with a 1200 line/mm aperiodically ruled grating. The
detector was an x-ray sensitive phosphor screen coupled to a
charged-coupled device (CCD). The other spectrometer was a
5000 line/mm transmission grating. The length and the spatial
homogeneity of the line focus were monitored by means of an x-
ray pinhole camera, which viewed the line focus at 45 degree
from above. A KAP crystal spectrometer was used at 45 degree
to the fibre axis to measure the jonisation balance of the plasma.
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Fig. 1. On-axis spectra of the copper fibre target with
2.3, 3.3, 4.6 mm lengths irradiated by 20 J, 2 ps laser
pulses.
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Fig. 3. On-axis spectra of the copper slab target

irradiated by 21 J, 1 ns laser pulses.
RESULTS

A series of spectra from the on-axis flat-field spectrometer are
shown in figure 1. The spectra correspond to three irradiated
lengths of copper fibres: a) 2.3 mm, b) 3.3 mm, c) 4.6 mm
respectively. In these spectra, only the strong 5g-4f line emission
was observed. This is contrast to steady state ablation from either
fibre or slab targets with long pulse (nsec) driver lasers where all
of the four possible gain lines (5g-4f, 5f-4d, 6g-4f and 6f-4d)
appear (figures 2 & 3). Similar features were observed in the
spectra of iron fibre targets irradiated in the experiment. The
irradiated intensity on fibres for the data in figure 1 was around
5x10'5 W/cm?, at which there were mainly neon-like resonance
lines and only comparatively weak fluorine-like and oxygen-like
lines in the crystal spectra. This plasma ionisation is near optimum
for a sodium-like copper recombination laser according to the
simulation result [7].

There is strong continuum emission background in the 2 ps
spectra, compared with the ns spectra (figures 2 & 3). This maybe
attributed to the ps pulse produced higher density at which the
maximum electron temperature is reached. The higher density
leads to a larger effects of opacity, line broadening etc. To
suppress the strong continuum emission from the part close to the
target surface, spectra in figure 1 were integrated over the spatial
region in the radial direction with r > 50 pm from the target
surface.

The intensity of an individual line was obtained by subtracting the
background continuum level and integrating spectrally and
spatially over the spatial region with r > 50 pm in the radial
direction.

At very short length, the 5g-4f line transition at 111 A is very
weak compared with the continuum background emission. The
intensity of this line emission increased with the plasma length
non-linearly. This line emission became dominant in the spectra

for longer targets, giving a strong indication of stimulated emission
on the 5g-4f transition. The results of these measurements were
plotted in figure 4. The intensities of different shots on different
detectors were cross-calibrated by the continuum emission,
which increased linearly with the plasma length. The gain
coefficient was estimated by least squares fitting of the Linford
formula to the data giving 8.8 + 1.4 cm’l,

The fibre targets were fabricated by coating 7 pm diameter
carbon fibres with a layer (thickness > 300 nm) of copper. It
tumed out that the coating process frequently resulted in bending
of the fibre targets. As a result, the longest straight length of the
coated fibre targets was limited to 5 mm by the coating process. It
has however been -found out after the experiment that longer
straight copper coated fibres could be manufactured by sputtering
cold copper ions into the surface layer of carbon fibres.
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Fig. 4. The fitted gain to the data from figure 1 for
5g-4f transition in sodium-like copper ions using
Linford formula.

CONCLUSION

In conclusion, we have measured high gain for the 5g-4f
transition at 111 A in sodium-like ions driven by 20 J, 2 ps laser
pulses. It is anticipated that a better performance will be achieved
for the sodium-like copper recombination x-ray laser by
optimising the conditions and using longer straight fibres in future
experiment.
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ENHANCED EFFICIENCY AND MONOCHROMATICITY OF THE J=0-1 196A LASING LINE
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INTRODUCTION

Continuing with the X-ray laser consortiums efforts to improve the
characteristics of X-ray lasers in general, the latest in a series of
experiments employing multiple pulse irradiance of slab targets for
collisional excitation schemes has demonstrated further significant
enhancements in output parameters. A pair of 100ps, 1.05pum pulses
separated by 400ps were incident on two opposing 14mm germanium
slabs, with a line focus width of 160pm. The intensity on target was
2,7x10"* Wem™. The contrast in the total energy content between
the J=0-1 196A and the J=2-1 236A lines was measured at 2x10?
(peak ratio ~10%). The output from both ends of the target were
spectrally resolved using flat ficld grazing incidence spectrometers,
one of which employed a grazing incidence cylindrical focusing optic
for imaging the exit pupil of the XRL in the horizontal plane, whilst
the other operated in the conventional angular resolving mode

(Figure 1).
1500 Tnnv-p
i 1000
B

Q,,\

Pla e

=m|=

]

. U
2
.
]
I__II

4mym
16 Bit
Soft X-ray CCD (SI) redolving
Flad spettrometar
1
16 th‘?;m mol(b;mg

Figure 1 Experimental geometry

The data from the space-resolving spectrometer was collected using a
16 bit CCD system', the angularly resolved data was recorded on
Ilford Q-plates. The target irradiance uniformity was monitored with
time integrated, space resolving Brag Crystal spectrometers
incorporating 16 bit CCD detectors®,

The grazing incidence cylindrical mirror collected all rays in the
horizontal plane, parallel to the rulings on the flat field grating. From
previous footprint measurements®, the vertical X-ray laser beam
divergence is known to be similar to that in the horizontal plane.
Hence, from the horizontal divergence, measured using the time-
integrated angularly resolved output from the north spectrometer, an
estimate was made of the vertical divergence (1:1). The fraction of
the beam collected in the vertical plane by the grating in the imaging
spectrometer was therefore established. From the absolute sensitivity
of the soft X-ray CCD systemn (0.03 counts hv"' pm?), and estimates

of the reflectivity of the grating and silver coated mirror (5% and '

80% respectively) and the transmission of the 1.6um Al filter (2.8%),
the average signal power on the 196A line was measured to be
57kW, based on an estimated pulse width of 100ps. A spectrum from
the space resolving XUV spectrometer is shown in Figure 2, where

! A. G. MacPhee, C. L. S. Lewis, J.E. Scott, P.J. Warwick, Central
Laser Facility, Ann. Rept, p161-162,(1994).
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* G. Caims et al, Appl. Phys. B, 58, pp 51-56 (1994)

4 D. M O’Neill, PhD thesis, The Queen’s Unversity of Belfast
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¢ Generation of a 45-ps duration 15.5nm x-ray laser, Optics Letters
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Figure 2 XUV spectrum from double 14mm target irradiated at
2x10"Wem™®, with 2x100ps 1.1 contrast ratio pulses.

energy has been integrated in space across the detector plane. The
beam flux was 148mJsr”, with a total integrated signal of 5.7mJ.
For the J=2-1, 232A and 236A lines, the integrated signals were each
~28n). By comparison, the maximum measured value for the
average power on the brightest J=2-1 236A line from a 3cm target
irradiated at 2.5x10" Wem' with a Ins pulse was 14kW*, with an
associated beam flux of 74mlsr’. For the 196A line from recent
asymmetric pre-pulse work®, the equivalent power was 28kW and the
bearn flux 8mJ sr™.

Along with the improvement in the monochromaticity of the shorter
wavelength emission in this mode, the enhanced integrated energy,
higher peak power and shorter pulse duration make for a substantial
increase in the usability of this beam for holographic and probing
experiments. From recent work by Da Silva et alf, there is scope still
for further enhancement using a travelling pump along the target axis
For a 100ps gain width we are limited to target lengths of <3cm,
whereas the modelling and experimental results in general suggest the
gain width to be significantly shorter than this.

One explanation for this enhancement may be the effect of the
movement of the plasma after the initial pulse, to a region of higher
average intensity and narrower line focus during the second pulse.
The F/2.5 lens/off-axis spherical mirrors systems used at RAL to
generate the line foci can produce focal widths ~25um. During this
experiment, the focus was positioned ~250pm in front of the target
surface. From a Pollux simulation’, the critical surface of the plasma
would be positioned 10pm in front of the original solid, with a ~0.1
critical density at the beam waists. This will have introduced a
modulation in the vertical profile of the second drive pulse, resulting
in possible gain guiding, although further ray tracing will be required
to assess this.
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INTRODUCTION

Soft X-ray collisionally excited lasing action within long pulse (= 1
ns) laser driven plasmas have been extensively studied in many
laboratories world-wide. A significant restriction on readily
achieving saturation is due to the limited photon propagation tength
within the active media caused by the refractive electron gradients
present. Recent experimental advances in obtaining higher efficiency
and shorter wavelength soft X-ray lasing action have concentrated
upon compensating for", or reducing” the transverse electron density
gradients present across the gain region of an ablated plasma.
Multiple pulse drive can be used to reduce the gradients present
across the gain region of a plasma and give an additional degree of
freedom in _the design of soft X-ray lasers. Experimental
developments” have concentrated on optimising plasma and target
conditions to minimise transverse beam refraction and maximise gain.
In this report an additional effect of lateral density gradient
modification is considered.

BACKGROUND

Multiple pulse irradiation of a target has significant advantages over a
the single pulse drive case. At intensities typically used to drive
collisionally excited lasers of 1012 ©101° Wem2 Inverse
Bremsstrahlung is the dominant energy absorption mechanism within
the plasma. The amount of [aser energy absorbed is sfrongly
dependent on the density gradient™ across the interaction region.
More efficient coupling is achieved by having a lower gradient and a
larger interaction zone. Such conditions can be efficiently generated
by using a low fraction of the main laser energy to pre-form a plasma.
Since the pre-formed plasma is initially cooler, the amount of energy
lost through thermal emission during the time required for it to
hydrodynamically expand to the required density will also be
considerably reduced. When the second or later pulses come along,
they can then ionise the plasma to the required state over a larger
plasma volume, with more laser energy being absorbed and lower
refractive gradients present. There is a trade off, since, if the plasma
volume that energy deposition occurs over is increased by more than
the extra laser energy absorption, the plasma temperature will not be
as high as previously and this can reduce the gain. This is to some
extent compensated for (in the observed output beam) by the reduced
density gradients, which increases the volume within the plasma that
can usefully contribute to the output.

EXPERIMENT

Yttrium stripe targets were uradiated using six 108 mm diameter
1.05 pm wavelength beams in the Target Area East off-axis line
focus chamber as depicted in Figure 1. The standard laser drive pulse
used throughout the experiment was a 650 ps FWHM flat_topped
Gaussian shaped pulse. Both single (up to 9 mm) and doubte3 (upto
9 + 9 mm) targets were used to study the length scali.ng6 of the 15.5
nm lasing transition. The targets consisted of thermally evaporated
100 + 10 pm wide, 1 + 0.2 pm thick Yttrium, deposited onto a 0.1
um plastic overcoated 1.5 mm thick glass substrate. The double
target's surface planes were set parallel to each other (+ 1 mrad), with
the stripes in the same horizontal plane (= 10 pm), at a fixed
separation along the plasma length of 0.58 + 0.05 mm in an
alignment jig. The principle diagnostics of target drive uniformity
were space resolving crystal spectrometers which observed the Ne and
F-like resonance line ratio’ and a crossed slit camera. A 1200
lines/mm flat-field grating spectrometer which used Kodak 104-02
film as the recording medium was used to examine the intensity and

.R. heating heamn
Space resolving crystal spectrometer

Onptical streak % o0
camera 23 : ; Flat-field

Soft X-ray detector
% Kodak 101-04

Space resolving crystal spectrometer

Figure 1. Schematic diagram showing the experimental geometry
for the Ne-like Y double target experiment.

angular distribution of the lasing emissionS.  An optical streak
camera was used to monitor the drive laser pulse profile and the
output was captured using an 8 bit CCD and frame store systemg.

RESULTS

Lasing action was observed on the 15.5 nm Ne-like Y soft X-ray laser
transition with a measured gain coefficient of 3 cm’! from targets of
up to 15 mm (9+6 mm double target). However, for the majority of
shots no increase in the output signal was observed for target lengths
up to the maximum examined, of 9 + 9 mm. The only exception to
this was for one shot (Figure 2) where the drive laser pulse profile
was not a flat topped Gaussian but was as depicted in figure 3. Target
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Figure 2 Densitometer trace showing the dominance of the 15.5
nm lasing line. The spectra was taken through a Si filter and the L
edge at 123 A is clearly observable.

illumination uniformity was examined but this suggested that the
dnive beam was satisfactory. ]

During the experiment there was some difficulty in reproducibly
fabricating high quality Y target coatings. The experimental records
and data were checked, but no evidence was obtained to suggest that
the 9 + 9 mm double target which produced the high intensity output
was any different physically, from the other targets which produced
lower output signals.
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Figure 3. Optical streak camera trace showing the temporal profile
of the multiple pulse.

DISCUSSION

Initial hydrodynamic modelling using 1D simulations of the plasma
expansion showed three distinct advantages of using multiple pulse
drive compared to the single pulse. These were; (1) The amount of
absorbed incident laser emergy is increased; (2) The size of the
expected region for lasing action is increased and; (3) The density
gradient across the region of interest is reduced by almost 50 %.
These improvements in the hydrodynamic response of the Y target to
the drive laser may have accounted for the increase in output.
However, detailed modelling was not possible due to the lack of a
complete atomic physics data base for Yttrium.

Experimental data from other soft X-ray laser double target studies
had highlighted the possibility of lateral refraction™" playing a role in
determining the characteristics of the output beam. Evidence for the
refractive effects of propagating through an 18 + 18 mm Ge double
target is shown in Figures 3(iii) and 3(iv) of reference (10) where a
double lobbed structure in the lateral direction of the output beam is
visible.

For 100 um wide targets such as those typically used in soft X-ray
laser experiments, the expansion gradients in the transverse direction
(figure 4) are normally much larger than those in the lateral direction.
It is therefore anticipated that lateral refraction effects should be most
visible in Lhe case where transverse beam refraction has been reduced
or compensated for.

Lateral —
Drive laser beam

Transverse
Axial

Figure 4. Schematic diagram showing the model target geometry
where the soft X-ray beam propagates along the Axial direction

To study this, simulations were carried out using the POLLUX code
which examined the 2 dimensional expansion of an Yitrium slab
target irradiated using a Gaussian shaped spatial profile, where the
density contours were examined at 25 ps intervals throughout the
plasma expansion. For the temporal drive pulse profile shown in
figure 3, the code predicted an interesting phenomena occurring near
the peak of the second high intensity drive pulse (time = 300 ps). The
second high intensity pulse preferentially heats the centre of the
ablated plasma and causes an additional lateral expansion of the
plasma. This leads to a central electron density dip being formed.
Such a density structure should be ideal for the propagation of a soft
X-ray laser beam'" providing that the spatial gain profile is not
dramatically altered. Although compensation for lateral beam
refraction has been proposed using a modified target substrate!2 these
simulations would suggest a new route for obtaining such an effect
without the complexity of a specialised target. For the case of the
standard 650 ps flat topped Gaussian drive pulse the simulation
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Figure 5. Numerical simulation showing the density gradients
present when a multiple pulse is used to drive a slab Y target. The
thick solid line shows the location of the critical surface for the 1 05
pm drive beam and each contour represents a factor of 2 change in
density.

predicted an electron density gradient which peaks on centre and

slowly falls away in the wings as expected.
CONCLUSION

Hydrodynamic modelling of a multiple pulse driven Yttrium target
has indicated that two effects may account for the significantly larger
lasing output observed, compared to the single drive pulse case.
These are; (1) The reduction in the transverse density gradient and;
(2) The production of a lateral density dip. The reduction of the
transverse density gradients has been used by many groups world
wide and is known to significantly increase the propagation length
within a plasma. The modification to the lateral electron density
profile using a structured drive profile producing a central dip is a
new phenomena only predicted using 2 dimensional simulation.
Further experimental studies including other modifications to the
drive profile are planned in the near future to ascertain the presence of
any dip and its magnitude.
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INTRODUCTION JRutherford Appleton Laboratory, Didcot, UK

Particle acceleration’ by laser-plasma interaction has gained a lot of in-
terest lately due to new theoretical approaches? 3 and to the fast grow of
short-pulse lasers which can finally implement these approaches. Till
now only Beatwave experiments have given interesting results?: 3 but
the need of a very good matching of the density 2nd a very homogenous
plasma limited its performance to low densities.

With the advent of the new short-pulse lasers the possxblhty of the
Wakefield method has been tried extensively but no definite result has
been achieved as now. The new approach, Self-Resonant Wakefield, as
opposed to the usual Wakefield does not need such a short pulse, so
looks very promising. We report here of an experiment which proved
this last method with great success, achieving acceleration of trapped
electrons to the record energy of 44 MeV The electric field>100 GV/m
represents by far the highest collective-wave field ever produced in 2
laboratory.

The observation of wavebreaking at the higher density is also a very
interesting feature which is the subject of another publicationb.

SELF-RESONANT WAKEFIELD

This method?- 3, that came out only in the last years, involves pulses
which are a few plasma periods long ((Dp‘ ).In this case a small plasma
wave is created by the Wake from the sharp rise of the laser pulse en-
hanced even more sometimes by the local pump-depletion due to Raman
side-scatter that grows quickly at the beginning of the pulse. From this
"noise" source Forward Raman Scattering(FRS) can grow. FRS is a 4-
wave mixing process where the Stokes and anti-Stokes scattered waves
(respectively down-shifted and up-shifted by a)p) beat together with the
laser wave to further stimulate the plasma wave as it propagates through
the plasma. In the high intensity case (when Vosc, the electron quiver
velocity in the laser field, is close to c) the plasma wave modulates the
group velocity of the laser (similar to the photon acceleration model) at
the plasma period and thus bunches the laser intensity longitudinally (as
well as radially in case self-focusing is taking place?) and this effect
drives even more the plasma wave. For this reason the plasma wave
does not need a resonant laser pulse (as in the case of the Wakefield) but
the laser itself gets bunched to provide a sort of series of micro-pulses
matching the resénant condition.

EXPERIMENTAL SET-UP

The experiment was made using the Vulcan CPA 1 im laser® which
could give up to 25 Jin 0.7-1 ps in a 20lm diameter spot with !yglcal
values of 20-25 TW of power and an intensity of 5 X 10" W/c

The laser was focused onto the well-defined edge of a 4 mm diameter,
laminar plume of helium gas from a pulsed, supersonic gas jet® located
2 mm below the focal region. The maximum intensity of 6 X 10! w/
em’ is sufficient to doubly-ionise the helium gas over at least 2 mm
into the jet. The plasma density which varied with the backing pressure
of the jet was measured (through the frequency shift of the anti-Stokes
sidebands) to be linear with backing pressure from 5 bar to at least 18
bar where the electron density was 1.5 x 10”® cm™. The two key diag-
nostics were the energy spectra of trapped and accelerated electrons in
an f/60 cone centred on the laser axis and the forward scattered electro-
magnetic spectra in the full f/5 for the incident laser cone. Due to the
high intensity of the laser a huge amount of second harmonic was
generated (conversion efficiency of ~10-3) and we measured it both,
spectrally, in the forward direction(which was also modulated by the
plasma wave) and at 307 imaging it onto a CCD.

RESULTS

Figure 1 shows the measured electron energy spectra correspond ing
to the range of plasma density scanned (i.e. from 0.5 to 1.5 X 10%em™.
All three cases were at a laser power of approximately 25 TW. The
data represented by symbols was taken with biased silicon surface-bar-
rier detectors while the solid curve was obtained using a fluorescer/
film combination, giving a continuous spectrum from 13 to 32 MeV
and the vertical scale was adjusted to overlay the solid triangles for the
same shot. The number of accelerated electrons at a given energy and
the maximum electron energy both show a dramatic increase asthe
plasma density is increased to 1.5 X 10" cm " : the number of electrons
above 20 MeV increases by at least three orders of magnitude and the
accelerated electron distribution is rather flat up to 30 MeV where it
begins to decrease with energy up to 44 MeV, which is the detection
limit. We interpret this sudden increase in accelerated electrons and
maximum energy together with the broadening of the electromagnetic
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Fig. 2 Laser spectra images at 5.4X 1018 ¢m*? (above) and

15 x 1018cm *(below)

spectrum as the signature that wavebreaking has occurred. The copi-
ous increase in the number of electrons accelerated at the highest
plasma density is consistent with the wave trapping the bulk of the
plasma thermal distribution function rather than a few tail particles at
low plasma densities. Indeed the (detection limited) maximum elec-
tron energy of 44 MeV is not too far from the absolute maximum of
70 MeV that a test electron would obtain limited by dephasing in an
ideal plasma wave with € = 1. A peculiar aspect of the measured spec-
trum at high density is that it is flat from 15 to 30 MeV. This is due to
the fact that the observation is made in only an f/60 cone in the exact
forward direction. The highest energy electrons are those that traverse
the wave in the region of the highest longitudinal fields, i.e., right
down the axis of the plasma wave. Lowerenergy electrons necessar-
ily experience more of the radial fields and would tend to have a larger
angular spread as a result,
The two pictures in Figure 2 represent the raw measured laser spectra
at two different number densities (5.4 and 15 X 1018 em™), the pic-
tures were processed, integrated vertically over space and corrected
for the different transmission functions and sensitivity of the optics
and replotted in Figure 3 as a function of frequency to highlight the
periodicity of the sidebands
At the lower density the upshifted anti-Stokes and downshifted Stokes
signals at AW/, = * 1 are clearly visible as is the transmitted pump at
Am/(op = 0 and the second and third anti-Stokes sidebands. These
signals are clearly sharply peaked and their width indicates that the
plasma wave which generated these signals must have a coherence
time on the order of the laser pulse. The dashed curve in Fig. 3 shows
gw spectrum when the plasma density is increased to 1.5 x 10'%¢m

. Because the scale has been normalised to ©p the sidebands still
have integer values on this scale. The most startling feature is the
tremendous broadening of the individual anti-Stokes peaks at this
higher density. This broadening is characteristic of wavebreaking and
is mainly due to the loss of coherence as the wave breaks. From an-
other point of view, as we approach wavebreaking the laser light no
longer scatters off a collective mode of the plasma but instead scatters
off the recently trapped electrons which are still periodically deployed
in space10. The Dopplershifts11 one expects for electrons moving at
arelativisticy = 4 within a range of angles corresponding to f/5 focus-
ing is approximately * o, which could explain the "filling in” of the
satellites.
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OTHER DIAGNOSTICS

The creation and growth of the plasma wave was also monitored by its
interaction with the second harmonic (0.5 mm) light generated by the
laser, which we used like a probe. Figure 4 shows the second harmonic
forward spectrum at a typical density of 6 X 10'%cm™. Asthe sensitivity
of our CCD decreased sharply at 1.1 km we could not resolve the Stokes
sidebands in the laser transmitted spectrum whereas in the visible range
instead the sensitivity is flat and so we could get nice symmetric spectra.
The second harmonic was emitted in all directions so we imaged the
interaction area onto a CCD at 300 in green. The typical images in Fig-
ure 5 show very interesting features especially in the case of Helium
where there is sign of filamentation which extends much further than
the Raleigh length (300-350 Wm in our case).
IN HELIUM

Q.00 1.00 2.00 3.00

IN HYDROGEN

0.00 1.00 2.00 3.00
mm

Fig. 5 Second harmonic images of the plasma
CONCLUSIONS

We observed the creation, growth and breaking of high amplitude plasma
waves generated by self-resonant Wakefield and Forward Raman Scat-
tering. These waves trapped electron from the bulk of the electron distri-
bution function to give a large amount of electrons accelerated.Electrons,
with an energy up to the detection limit of 44 MeV, were observed. The
electric field implied in excess of 100 GV/m represents by far the high-
est collective-wave field ever produced in a laboratory. This observation
has an important application in the areas of particle accelerators and
energetic electron sources.
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ANGULAR DEPENDENCE OF THE ABSORPTION OF A 350 FS KrF PULSE ON SOLID TARGETS
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1 Imperial Collefe of Science, Technology and Medicine, London
The Queen’s University, Belfast

INTRODUCTION

The interaction of intense pre-pulse free, picosecond and
subpicosecond laser pulses with solid targets opens up the possibility
of producing hot, high density plasmas. These plasmas are relevant for
astrophysical studies or for their application to the Fenera!ion of
bright, short-lived coherent and incoherent x-ray sources 2,

A key issue for the success of all such experiments is the
understanding of the mechanisms through which the laser energy is
transferred to the plasma. In a recent experiment the interaction of a
12 ps KrF Raman amplified pulse with solid targets was studied. It
was observed that the absorption process could be reasonably well
modeled by a combination of resonance and collisional absorption-.
For p-polarized light, the maximum absorption was found at an angle
of 10 degrees, giving a density scale length of about 4 um.

EXPERIMENT ARRANGEMENT

The SPRITE laser produces, in the CPA configuration, KrF pulses of
350 fs duration at a wavelength of 248 nm. The duration of the pulse
is short enough that no significant hydrodynamic motion occurs
during the pulse. The short pulge is superimposed on an ASE pulse
with an intensity of 10° Wem™2. The laser pulse is focused with an
/3.5 off axis parabola onto targets that consist of 300 nm thick Al
layers overcoated onto a glass slide. The average irradiance on target
is about 1017 Wem2 in a focal spot of 30 pm in diameter. The level
of absorption was measured with an integrating Ulbrecht sphere. The
targets were mounted on a translatable rotating stage, driven by a
calibrated stepper motor. The target rotation axis was changed during
the experiment from orizontal to the vertical direction allowing s and
p polarization to be studied. The position of the target was controlled
with a telescope alignment system. In addition, the light backscattered
into the parabola was measured with a photodiode.

EXPERIMENTAL RESULTS

Only preliminary results are shown here since the data analysis is still
in progress.

The level of the absorbed energy was measured as a function of the
angle of incidence. Two different sels of measurements were
performed, with s and p-polarized light. The results of these two series
of measurements are shown in the graphs 1 and 2. The overall shot-to-
shot energy variation of the data used in the graphs is less than 30%.

s-polarization

l Abs. Energy [%]
oc3383888

0 20 40 60

Angle of incidence [degrees]

Fig. 1 Absorbed Energy fraction versus Angle of Incidence for s-
polarized light.

Each point on the graph is the average of at least 3 measurements. The
fraction of absorbed energy for normal incidence is about 47% of the
incident energy. As expected, the absorption for s-polarized light
decreases for larger angles of incidence. In fact, the absorption for this

p-polarization
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Fig. 2 Absorbed Energy fraction versus Angle of Incidence for p-
polarized light.

polarization is mostly collisional. For p-polarized light, the graph of
figure 2 shows a broad peak with a maximum absorption fraction of
about 70% at 15 degrees. In this case the absorption will be both

. resonant and collisional.
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Fig.3 Angular dependence of the resonant absorption component,
deduced by subtraction of the absorbed energy fraction for s-
polarized light from that for p-polarized light.

Subtracting the absorption fraction for s-polarised light from that for
p-polarized light, it is possible to deduce the angular dependence of
the resonant absorption component, shown in the graph of figure 3. A
peak with a maximum absorption fraction of about 40% at 30 degrees
is evident from the graph. Taking into account that the optimum
anpular condition for resonance absorption? is given by

sing = 0.8(wL/c)-173

where ¢ is the angle of incidence, o the laser frequency, the density
scale length L of the plasma is estimated to be about 0.16 pum.
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GENERATION OF HIGH HARMONICS ON THE SPRITE CPA LASER SYSTEM.
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INTRODUCTION

Recent advances in short-pulse laser technology have stimulated
much research into the efficient production of coherent radiation
in the extreme ultraviolet (XUV) by the generation of high odd-
integer harmonic orders of a fundamental laser frequency. Most of
this research has been performed using either 1.05 pm Nd:YAG or
800 nm Ti:sapphire systems. These exploit the frequency
dependence of the plateau in the atomic harmonic response, given
by Epax =Ip+ 3Up ", where I is the ionisation potential and
Up is the ponderomotive energy (Up = 82E2/4me(u2), to produce
very high harmonic orders. This limits the ultimate harmonic
generation efficiency, both in phase matching the high harmonic
with the fundamental, and in keeping the laser intensity below the
saturation intensity to maintain a high population of atoms. We
present experimental studies showing that a shorter wavelength
laser, namely the Sprite 248 nm KrF laser operating in CPA mode
is better suited to harmonic generation, producing a higher
harmonic response and generating shorter wavelengths than
previously seen. This is achieved in part by generating harmonics
from ions rather than atoms: something that is not possible with long
wavelength systems.

We report on quantitative studies of harmonic generation from a
K«F laser, from 7th (355 A) to 35th harmonic (71 A) in Neon and
to 37th harmonic (67 A) in Helium. These are the shortest
harmonic wavelengths generated to date. Further, we report high
generation efficiencies of the 7th harmonic (355 A) in Helium.
These results are well matched to simulations of the single atom/ion
response of Helium and Neon at the intensities present in our laser
focus.

THE EXPERIMENT

The experiments were performed using the Sprite KrF laser at the
Central Laser Facility at the Rutherford Appleton Laboratory,
Chilton, Didcot, U.K. The laser, used in chirped pulse amplification
mode(z) , delivered up to 250 mJ on target in a 380 fs full-width at
half-maximum (FWHM) pulse at 248.6 nm. The multimode beam
was focused using a 100 cm OAP with a 10 cm diameter beam,
producing a 6 times diffraction limited focal spot of 18 pm FWHM
with a mean focused intensity of just over 1017 W/em?2 over a
length of approximately 700 pm.

A solenoid-valve gas jet operating with sub-atmospheric to 40 bar
backing pressure Frovided a gas target of Helium or Neon with
densities from 1017 to 10!9 atoms/em? and gas lengths between
0.5 and 2 mm. Densities produced at the laser focus by the gas jet
were determined by recording and analysing the Thomson
scattering spectrum from the plasma formed by optical
ionisation by the fundamental laser.

Harmonics generated at the focus were imaged using a curved
gold-coated mirror through a flat-field XUV spectrometer
containing a Hitachi variable line spaced 1200 g/mm grating and
were time integrated onto a Galileo double microchannel plate
(MCP) . The MCP image was coupled to a Photonic Science
DarkStar intensified CCD camera using a 4:1 reducing fibre optic
coupler. The CCD output was stored using a computer controlled
image acquisition device. (The absolute response of the MCP and

CCD camera was calibrated against film" ). Carbon or aluminium

filters were used to discriminate against the fundamental laser light
and to attenuate the lower harmonics.

RESULTS

A typical lineout of a Helium harmonic spectrum is shown in figure
1. This plot is uncorrected for instrument or filter response. Note
the exceptionally high level of the 2nd order spectrum, which is
because the blaze angle of the grating becomes optimised for
second order diffraction below about 100 A. We saw no
harmonics in first order above the 37th, as their intensities were
below our detection threshold. The carbon filter cuts off
wavelengths below 44.7 A, which corresponds to harmonics above
the 55th. Figure 2 shows the conversion efficiencies (harmonic
energy/laser energy) for the harmonics above the 7th in Neon.
These numbers take into account the absolute response of the
MCP, the grating response.(5 , the focusing mirror response, the
filter transmission and the collection solid angle of the
spectrometer.
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Figure 1. Lineout of a typical harmonic spectrum from Helium
using the 100 cm OAP. The gas density is about 5 x 1017
atomns/cm”. The grating dispersion curve is shown as triangles (first
order), and diamonds (second order). Note the high levels of the
grating response in 2nd order. This spectrum has not been
cormrected for instrument or filter responses.

Measurements of the angular distribution of harmonics produced

using a 33 cm OAP" " indicate that KrF harmonics up to at least
the 19th cover the full solid angle of the laser beam. Because of
the multimode beam structure, we do not expect this to change for
higher harmonics. The 7th to 13th harmonics are taken from a
different laser shot sequence than those from 15th upwards (and
used Aluminium rather than Carbon filters). This is because the
MCP detector had to be moved to cover this wavelength region.
The simulated single atom/ion Neon responses for a Gaussian
focus are shown in the same figure for comparison. Note the sharp
change in the response for Neon at the 9th and 21st harmonic. This
is due to the change from neutral Neon to Net and from Ne* to
Ne2+ respectively as the dominant harmonic generator. A similar
effect occurs for the transition from neutral Helium to He? at the
13th harmonic. Also of note is the difference in conversion
efficiencies between Helium and Neon. The 7th, 9th and 11th
harmonic efficiencies for Helium are over an order of magnitude
greater than those for Neon. After this Neon recovers, with both
gases ending up with approximately the same efficiencies at the
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35th harmonic, but with Helium showing a marginally higher
conversion efficiency up until the 31st harmonic. This is contrary
to the work of Kondo et al.""” which showed Helium and Neon
with essentially the same response from the 9th to the 23rd
harmonic, but with Helium marginally lower after the 13th.

The harmonic response of Helium exhibits several sharp changes
in the slope of its curve. These discontinuities occur after the 13th,
19th, and 29th harmonics. Considering the absolute energy
produced at the harmonics frequencies, we see that we generate
up to 30 nJ at 355 A (7th harmonic), 1 nJ at 191 A (13th harmonic),
1.5 pJ at 85 A (29th harmonic), and 0.25 pJ at 67 A (37th
harmonic). This corresponds to 5.5 x 10%, 2 x 108, 6 x 104, and 8.5
x10° photons respectively.
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Figure 2. The absolute harmonic conversion efficiencies for (a)
Neon, and (b) Helium. The simulated total Neon harmonic
response to a Gaussian focus is shown as a solid line for
corgparison. The simulated response includes Neon, Ne*, and
Ne4t.

SIMULATIONS

‘When making a full simulation of the experiment, one should
consider not only the single atom response but also all the issues of
beam propagation. However, numerical simulations of the
individual atoms can match the experiments reasonably well by
combining the response of the neutral single atom response with

that of their ions for a full pulse

Our numerical simulations are performed for a number of laser
intensities in the range of 10"~ - 1017 W/cm? at a fundamental
wavelength of 248 om for Helium and its ion and for the Neon
atom and its charge states up to Ne*. The laser pulse length has a
sine-squared temporal profile with a FWHM of 350 fs. These
intensilies range from close to well above the saturation intensity of

the neutral and it is therefore necessary to study the contributions
from both neutral atoms and ions. The simulations are corrected
for the variation of intensity in the laser focus. Only simulations for
Neon are shown here in figure 2. Those for Helium will be

included in a future publication

A comparison of the simulations with experiment indicates that we

* are seeing very strong ionic response from Het, Ne*, and Ne2*.

This is the first experiment to unambiguously show the generation
of harmonics from doubly-ionised Neon. Analysis of 1st order
spectra failed to reveal any indications of harmonics above the
37th. Interpretation of the 2nd order Helium spectrum is difficult
because of the overlap with the 1st order spectrum, but there are
indications of harmonics up to the 45th sitting on the wings of the
first order spectrum. A full analysis of this second order data is
currently underway.

CONCLUSION

In conclusion, we have studied the generation of high harmonics in
underdense, optically-ionised Helium and Neon plasmas. We show
that multiply charged ions play an important role in the generation
of high enmergy harmonics from a short-pulse, high intensity,
ultraviolet laser: generating to 37th harmonic (67 A) in Helium,
and 35th harmonic (71 A) in Neon in 1st order and showing
indications of harmonics up to 45th (55 A) in Helium in 2nd order.
Furthermore, we show that Helium atoms can produce very high
conversion efficiencies for the lower harmonics of 248 nm laser
radiation, producing energies up to 31 nJ, and powers up to 80 kW,

* for the 7th harmonic (355 A). These results indicate the need for

short wavelength driver lasers for the efficient production of high
energy XUV radiation by harmonic generation. A more detailed
discussion of these results will be presented in a forthcoming

publication ) which is under preparation.
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Fusion yields of up to 4.4x10% were measured when planar
deuterated palystyrene targets were immadiated with 1.054pm,
1.3 psec laser radiation and a focused intensity of 1x1018 -
2x1018 W cm™2, The neutron energy spectrs are consistent with
an isotropised beam-target interaction, whereas a thermonuclear
source is considered ualikely. The fusion yield represent Q
values _Sfulion energy released/laser energy on target) of up o
22x107.

‘The fast ignitor scheme for Inertial Canfinement Fusion (ICF) has
recently been proposed {1]. In this scheme, short pulse high
intensity laser radistion creates energetic electrons at the critical
density surface of an already compressed high density plasma.
These electrons are transported into the dewterium -tritium fuel
and heat it to thermonuclear temperatures before it has time to
disassemble. There is a polential for a considerable saving of
lager drive energy as the creation of & hot spark at the centre of
the compressed fuel is no longer required and the symmetry
requirements can be significantly relaxed. For this scheme,
fundamental experiments need to be carried out to characterise
the generation of both fast electrons and jons and their associated

energy transport through-out the target.

Measurements of the number of fast electrons and their
characteristic temperature can be achieved by the established
technique of K-alpha spectroscopy [2]. However, measurement
of fast ion transpont is complicated by the extremely strong
electrostatic fields that are gencrated. lon measurements made
outside the target will be characteristic not of their behaviour in
the plasma during the intersction, but of the expansion of the
plasma, which is driven by the fast electrons [3]. Thus to
determine the fast ion behaviour in the plasma during the
interaction, other more direct diagnostics need to be used.

Position seasitive neutron spectroscopy is just such a technique.
Energetic deuterons, created during the interaction of a high
intensity laser pulse, produce ncutrons by fusing as a result of
collisions, either thermally or by a beam-target type interaction.
Neutron measurements in the forward and backward direclions
are a very seasitive measure of any systematic motion of the
centre of mass of the reacting ions and will register either as an
upshift or downshift in neutron energy, depending on the positian
of the detector. Even a very mmall systematic centre of mass
motion will register as a shift in energy between the detectors
and be observable. This is illustrated in figure 1 which shows the
calculated energies of the emitied neutron as a function of the
energy of a deuteron impacting a stationary dewterom, for
neutrons emitted in the forward and backward directions with
respect to the incident particle. The technique can detect very
small relative motions - for instance, & 10 keV deuteron
interacting with a stationary deuteron will give rise to a relative
shift of ~200 keV between the forward and backward neutron
energy spectra. It also has a very large dynamic range and will
detect centre of mass motions from 10 keV - 10 MeV and
beyond. It should differentiste between ion motion into and out of
the warget - 2.5 dimensional particle-in-cell kinetic simulations
predict a substantial percentage of the laser energy is transferred
to ions directed into the plasma [4). Similarly, it can differentiate
fast ions impacling deuterons deposited on both diagnostic
equipment and the walls of the vacuum vessel [5].

The experimental configuration used was similar to that in our
other experiments [6][7). The VULCAN laser, operating at a
wavelength of 1.054 um, gave pulses of 1.3 psec duration[8]. An
equivalent plsne monitor showed the laser was focused to a
30um focal spot. An off axis parabolic mirror of 44 cm focal
length focused 8 - 20 J of ised laser radiation at 30° angle
of mcidence onto masgive deuterated polystyreae (CgDg)
targets that were 120 pm thick.

The neutron detectors consisted of CR-39 nuclear plastic track
detectors which were covered in 3mm of lead to stop all
encrgetic charged particles from the plasma impinging on the
detector. The neutrons can then be detected by observing the
knock-on protons in the CR-39. CR-39 records charged nuclear
particles as tracks which are eiched into the surface of the
detector after the exposure. Bach incident ion produces a
separate etched track, the dimensions and depth of penetration of
which enahle the energy and atomic number of the fast ions to be
individually determined [9]. In this way, neutrons of a particular
energy produce a characteristic distributions of proton track size
which is different from that of neutrons of a different energy.
These distribution shapes are extremely sensitive to the incident
neutron energies £ 3 MeV. A maximum entropy unfolding
technique, similar to that used in image decanvolution [10], is then
applied to the recorded track size distribution to produce a
neutron spectrum. This technique selects the optimum neutron
spectrum by matching a predicted proton track size distribution to
the measured data. The spectrum which is produced is the flaest
(maximum entropy) neutron distribution where the measured and
predicted proton distributions are consistent with each other. The
resulting spectrum will then only contain those significant features
which are required to fit the predicted proton track distribution to
the measured data.

The detectors were calibrated for fusion yield principally with a
test exposure o a known 2.5 MeV neutron flux from the National
Physical Laboratory, United Kingdom. This conversion was
confirmed by a calculated response using data from a variety of
sources of proton exposures. These two values agree to within
20%. The track diameter of each individual proton track was
recorded by automated image analysis, which can then be related
to the particle energy [9]. The identity of the recorded tracks in
the CR-39 was confirmed by mdividually labelling a selection of
tracks and repeating the etching process in stages umtil all the
tracks were "ranged out”. This provided an umambiguous
determination of the particle species, and confirmed that all of the
sample were indeed protans.

The detector placed in front of the target (which defines the
backward direction) was located 20 cm from the target st an
angle of 22° to the horizontal and 35° to the vestical planes
respectively and the forward direction detector was localed 20
cm behind the target at an angle of 0° to the horizontal and 10° to

the vertical planes respectively.

Other CR-39 detectors were fielded to measure the fast ion
emission from the plazma itself. The detector in front of the
target in the backward direction was located at the end of an
extension tube at a distance of 3.0m from the chamber centre.
Standard pinhole cameras recorded the x-ray emission and ion
penumbnl imaging provided images of ions > 1MeV.
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Figure 1. Neutron energics in the forward (top curve)
and backward direction (bottom curve) as a function
of incident deuteron energy.

Table 1 shows the observed neutron yields in the forward and
backward directions (extrapolated into 4% from the measured
value in the detectors) together with the laser energy incident an
target. The neutron yields were in the range 4x108 - 22x109 and
do not differentiate between the forward and backward
directions. The total fusion yields ranged from 8.0x108 10
4.4x10° allowing for the two branches of the D + D fusion
reaction. These yields represent Q values (fusion emergy
reluud / laser energy incident onto the target) of up to Q =
2.2x1074

The neutron spectra were calculated by unfolding the proton
distribution by maximum entropy described above. Figure 2s
thows the neutron spectrum in the forward direction and Figure
2b shows the neutron spectrum in the backwards direction. The
spectrs were integrated over six shots to improve the signal o
noise ratio. The spectral distribution of the 2.45 MeV neutron
from the D + D = 3He + n branch has a Gaussian profile.
However, extensive calculations have shown that it is possible to
generate & Gaussian-type neutron distribution even from very
non-Maxwellian ion velocity distributions and it is not possible to
deduce a thermonuclear from the neutron spectrum alone[11].
The neutron spectra both have an energy full width at half
maximum (FWHM) of 680 keV. We estimate that the unfolded
neutron spectrs have a systematic centring crror of £100keV
(corresponding to an upper limit in the centre of mass motion of
the reacting ions of 18 keV) due to uncenainty in the proton track
calibration in the CR-39.

The spectra are centred at 2.30 MeV and 2.35 MeV for the
forward direction detector and backward direction detectors
respectively, which is within the error of the technique for
2.45MeV ncutrons. These spectra are indicative of an isotropic
source and cannot be of a single direclion beam - target
interaction, i.e. inwardly directed energetic ions interacting with
cold deuterons of the target because this type of interaction would
result in an up-shift of the neutron spectrum in the forward
direction and a downshift in the backward direction. This equally
applies to deuterons impacting the diagnostic equipment around
the target. Neither can the fusion yield be produced by deuterons
of energics greater than 10keV interacting with a layer of
deuterons deposited on the walls of the chamber because this
would give a larger downshift in the neutron energy when
observed near the chamber centre. Further, neutrons cannot be
generated by lower energy deuterons impacting the walls of the
chamber because a detector located at the wall showed a signal

lfldlhelevdoflhemlhdueaon,eonﬁmhgnlﬂlzfdloﬂ
from the chamber centre.

Hot electron tempemtire measurements, made by snalysis of K
alpha x-ray spectra obtaimed under identical irradiation conditions
but with multilayer metal targets, indicate that the electron
temperature is between 50 - 100 keV provided that metal
conductivity is assumed. However, if Spitzer conductivity is used,
thea resistive inhibition is increased aad a larger electron
temperature (~600 keV) is required to penetrate to a given depth
in layered metal targets[12]. T.H. Tan et al [13] have used a
simple isothermal plasma expantion model to relate the fastest ion
vdomlmd:ehotehcuml:npemmbylheexptulmTh-
0.0138 B, ., (keV). We measured maximum jon energies of 8.0
(#3.0) MeV at 2x1018Wem™2 intensity, suggesting a hot electron
temperature of 100 (40) keV for these conditions.

The neutron spectra strongly suggest their production by fusion of
deuterium nuclei. Given the small Doppler shift and spectral
widih (680 keV from figure 2), the obvious hypothesis is that the
neutrons ofiginate in a thermonuclear plasma. If we hypothesise
that (i) the neutrons originate in a hemisphere (radius R) of
uniformly heated solid density plasma (temperature Tpla.mu)
centred on the middle of the laser spot, (ii) the electron, deuteran
and carbon temperatures ue equal, (iii) the laser energy
absorbed into this plasma is E 55,54 20d (iv) fusion reactions
ocuudunnglheumefothydmdymmlcexpmuon‘rh ~R/
Csound Where ¢;,u, 4 is the isothermal sound pufd'
neutron yield should be:
-7

% A
N=-(E“"”""") (T”"'"“) *1.4x10° o

104 30keV

where the approximation has been made that the neutron
ion rate is ional to T34 in the range of interest. If
lasma = 30keV and Eab.wrbed =10 I, then the radius of the
ma is R = 10um, and the expansion ﬁmeilthwo-SPuc.
The temperature de; ce is relatively weak and a low value
is indicated by the large neutron yield, but TP"-"M cannot be
much less than 30 keV because the fusion rate drops off npidly
below 20keV and the neutron spectra imply a temperature close
to 70keV [11]. Hence a thermonuclear interpretation cannot
casily explain the large meutron yield. Furiher reasons for
rejecting the themmonuclear interpretation are that (i) the
Coulomb mean free path of 100 keV fast electrons is around
100um (see also ref. 14) which is much greater than the 10um
radius in which the energy must be deposited 10 heat the plasma to
thermonuclear temperatures (ii) a thermonuclear plasma is not
casily established because the electron-deutcron collisional
energy equilibration time is many 100's of psec (iii) the cooling
time of a 30 keV plasma of 10 pm radius due to the electron
thermal conduction is less than 0.1 psec.

TABLE 1.
Shot Number | Laser Neutron Neutron
energy () yield yield
(forward (backward
direction) direction)
21/22/6/94 15.2 2.2x10” 2.2x10”7
2/0/654 | 16 1.2x10° 1.7x10°
8/23/6/94 113 1.4x10° 8.4x10°
12/23/5/94 1.6 9.1x10° 3.5x10°
19/23/6/94 11.2 1.7x10” 1.8x10”
25723/694 | 12.9 1.6x107 1.7x10°
27/23/6/94 20.7 7.1x10% 4.8x10°
324/6/%4 15.9 4.1x10° 4.6x10°
6/24/6/94 19.3 7.5%10° 5.4x10%
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Figure 2. Neutron spectra in the forward (top) and the backward
(boitom) directions.

We now analyse the possibilily that a beam-target type of
interaction could produce 2x10° neutrons. The electran density
is seven times the deuteron density. If 10J of laser energy were
divided in this proportion between the clectrons and the
deuterons, and the deuterons were heated o 100 keV (the
minimum for efficient neutron production, in keeping with the ion
measurements, and possibly arising from the electrostatic
potentials near the target surface) then the number of energetic
deuterons would 8x1013. The neutron generalion cross-section
[15] and the Coulomb cross sections for energy loss to cold
background carbon ions, deuterons and clectrons (multiplied by
n./op to allow for their larger number density) are:
Uf,‘,,'o,,=1.7xl0'30m2; opC=4x10"2%m2, GDD=7XIO'27m2md
(n/ap)Op=(T JkeV)328x10°25 m2. The Coulomb cross
seclions are derived from the times given by Nishikawa and
Wakatani [16] for relaxation of a 100keV Maxwellian
distribution of deuterons with logA = 5. If the electron
temperature is greater than 7keV, the energetic deuterons lose
their energy predominantly to background carbon ions. The ratio
of the neutron production to the Coulomb cross section is 4x10‘5.
so the expected neutron production would be 3)(109. which is
close to the largest observed necutron yield. If the electron
tempenature is less than 7 keV, the Coulomb cross section is
greater and the neutron yield less by (T, eﬂkeV)sﬂ. However,

4

an eloctran temperature of 7 keV or greater is not anreasonable
since the deuterons thamselves would heat the plasma as they lost
encrgy. If the emergy of the energetic deutsrons were greater
than 100 keV, the fusion cross section would be greater and the
Coulomb cross section less, favouring an increased neutron
production. We therefore conclude that a beam-target
interpretation of the neutron yield is eaergetically feasible but
requires efficient transfer of energy to deuterons, which is itself
not easily explained, but might result from acceleration in the
electrostatic potentials around the target surface. The isotropy of
the neutrons and the lack of s large systematic Doppler shift may
be taken to imply a thermonuclear origin, but equally this could be
explained if the energetic deuterons were produced with some
degree of isotropy or were isotropised by angular scattering off
the carbon ions. Indeed, the cross section for isotropisation by
angular scattering is about 6 (the carbon to deuteron mass ratio)
times greater than the Coulomb scaltering cross section energy
for energy loss to background carbon ions. Thus a relatively
isotropic deuteron, and therefore neutron, distribution would be
expected.

In conclusion, we have observed fusion yields of up to 4.4x10°
when deuterated polystyrene (CgDyg) targets were imradiated with
8 - 20J of 1054nm laser light in a length of 1.3 psec and
focused intensity of 1x1018 - 21018 Wem2, Overall, it appears
that a thermonuclesr source of neutrons is unlikely, but an
isotropised beam-target interpretation may be feasible. In reality,
the two possible interpretations are not distinct, since collision
times are too long to ensure equipartition between species or
thermalisation within species. We believe that the resulis
presented here confinm that energy deposition from fast ions will
play a significant role in the short pulse ignitor scheme for ICF.
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1. INTRODUCTION

The propagation of an extremely intense laser pulse
through underdense plasmas is an important issue in a
number of possible applications. In the recombination X-
ray laser scheme [1] a sub-picosecond laser is focused into a
neutral gas to create an optically ionised (OFI) plasma. This
forms a plasma where the ionisation stage is determined by
the intensity of the laser and the electrons are heated
predominately by ionisation heating (ATI) [2]. The
efficiency and gain of the system are directly affected by
propagation issues such as ionisation defocusing and
filamentation which limit the length and uniformity of the
plasma. In the fast igniter scheme [3] the issue of intensity
dissipation in the underdense plasma of the guiding
channel is also important. Any reduction in the laser
intensity will affect the maximum density to which the
channe! forming pulse can propagate and will reduce the

probability of ignition.

A study of the mechanisms affecting the propagation of
extremely intense pulses through the underdense plasma is
an interesting problem for both these applications.
Refraction from density gradients caused by any ionisation
will  reduce the laser intensity more rapidly than
diffraction. This ionisation defocusing mechanism has
been studied theoretically by Rae [4] and by Burnett [5],
who suggested the usc of a preformed density channel as a
method of overcoming it. The formation of the channel has
been studied by Rankin et al [ 6] theoretically and the
guiding of a 100ps pulse down a density channel has been
experimentally observed by Milchberg and Freeman [7].
The effect of refraction on the length of the preformed
channel has also been recently studied theorelically by Liu
and Tripathi [8].

This paper will present experimental results that provided a
measurement of the ionisation induced defocusing and

studied the use of preformed channels to overcome it.

The experiment was undertaken at the Rutherford Appleton
Laboratory using the VULCAN laser operated in chirped
pulse amplification mode. Typical operating parameters
were 15-40J on target in a pulse of temporal width (FWHM)
of 1-4ps and of spatial width (FWHM) of 30um (obtained
with a F/4 off axis parabolic mirror ). This typically gave a
peak power and intensity of 5-10TW and 13x10'8wWem™2
respectively. The laser pulse length, spectrum and focal
spot were all monitored for each shot. The preformed
channel was formed with co-linear pulse that was either a
1% or 10% split'off the interaction beam. The laser was
focused on the boundary of a solenoid operated gas jet
target, with a lmm diameter cylindrical nozzle. The plasma
was diagnosed with a temporally independent probe pulse
which was compressed with a separate set of gratings, the
pulse was then frequency doubled using a KDP crystal. The
duration of the probe beam was less than 10ps. A Moire
deflectometer [9] used the probe to detect density gradients
in the plasma. A space resolved self emission channel was
used to detect the time integrated plasma fluorescence
normal to the propagation direction. The film pack was
filtered using an interference filter with a "centre wavelength
of 620nm and a bandwidth of 25nm.

The problem of ionisation defocusing of the pulse is
graphically illustrated in Fig 1 where a pulse with a vacuum
intensity of 1x10'® Wem2is focused into neon gas at an
atomic density of 1x101% /cc. It can be seen that the plasma
expanded rapidly in the radial direction and broke into

filaments as the laser propagated through the gas.



Abel inversion of Figl gave a peak electron density at the In order to overcome these very strong refractive etfects the

gas-vacuum boundary of 4.5x10' /cc. laser was focused into a preformed density channel.

< 800um >

12 atoms/cc. Figure 3 Main pulse locused into the density channel.

Figure 1 Strong refraction in Neon at 1x10
Notce : the spatial scale shown beneath Figs | and 3 applies

lo all the images in this reporl.

Figure 2 Sell Emission conlirming strong refraction. Figure 4 Sell emission showing guiding distance

The self emission in Fig 2 confirmed that the plasma  Fig 3 shows a 3ps beam focused at [x10'3 Wem into a

expanded with propagation. A simple estimate of the preformed density channel. [t can be scen that in the
refraction can be oblained by considering a ray relracted uniform parl of the channel the refracted laser light was
from a transverse density gradient of the same order ol the contained and the pulse was guided. Towards the end of the
laser local spol.  From fig | the expansion angle ol the channel part of the pulse manages 1o escape through the
plasma was measured lo be 27 degrees.  The relraction channel walls while the rest of the light was elfectively

angle for a plasma with an clectron density of 5x10' sec, focused onto a high density unexpanded plasma thal
a density gradienl of 30um extending over 750pum was blocked the g¢nd of Lhe channel.

calculated to be 27 degrees. This agreed well with the

conditions measured in Fig 1. It was also thought that

relractive splitting of laser hot spots in small scale density

gradicnts was responsible for the structure in Fig 1.

34



35

DISCUSSION

In the absence of a plasma the dillraclive spreading of a
laser pulse wilh a gaussian spatial profile would be given by
lhe Rayleigh length, Le = ma/h.  For the laser paramelers
used inthis experiment Lr ranged from 300-600pm and the
plasma would extend lor over 2 Rayleigh lengths. The sell
emission shows that the plasma length was around 450pm
which was barcly more than one Rayleigh length. It is
clear [rom these two piclures that the inlensity along the
length of the plasma was severely. modified by ionisalion
induced refraction. The length characlerising the expansion
of the plasma in this case was the defocussing length 14
given by [4], Lg= (M2)N/N,.. Ly was estimated to be
around 50pm for our plasma condilions, which was
signilicantly less than a Rayleigh length.  Fig 4 conlirmed
that the laser was guided tor approximately 300um over Fig
2. This was equivalent Lo guiding over at least 6 defocusing

lenglhs.

The deflectogram ol the preformed plasma shown in Fig 5
showed that the channel had not expanded uniformly about

the laser axis along the whole length of the channel.

Figure 5 The preformed densily channel just before the

arrival of the main pulse

The non uniform axial expansion of the channel was caused
by refractive defocusing of the preforming laser pulse. The
l)lésnlu had a uniform width only over the first 400ym and
there was very little cxpansion towards the end of the

channel. The high density regions al the end of the channel
corresponded exactly Lo the regions of self emission in fig
3. The channcel closure was thought o be caused by
ionisation induced relraction ol the prepulse.  The
diminishing lascr intensity as the laser propagated caused a
reduction in the plasma temperature which led o very little
or no expansion of the plasma at the end ol the channel.
Axial non uniformily of the preflormed channel has been
allributed to ionisation induced refraction in a recent
theorclical paper by Liu [8]. It was [ound that the channel
closure could be overcome simply by increasing the encrgy

in the prepulse beam.
CONCLUSIONS

lonisation induced refraction in the interaction of
picosccond pulses with dense gas jel targets has been
observed using time resolved optical probing. The
refraction cllecls were overcome with the use of a preformed
density channel, allowing propagation over many
delocusing lengths. Further analysis and modelling is
being carricd out to give a more detailed insight into the
feasibility ol the role of preformed channels in the X-ray

laser and fast igniler applications.
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INTRODUCTION

The transport of energy from the focal region when high power
lasers are focused onto solid targets can occur due too several
different mechanisms. Thermal electron conduction axially
into solid targets may be significantly modified by X-ray and
superthermal electron penetration (preheat’). However,
radiation tranport and heating in solid targets is effectively
switched-off by using low atomic number targets shch as carbon
for which the X-ray emission is small. Superthermal electrons
are produced when the target irradiance I for a laser wavelength
A is such that A2 > 1014 - 1015 Wem2Z pmZ. For the
experiment reported here, we could ex%ect superthermal
electron preheat as 12 - 1016 wem2 pm<, but as we shall
discuss, classical flux-limited thermal conductivity describes
the observed heat penetration.

METHOD

During its operation, the SPRITE CPA laser produced = 0.8 TW
pulses of 300 fs duration at a wavelength of 0.249 pm with high
contrast (~ 1010) and low divergence (= 20 u.rad)l). Focused
iradiances around 1018 Wem™ in a spot focus of = 20 pm
diameter were produced using an off-axis parabolic mirror.

We studied energy transport from the focal spot by recording X-
ray emission from tracer layers of iron (0.2 pm thick) buried
below overlay E]astic (CH) of variable thickness. As in
previous studies ), the laser was focused onto the overcoat and
the penetration of the heat front was measured by recording the
depth of overcoat for which the tracer layer could be observed
to emit characteristic X-ray spectral lines or simply more
emission due to its higher Z.

A flat crystal spectrometer with a 10 pm thick beryllium filter
(for light tightness) was used to record emission from the buried
layers using crystals of TLAP. The spatial distribution of the
X-ray emission was measured using a pinhole camera with
large pinhole (80 pm) and CCD recording. Sub-picosecond
pulse experiments only produce small amounts of X-ray flux
and so a penumbral X-ray imaging technique3) was used to
deconvolve the X-ray pinhole images to give a final image with
spatial resolution better than 5 pm. Two X-ray photodiodes
with filtering of 10 pm and 250 pm Beryllium were used to
measure X-ray emission around energies of 1 and 3 keV
respectively.

RESULTS

The X-ray image diameter as a function of the plastic overlay
thickness is shown in figures 1. The depth of penetration of the
heat front is = 0.4 pm without significant lateral transport (the
scatter in the diameters of figure 1 is believed to be mainly due
to inadvertent target positioning outside the best focal position).
The ratio of flourine-like to neon-like iron emission indicates a
rapid decrease of temperature with depth (figure 2).
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Figure 1. The measured X-ray emission diameter as
a function of the depth of the signature layer. The
focal spot diameter is = 20 pm.

DISCUSSION

One-dimensional Medusa simulations**>) without superthermal
electron production predict heat penetration into plastic of ~ 1.6

Hm ps‘1 (assuming an absorption of 10t7 Wcm'2, a flux limiter
of 0.1 and no lateral transport). For these 300 fs experiments,
the heat penetration is expected to be = 0.5 pm (for a rate of 1.6

Hm ps'l) which is close to the measured value of = 0.4pm.

The intensity contrast ratio between pre-pulse and main pulse
has been measured! to be at least 10 Using published mass
ablation rate data(s)l it can be readily shown that this level of
pre-pulse will only ablate ~ 0.01 pm of the target plastic overlay
and so not affect the heat penetration measurements directly.
However, the pre-pulse may assist the absorption of the laser
energy by the generation of a density ramp which enhances
resonance absorption during the 300 fs pulse.
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Forslund, Kindel and Lee® have shown that a superthermal
electron component of temperature (eV) = 2 X 10 (112)0'33
TCO.S (where T_ is the background thermal temperature in eV)
is generated by resonance absorption. For the experimental
conditions presented here, we can expect a superthermal
component of ~ 20 keV based on this scaling. The photodiodes
measuring photon energies around 1 and 3 keV produced signal
levels consistent with such a temperature. Superthermal
electrons of this temperature can be expected to penetrate ~
microns of plaslic7) and so modify thermal electron energy
transport to enhance heat penetration. However, classical flux-
limited thermal conductivity as modelled by the Medusa code)
describes the observed axial heat penetration (= 0.4 Um)
adequately.
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Figure 2 The ratio of the intensity of an FeXVIII (F-
like) line (1.526 nm) and an FeXVII (Ne-like) line
(1.2264 nm) as a function of depth of Fe signature
layer.

Lateral transport of energy was small for these 300 fs pulse-
length experiments (figure 1). Using the scaling for the
distance Ar between the absorption and ablation front
previously obtajned2). the lateral transport observed here
follows the pattern found by Al-Hadithi et al®) for WAr as a
function of W, /W (see figure 3), where W is the laser

' emission
focal spot diameter and W, is the diameter of X-ray

4 emission
emission.
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Figure 3 The focused laser diameter W divided by
an estimate for the critical density to ablation surface
distance Ar as a function of the width of X-ray
emission W, . ... divided by the focused laser
diameter W. Results from grevious experiments are
shown (see Al-Hadithi et al“) together with the data

point for this experiment (+).

CONCLUSION

The transport of energy from the target surface focal region for
high irradiance (~ 1018 Wem2), high contrast (~101%), short
pulse (300 fs) krypton flouride laser pulses focused onto solid
targets has been studied. Diagnostic buried layers of iron in
the otherwise plastic (CH) targets have been used to deduce
axial heat penetration by recording the characteristic Fe spectra
for varying overlay thicknesses, while a pinhole
camera/penumbral image technique has been used to search for
lateral tranport of heat. Classical flux-limited thermal
conductivity describes the observed axial heat penetration (= 0.4
pm) adequately. The small amount of lateral heat transport is
in good agreement with a previously obtained scaling.
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INTRODUCTION.

Much worldwide research interest has been concentrated on
producing efficient XUV laser schemes. Most systems to date have
required high pump energies supplied by a large laser system. The
aftraction of being able to generate coherent XUV sources using
much lower pump energies has stimulated much theoretical
research jinto the possibility of producing an optically-ionised XUV
laser _5). Such a system uses of a short pulse (~100 fs) pump
laser which attains a very high peak power with very little energy.
This introduces the possibility of a table-top XUV laser system.

The laser is focused into a gas target, typically provided by a
pulsed gas jet. At focus, the electric field of the laser becomes
greater than the Coulomb potential binding the electrons to their
atoms. These electrons can be liberated from the atomic potential
either by quantum mechanical tunnelling through a finite potential
barrier, or by classical tunnelling over the suppressed barrier.
Figure 1 shows this schematically. With a high enough laser
intensity, we can produce a plasma with a very cold electron
temperature, and an extremely low ionic ground state population.
The low electron temperature results in rapid collisional
recombination and the electrons cascade down towards the ground
state. If this cascade is fast enough, a population inversion is
created between the ground state and an excited state and laser
action occurs. This lasing to the ground state is desirable as it
provides us with a high quantum efficiency for the laser, and
produces a very short (self-terminating) XUV laser pulse.
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Figure 1. Schematic diagram of the process of optical ionisation
of an atom. A depicts classical tunrelling and B depicts quantum
mechanical tunnelling. This is a snapshot in time of the
superposition of the laser potential and the Coulomb potential.

Most systems considered have been based on a Lithium-like
scheme, where an atom is stripped to a Helium-like ion and
recombination produces a population inversion between the 3d and
2p levels. Candidates for such systems include Ne VIII at 98 A and
N V at 248 A. Details of these two schemes are summarised in
table 1 below.

These systems are dependent on producing a very low electron
temperature. It may be that it is not possible to attain such a cold
plasma at the intensities required for the schemes to work. It has
also been suggested that when heating by three body
recombination is included in the simulations the gain is severely
reduced. We report on experimental studies that we have
performed to determine whether such low electron temperatures
are produced using such a system and to determine whether gains
in such systems are as high as simulations suggest.

Scheme Ne VII NV
Wavelength (A) 98 248
Pump intensity (W/cm?) 3x 101/ 2x101°
Electron density (cm™) 5x10°° 25x10"”
Electron Temperature (eV) 40 10
Gain (cm™)) 190 30

Table 1. Summary of two proposed optically-ionised laser
schemes. The details come from simulations performed by Eder

etal "’

TEMPERATURE MEASUREMENTS.

The experiments were performed on the Sprite KrF laser system in
chirped pulse amplification mode (CPA) producing 200mJ in 350fs
at 248nm. Using 33 cm, 100 cm and 200 cm off-axis parabolas
(OAPs), we produce focused intensities of up to 6 x 101 W/cmz,
1017 W/cmz, and 3 x 1016 W/em? respectively. Thomson
scattering and stimulated Raman scattering (SRS) are used as
diagnostics to determine the electron density and temperature
during the laser gllgge. These diagnostics have been described in

Pprevious reports

Study of the variation of electron temperature with density in both
Helium and Neon for an intensity of 6 x 1017 wiem? (shown in
figure 2) indicates a rapid increase of temperature with density,
moving from less than 10 eV at 1018 ¢m3 to over 1000 eV at
1021 cm3. The solid lines in the figure are Medusa simulations of
the electron temperature due to above threshold ionisation and
inverse bremsstrahlung. The Helium temperatures are consistently
above the simulated values. This we attribute to the onset of SRS.

It is obvious that the 350 fs Sprite laser is unsuited to producing the
conditions required for XUV gain in Neon, but a consideration of
the variation of SRS heating with laser intensity (figure 3) shows
the rapid reduction of heating with intensity. In the figure, 500 mJ
corresponds to 6 x 1017 W/cm?2. We see that a reduction by a
factor of two in intensity takes the level of SRS heating to a
negligible level. Scaling the temperatures in figure 1 to intensities
of 3 x 1016 W/cm? and electron densities of 2.5 x 1019 em

shows us that conditions should be ideal for the Nitrogen laser
scheme. Hence, a study of the XUV emission of N V should reveal
whether the system exhibits the high gain predicted by Eder et al.
or the lower gains The full implications of
these electrom temperature measurements are discussed

elsewhere
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Figure 2. Electron temperature variation with density for an
intensity of 6 x 1017 W/cmz. The solid circles are Neon, and the
unfilled circles are Helium. Medusa simulations for the two gases
are shown as solid lines.
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Figure 3 Growth rate of SRS backscatter reflectivity with laser
energy from a 35 bar neon gas jet 100pm below the laser focus.
Note that the laser energies quoted are energies before the
compressof gratings.

GAIN MEASUREMENTS.

The emission from N V, optically ionised by the Sprite CPA laser
focused with the 200 cm OAP, was focused using two cylindrical
gold-coated mirrors onto a Hitachi variable spaced 1200 g/mm
grating. The focused and spectrally resolved output from the
grating was collected onto a double microchannel plate detector
fibre-optically coupled to a CCD data acquisition system. A boron
filter was used to eliminate laser light scattered from the grating
zero order. Variables in the experiment were the gas length (0.5,
10, 20 mm), the gas density (gas jet backing pressures from 0.3 to 8
bar) and the laser intensity (provided by fluctuations in the output
from Sprite, and by changing from a 200 cm to a 100 cm OAP,
1016 10 1017 W/em?),

Had the gain been as high as predicted by Eder et al. we should
have seen a gain-length product of 8 for the 2 mm jet, and an
enhancement of the 3d-2p line of almost 100 when compared to
the 0.5 mm jet. No such enhancement was seen. This leads us to
the conclusion that gains in these systems are much lower than
previously predicted by theory and that heating by three body
recombination is an important factor in limiting the maximum gain
achievable in optically-ionised recombination XUV laser systems.
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INTRODUCTION

Laser irradiation can accelerate a thin foil target through ablation of a
hot plasma from the target surface, and has received considerable
attention as a possible driver for Inertial Confinement Fusion (ICF). A
perfectly smooth irradiation at high intensity has proven very difficult
to obtain, however, and experimental [l] and computational [2]
studies have demonstrated that the most sophisticated smoothing
techniques available are not sufficient to eliminate the imprinting of
the laser non-uniformity during the early phases of illumination. So-
called "start-up imprinting" is thought to occur when the laser is
incident on the initially cold target surface, before sufficient separation
has developed between critical density and the ablation surface (Dac)'
Once D, . is established, electron thermal conduction helps to smooth

the drive non-uniformities [3].

Since a high acceleration is associated with an ICF implosion, and the
ablation surface is unstable to the Rayleigh-Taylor (RT) instability
[4], even very small perturbations induced in the early phase can grow
rapidly, leading to shell breakup and an ineffective implosion. To
design a successful direct-drive implosion pellet, it is necessary that the
sophisticated hydrocodes already in existence [5] for this purpose are
benchmarked against detailed experimental data on the imprint
phenomenon. Obtaining such data requires a diagnostic technique
which is sensitive to small areal density perturbations on small spatial
scales, such as are associated with the speckle pattern present in the
focal spot of a typical high power laser. Conventional probing
techniques are hampered by a combination of low spatial resolution
(~10pm) and low contrast, making then unsuitable for the study of
very small perturbations. We present here the first demonstration of a
technique which at once possesses the resolution and the contrast
requisite for a study of startup imprinting.

XUV TRANSMISSION RADIOGRAPHY

XUV radiation (in this case, hv=248eV) posses characteristics which
make it ideal for the study outlined above. Multi-layer coatings are
available with reflectivity of a few percent at this photon energy, hence
allowing the use of reflective optical components for image formation.
This at once has the advantage that a large entrance pupil to the
imaging system can be used, hence increasing the x-ray flux relayed to
the detector, and also provides us with the ability to generate high-
magnification images at very high spatial resolution through the use of
high-quality optical substrates, coated with the multilayer stack.

Figure | is a schematic of the layout used for the experiment reported
here, where a single, spherical multilayer mirror was used to image the
plane of the target foil onto a gated XUV camera with a magnification

of 70. The limiting resolution in the system was that of the detector, as
demonstrated in shots where the target was replaced with a finely
spaced copper mesh, leading to an overall resolution of ~1pm.

Drive Laser

Gated 2D
XUV Camera Pinhole Filter
At=120ps
CH Foil
Target

Figure 1 Experimental layout for face-on XUV radiography

The multi-layer coating is designed such that significant reflectivity is
produced only in a narrow band (+/- ~5%) around the central photon
energy of 248eV, with higher order reflections rejected due to the
absorption and reflection coefficients of the layer materials (Platinum
and Carbon). Some residual reflectivity is retained in the optical band,
however, so a 1000A Aluminium foil is used to optically isolate the
detector enclosure from the target chamber itself.

The XUV backlighting is provided by a separate high-Z (in this case
Gold) plasma, separated from the target by a sufficient distance such
that the level of radiation incident on the target itself is negligible with
respect to the hydrodynamic evolution of the system. The O-band
radiation of gold, centred around ~300eV, is spectrally filtered by the
multi-layer mirror to provide a monochromatic image at 248eV.

The experiment reported here was designed to study the early phase of
laser imprinting by using low imadiance levels (~5.1012W/cm2) as
would typically be used in the low-intensity foot of a direct-drive ICF
pulse. CH target foils were used to represent the low-Z outer layer of a
direct-drive ICF capsule. Study of hydrocode predictions and
analytical models suggest that such irradiance conditions will generate
a target compression of ~3x solid density, and minimal shock heating.
The accelerated, shock compressed target region is expected to remain
below SeV in temperature, whereas the ablated plasma is expected to
be heated to several hundred eV at a density of less than 0.002 g/cc.
The intermediate region will be small due to the localised deposition of
laser energy around critical density and the consequently steep density
gradient up to the ablation surface. The ablated plasma is expected to
be virtually transparent to the probe radiation, predominantly due to
the low material density and high temperature, whereas the opacity of
the compressed target lies around 2700cm21g, with the exact level
dependent on the prevailing plasma conditions. Opacities predicted by
coupling the IMP [6] opacity code to hydrocode simulations suggest
that the opacity varies by up to 10% through the accelerated portion of
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Figure 2 XUV Radiographs of CH foils driven by optically smoothed and unsmoothed laser irradiation.

the target, and so to gain detailed information as to the areal density
profile in the target we must compare the measured optical depth with

that predicted by various opacity codes coupled to hydrocodes.

To a first approximation, however, the sensitivity of the XUV probe
can be estimated by assuming a constant farget opacity at
Kcold=2763cm2/g (from Henke's tabulated data) and then evaluating
the areal density perturbation which will generate the minimum
detectable signal fluctuation. The XUV framing camera is capable of
recording a ripple amplitude of ~2.5% without the signal being lost in
noise, and hence through Equation 1 the minimum detectable areal
density ripple amplitude (Apr ;) is 0.09 pm g/cm3.

Apl'n_u'n =In ((I+Almlﬂ)/ I )/ KCOld (€9}
XUV RADIOGRAPHS OF STARTUP IMPRINTING

The technique detailed above has been implemented to obtain XUV
radiographs of plastic foils (3-8um thick CH) imradiated with the
VULCAN laser (A=0.527um) at irradiances around 5.1012W/cm?2.
Images were recorded both during the shock transit and at later times
once the imprinted seed had grown by the RT instability. The coherent
beamn and beams smoothed with Random Phase Plate (RPP), Induced
Spatial Incoherence (ISI) and hybrid RPP+ISI techniques were used.
Figure 2 shows typical radiographs for each of these irradiation
conditions, and it can be seen that none of these techniques were
capable of generating a uniform acceleration, even for the modest
conditions prevailing here. Similar shots using targets coated with
1000A Aluminium produced similar results, thus confirming that the
imprinting process is a surface effect, and not strongly influenced by
possible disruption deep inside a target, such as may be generated by
the “"shining-through" of the low-intensity leading edge of the laser
pulse.

In contrast, however, the novel FDD [7] smoothing scheme was found
to generate radiographs which were smooth to within the sensitivity of
the XUV probe (see Figure 3), highlighting the promise FDD holds for
direct drive ICF. The residual fractional ripple in the transmitted
signal is within the noise:signal ratio of the camera. FDD smoothing is
achieved by placing a layer of low-density foam before the target,
overcoated with a high-Z element to provide a flash of soft x-rays at
early time. This supersonically pre-forms a plasma from the foam [8],
providing rapid thermal smoothing of the subsequent drive and
enhanced dispersion of the inital non-uniform shock wave whilst D,
is established, thus demonstrably suppressing the laser imprint. The x-

ray flash from the high-Z overcoat will inevitably heat the region
around the ablation surface of the FDD package to a greater extent
than for a plain foil, hence potentially reducing the sensitivity of the
XUV probe when used with an FDD target. This heating is thought to
be small, however, and rapidly swamped by PdV compression and
shock heating as steady-state is approached. In support of this, target
disruption with FDD targets was never observed, even after the
prolonged (3ns) acceleration that was sufficient to destroy foils driven
with optically smoothed beams.

RPP+FDD @ 3ns RPP @ 860ps

J 64pm |

64pm !
Figure 3 Comparison of FDD and non-FDD drive

CONCLUSIONS

Detailed analysis of the imprinting data is underway, involving
comparison with sophisticated, multi-dimensional hydrocodes. The
extent to which conventional hydrocode physics can reproduce the
data acquired will provide a valuable insight into the physical
processes involved, and benchmarking these codes on actual data such
as that presented here will bring confidence in our ability to
successfully design a high-gain direct-drive ICF pellet.
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DIAGNOSIS OF LASER DRIVEN SHOCKS IN FOAM USING ABSORPTION SPECTROSCOPY
D. Hoarty, A. Iwase, C. Meyer and O. Willi
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INTRODUCTION

One of the major problems in inertial confinement
fusion studies is the non uniformities in the laser beams
used to irradiate the fusion capsule. These non
uniformities imprint themselves onto the ablation
surface of the capsule seeding instability growth which
acts to impair symmetrical implosion.

A scheme proposed by the Imperial College plasma
group is to isolate laser imprinting from the ablation
surface by using a foam buffer around the capsule shell.
This acts to smooth out the laser imprint non-
uniformities without impairing the hydrodynamic
efficiency of the implosionl'z. A number of
experiments have been carried out by the group
investigating the physics of laser and X-ray interaction
with foam targets. Studies so far have included the
propagation of supersonic radiation waves in foam3,
Rayleigh Taylor instabilites and recently shock and
radiation waves produced by direct laser heating and

collision with flyer plates4. These experiments have
used imaging in the XUV using a spherical multilayer
mirror coupled with a streak camera or gated micro-
channel plate. The measurements reported here have
applied the technique of point projection absorption
spectroscopy to foam targets directly irradiated with the
VULCAN laser. The technique allows measurement of the
shock position and the distribution of ions in the shock
from which the electron temperature in the shocked
region can be inferred.

The targets used were doped with chlorine which when
ionized is detectable by its characteristic absorption
lines. The range of frequencies covered by the
spectrometer was chosen to cover the range of K-shell
transitions of chlorine ions. By comparing the ratio of
transmission in the ion stages present in the shock
region to a model the ionization can be used to infer the
ionization temperature in the shock.

EXPERIMENTAL SETUP

Figure 1 shows a schematic diagram of the experimental
setup.

Point projection specl:roscopysv6 involves the use of a
pin backlighter irradiated at one end by a short pulse of

- laser light to produce a flash of X-rays. By using a Bragg

crystal spectrometer a dispersed radiograph of the foam
giving both spatial and spectral information is obtained.
In this experiment the backlighter used 1um bismuth
coated onto gold pins. A TIAP crystal was used in the
spectrometer at 11° to cover the range of 2.0-3.4keV.

FIG. 1 EXPERIMENTAL SETUP
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The foam targets were of three types. In the first type the
foam was coated with a thin layer of aluminium, This was
coated onto the end of the foam irradiated by the laser and
was varied between 0.1 and 0.03pum from target to target.
The second type had a nominal 0.02um gold coating on
the end. In the third type the foam had no coating. The
foams were approximately 250pm long.

The target chamber was used in the cluster configuration.
The pulse length was varied during the experimental run
from 750ps to 2ns. The backlighter beam had a pulse
length of 100ps for the shots presented here and was
focussed with an f2.5 lens. The backlighter delay was
varied from shot to shot between 350ps and 1300ps.

On some shots two shocks were launched into the foam
by delaying the heating beams to study the behaviour of
coalescing shocks in the foam. The coated foam shots
are at a preliminary stage of analysis, the results reported
here are from type three targets, ie uncoated foam with
two of the six cluster beam used to irradiate the foam.
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RESULTS

A radiograph of an uncoated foam target is shown in
figure 2. The radiograph is divided into four areas. First
the backlighter which has not passed through the foam,
second the undisturbed foam, third the shocked region
showing the absorption features characteristic of ionized
chlorine and fourth the rarefraction region where there is
material ablated by the laser beam. The delay of the
backlighter on this shot was 350ps.

FIGURE 2

—

INCREASING FREQUENCY

The radiograph is image processed to remove fog and
emission from the foam image. Lineouts taken through
the absorption region are then divided by unattenuated
backlighter emission to give transmission. Figure 3
shows the absorption in the shocked region plotted
against frequency in keV at 350ps delay. The 1s-2p and
1s-3p absorption lines in various ion stages can be
clearly seen. The subtraction of bright chlorine
emission from the laser corona limits the accuracy of 1s-
3p absorption measurement but the 1s-2p lines are not
affected. The position of the shock front relative to the
end of the foam is also measured. Figure 4 shows the
absorption at 850ps delay. Again the subtraction of
bright chlorine emission has meant a loss of data in the
region between the 1s-2p absorption features and the
first strongly absorbing 1s-3p feature. However, as can
be seen from the preliminary fits the data are sufficient to
allow the ionization temperature to be inferred. The data
have been compared to the LTE opacity code IMP written

by Dr. S Rose’.

Fig. 3 Absorption in the shocked foam
at 350ps delay
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Fig. 4 Absorption in the middle of the
shocked region 850ps.
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Figure 5 and 6 show the fits to the data shown in figure 3
and 4 respectively.  Although the model calculation
differs slightly from the experimental data the
temperature can still be inferred. The data shows
evidence of a slight tempertaure gradient at both 350ps
and 850ps delays. At a later date a detailed MCDF data
base will be constructed for chlorine to model the details
of the spectrum in order to ascertain how much of the
discrepancy between experiment and fit is due to detailed
structure and the extent of the gradients.



Fig. 5 IMP calculation 55eV,0.24g/cc
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Fig. 6 IMP calculation 71eV,0.25g/cc
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The density input to the IMP model was obtained by
modelling using a 1D Lagrangian radiation
hydrodynamics code.

CONCLUSION

The technique of absorption spectroscopy has been
successfully applied to chlorine doped foam targets.
Shock widths, positions and ionization stages within
the shock have been measured allowing electron
temperatures and shock velocities to be inferred. The
absorption spectra show an ionization gradient through
the shocked region. We have detailed quantitative

measurements of the propagation of laser driven shocks
in foam targets. Together with the results of Iwase the
data represents an exacting test of radiation
hydrodynamics code modelling. The technique could be
extended to further experiments on shock coalesence,
foil impact and radiation transport with gated detectors
to reduce emission from the laser corona.
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EXPERIMENTAL OBSERVATION OF SHOCK WAVE PROPAGATION THROUGH A LOW DENSITY
FOAM TARGET INDUCED EITHER BY LASER ABLATION OR FOIL IMPACT
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1. INTRODUCTION

Shock waves have been studied in an number of areas of
physics for many years. In astrophysics, shocks occur through the
interaction of interstellar clouds. In laser driven targets, shocks are
launched by laser ablation of material. A shock is, by definition, a
nonlinear process and its investigation is important not only from an
application point of view but also from a fundamental physics point
of view. In laser-produced plasma, the study of shock waves has
almost entirely been limited to observations of shock break out at the
rear of the target. Recently, a radiographic technique has been
applie,d1 1o the temporal observation of the shock transit through the
target driven by x-ray ablation. As a hard x-ray of 5 - 7 keV probe
was used to diagnose the high density target only the shock front
could be observed. However the use of low density foam targets
allows the shock propagation to be studied in detail.

An experiment has been carred out lo observe the
temporal behaviour of shock wave propagation through a low density
foam target using a soft x-ray imaging lechnigue operating at 50A2 or
point projection absorption spectroscopy.” A shock wave was
launched in the low density foam either by laser ablation of a high
density layer (Au or Al) which was overcoated onto the foam or by
the impact of a laser driven foil flyer. ‘

2. EXPERIMENTAL ARRANGEMENT

The experiment was conducted on the VULCAN Nd: glass
laser system. Figure 1 shows a schematic of the experimental setup.
Six frequency-doubled laser beams were arranged in a cluster
configuration. The laser beams were focused onto target with f/10
lenses and the pulse duration was between 400 and 700 ps. The foam
target was imaged side-on by a spherical multilayered mirror onto a
slit of a low magnification streak camera. The slit was positioned
along the axis of the foam target. A gold disk, situated 4-5 mm from
the foam larget, was irradiated by a separate laser beam to produce a
3ns backlighter source. The miror acted as a narrow band-pass filter
in the XUV region, reflecting at a wavelength of 50A * 10%. Overall
magnification achieved with this system was ~ 70x. The temporal and
spatial resolutions were found to be about 60 ps and Ipm
respectively. A 1000A thick aluminium filter was used to block the
optical light from reaching the streak camera. Direct x-rays were
blocked by a thick metal disk. An S-20 optical streak camera was
used to monitor the pulse shape and the pulse length.

Two series of experiments were carried out. In the first
experiment, the shock was induced by the ablation pressure produced
by irradiating the foam target, while in the second measurement, lhe
shock was launched by the impact of a laser driven thin foil target
with the stationary foam. In both cases, the shock was preceeded by a
supersonic ionisation wave driven by x-ray radiation which was
emitted from the thin overcoaled gold or aluminium layer.

— hie
mirror

~~

*

LASER
/ Y

Main
foam target

To the low mag
streak camera
70x mag.

Figure-1 A schemalic of the experimental setup. The slit of the streak
camera was placed along the axis of the foam target to observe the
temporal evolution of the shock.

A. SHOCK INDUCED BY LASER ABLATION

The target was a 50 mg/cc, 200 pm in diameter, 180 pm
long triacrylate (C15H200¢) cylindrical foam overcoated with 1000A
of aluminium or 200A of gold on the side facing the laser light. Two
laser beams were focused onto the coated side of the target. Figure 2
shows a streak record of a radiographic image of a target which was
irradiated with a 470ps pulse at a laser intensity of 2x1014 Wiem?.
The laser is incident from left hand side of the picture. Several
interesting features can be seen. Feature A) Supersonic ionisation
wave induced by the soft x-ray radiation of the laser irradiated
aluminium coating, B) shock front and C) second ionisation wave
produced by radiation from the shocked region.

The supersonic ionisation wave (feature A) is seen lo
travel initally at a velocity of ax107 cm/s preionising the material
before the shock front (feature B). The ionisation wave originates
from the aluminium coating and slows down suddenly which is due to
the burnthrough of the coating. The ionisation wave increased the
Lransmission of backlighting x-ray prior to shock wave (B) which, in
turn, reduces Lhe transmission due to higher density. At ~ 1700ps the
shock breaks out at the rear of the foam with an average velocity of
1x107 cmis.

B. FOIL IMPACT MEASUREMENTS

A foam with no coating on the front side was impacted by
a 3 pm thick aluminium foil target which was separated from the
foam by about 110 pm. Four ISI laser beams irradiated the foil for
500 ps FWHM at an irradiance of 2x1014 W/cm?2. This target
geomelry decouples the shock behaviour from laser ablation. The
experimental selup was similar to the one shown in Figure 1. A total
magnification of 50 x was used.
Figure 3 shows a streak record of an absorption radiograph. The laser
irradiated foil impacted with the foam after 950 ps from the beginning



Laser

of the pulse with a velocity of 1.2 x107 cm/s. The average shock
velocity is 1.5x107 cmis.

Original extent of foam

1ns

time

200 microns

FIG 2. A time resolved radiographic image of a cylindrical foam, 50
mg/cc and 180 micron long initially, overcoated with 1000 A of
aluminium. The approximate pulseshape is shown on the right hand
side.

Original po\siti:m of foil fOriginal extent of foam

time

|

200 microns

Figure 3. A time resolved radiographic image of an aluminium foil
imapcts onlo a stationary foam.

SIMULATION AND DISCUSSION

Preliminary modelling was performed with 1D Lagrangian

code MEDUSA# for the shot shown in figure 2. No aitempt was
made to simulate the porous struclure of the foam target.
Figure 4 shows a result of a MEDUSA run. The global shock
behaviour was reproduced well although a lower laser irradiance had
to be used in the simulation. This may be due to 2-dimensional effects
in Lhe experiment. Another reason for the lower laser irradiance in the
simulation could be explained by the presence of the preionisation in
front of the shock.

0 88 176
space (um)

FIG 4. Temporal behaviour of the density as simulated by MEDUSA.

The first ionisation wave present in Figure 1 slows down after the
laser burns through the aluminium coating. The MEDUSA simulalion
suggests that the laser bums through 1000A of aluminium after two
hundred picoseconds with the laser conditions used, which seems to
be consislent with the observation. This suggests that the extent of
preionisation or preionised plasma buffer can be controlled by varying
the thickness of the overcoat.

CONCLUSION

Detailed observatons of shock propagation through low
density foam largets are presented. Shocks are produced by laser
ablation or foil impact. Shock waves were preceeded by an ionisation
wave originating from the laser irradiated metal overcoat. The
ionisation wave is seen Lo be slowing down which corresponds to the
burn through time of the metal overcoal. The experiment was
modelled with the 1D MEDUSA hydrocode. Good overall agreement
was oblained.
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BACKGROUND

To image living biological material using soft X-ray confact
microscopy it is necessary to use a very short pulse of soft X-rays
because, during prolonged exposures radiation-induced structural
éhanges may occur to the biological specimen. Indeed all estimates
as lo the likely doses needed 1o image specimens are equal (o, or in
excess of, the doses shown o cause gross structural changes. In
experiments with Chilorella for example, exposure to 10" Gy caused
significant radiation-induced structural damage®. Structural damage
to Chinese hamster ovarian cells was detected at 10° Gy, but loss of
membrane and enzyme function occurred at an order of magnitude
lower'!. The contraction of rabbit muscle myofibrils after the
addition of ATP was also prevented by 10° Gy'’. The ability of
imadiated yeast cells to exclude the viability stain Evans Blue was
greatly reduced (indicating a loss of membrane function) by similar
doses (Fujisaki, pers. comm.). Significant mass loss was detected
from wet Vicia faba chromosomes which were imaged successively
with doses of 2 x 10° Gy''.

To avoid the problem of radiation damage we have chosen to-use
soft X-ray conlact microscopy (SXCM) in which an X-ray
absorption map of the specimen is recorded in a photosensilive
resist. The advantage of this technique is that by using soft X-rays
generated by a laser plasma source imaging times can be kept to a
few nanoseconds so that neither radiation-induced damage nor
natural movement can interfere with the imaging process”. It has
been suggested that exposures of even a few namoseconds may
cause image blurring due to thermal expansion of Lhe specimen, in
fact at least one author has suggested ihat imaging times must be in
the order of 30psec'®. However, such blurring has not manifest itself
in our previous studies even when the image resolution has equalled,
or exceeded 50nm*'%.

Although the exposure time must be short, the soft X-ray fluence
must remain high in order (hat the development lime needed to
produce the relief map of the carbon distribution of the specimen in
the photoresist is kept to a minimum. The consequences of
prolonged chemical development are that small features in the
resisls, lhemselves corresponding lo small siruclures in the originai
material, may be lost>”. Therefore, lo ensure thal both the exposure
time and the subsequent photoresist development time are minimised
it was decided to increase the laser energy reaching the target in
order to increase the soft X-ray flux generated from the laser-
produced plasma.

Three options were originally considered:

. introduction of a new dedicated amplifier into the beam
path

. positioning a second beam such that two laser plasma
sources could be employed

. reduction in the loss of energy between the rod chain

oulput and targel
METHODS

1. Physical mecasurements

The beam path into TA4 comprises some seven mirrors, a A4
waveplate, window and lens (Fig. 1); the laser energy was measured

both before and after each component and the % energy loss
calculated for each component. For measurements of the focal spot
size an equivalent plane monitor was set up.

2. Evaluation by imaging

Images of the unicellular green alga, Chlamydomonas, and of
bacterial spores were taken as described previously® and the
photoresist developed in MIBK:IPA mixtures. The time needed for
the imaged area to first be visible by incident light microscopy
(Leitz Dialux) was recorded and, once the depth of development
was considered satisfactory, the photoresist was examined by
atomic force microscopy (Park Scientific Instruments or Burleigh
Instruments). Development times and image quality were compared
to those obtained prior to the upgrade.

RESULTS

Before embarking on a costly upgrade the various components of
the beam path were initially tested. Compared to the output from
the rod chain it as found that as little as 46.3% of the corner energy
was reaching the target. When originally constructed a polariser
was installed to protect the laser from back reflections, however,
sufficient protection now exists within the laser area and so this
plate was removed. Removal of the polariser increased the energy
reaching the target to 52.2%

Calorimetry showed that most of the optical components
transmitted approximately 90% of the laser energy, however two
componenls were much worse (Table 1). The temporary
replacement of these oplics (mirrors 5 and 7) and the cleaning of
the remaining optics increased the % laser energy armmiving on target
from 52.2 to 73.3%, thereby indicating the benefits of the
installation of new optical components. Since this time the
remaining optical components have also been replaced including
the insfallation of an antireflection coated aspheric focussing lens.
As a consequence of this the energy that can be delivered onto
larget in a 3nsec pulse now cquals, or even exceeds, 16J.
Measurements of the focal spot size showed that the FHWM was
118.2um, or some 1.25X the diffraction limit (94.8pm). However,
during these measurements it was discovered that the position of
the focal spot for the CW:YLF differred from that of the rod chain
shots by approximately 100pm and this has had to be corrected.

Given that the % conversion efficiency to soft X-rays increases as
the energy on target increases this means that the flux of soft X-
rays available for imaging should have increased very significantly.
Future experiments will quantify this increase. However, imaging
experiments, and the time needed for the development of the
images, already indicate that there has been a very successful
increase in soft X-ray fluence. The development of some of the
images of the unicellular green algae, Chlamydomonas, shown in
previous RAL reports® and elsewhere™® required as long as 30mins
development in a 50% mixture of MIBK and IPA. Images of the
same organism taken since the replacement of the optical
components in TA4 required, on average, 2mins to achieve a
similar depth of development. Furthermore, the more recently
obtained images have been taken with a specimen to target distance
of 13mm (cf previous images taken at 8mm). Inferestingly, in
collaborative experiments, images of similar cells taken using the
K1F laser, ASHURA, in Tsukuba, Japan required 2min
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Figure 1 The configuration of the optical path into TA4

Position of Before After Optic
measurement optie optic loss
mW mW %
Mirror 1 227 21.9 3.5
Mirror 2 21.9 21.5 1.8
Mirror 3 215 20.6 4.2
At TA4 20.6 19.1 7.3
shutter
(air path)
Mirror 4 19.1 18.8 1.6
Mirror 5 18.8 15.8 16.0
N4 waveplate 15.8 14.6 7.6
Mirror 6 14.6 144 1.4
Mirror 7 144 13.3 7.6
Chamber 13.3 132 0.8
window

Table 1 Quantification of the energy loss through the various
optical components within TA4.

development in 50% MIBK when the laser energy was as low as
6], however in these experimenis the number of oplical components
was much lower and the targel to specimen distance was only 7mm.

DISCUSSION

Although TA4 has been used successfully for the imaging of living
biological specimens' the development time of the exposed
photoresists has often been excessive®. By increasing Ihe available
energy onto target this time has been significantly reduced and this
should cnable images with a higher resolution to be produced. At
the present time it is clear that the development needed has been
drastically reduced but it is impossible to ascertain if the resolution
of the images has improved since images are now being recorded by
atomic force microscopy which can, irrespective of other factors,
produce images with a greater resolution than those previously
produced using scanning electron microscopy. A further advantage
of the increased soft X-ray flux has been that the distance between
the specimen and the target has now been increased and this reduces

Waveplate

Mirror 5

the problems of debris from the target and makes the placement of
the specimen, relative to the target, a much easier operation.
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INTRODUCTION

The attraction of imaging bjological specimens with soft X-rays in
the so-called "water window" (2.3 - 4.4nm) is that in this region the
absorption of X-rays by oxygen is low compared to absorption by

carbon®. It is therefore possible 1o discriminale between siructural -

features of the cell which have a high carbon content and the
cytoplasm which is relatively carbon-dilute. The technique requires
that a high-brightness X-ray source and suitable detector be
available and these requiremenis were not available when the
prospects of X-ray microscopy were first discussed”.

Throughout the developmenl of soft X-ray microscopy the major
goal, for the biologist at least, has been the abilily to image living
material without the need for either chemical fixation or tissue
freezing, both of which can introduce artifacts'’. However, unless
the images are made with a eilher a very low dose of X-rays, or
wilh exposure to the X-rays being very short, then damage due lo
radiation or thermal expansion will occur and alter the specimen
before it can be recorded"™. Synchrotron sources have advantages,
particularly the abilily to alter wavelength?, but the flux of (heir soft
X-rays is low enough (hat exposure times are long, and both
radiation-induced®'” and natural movement of the specimen will
blur the image. To date the only sources that can produce sufficient
soft X-ray fluence for the single-shot, short-duralion exposures
required to image living specimens are the pulse plasma sources (Z-
pinch and laser-produced). Such images have been produced using
soft X-ray conlact microscopy®*'®in which Ihe specimen is placed
in close contact with a photosensilive resist - usually
polymethylmethacrylate (PMMA). Exposure to X-rays results in
bond breakage in the PMMA molecule” and, after chemical
development, the image in the resist can be viewed by scanning
electron microscopy or atomic force microscopy (AFM). The
topography of the image corresponds to the X-ray absorption by the
specimen which in turn is a reflection of the original specimen
carbon density.

Although laser-pulsed SXCM (soft X-ray contact microscopy) is
able to give images of living biological specimens with resolution
superior to that obtained with light microscopy, Ihe resolution of
structures deep within the specimen is compromised by the recorded
image being an absorption map of everything in line with the path
of X-rays. Superimposition of separate, spherical structures in
different XY planes can lead to the impression of a larger, mulfi-
lobed structure as imaged at the plane of the photoresist, The thicker
the specimen, the more superimposilion becomes a problem. Since
living cells are usually greater than lpm thick, superimposition is
a problem which must be addressed if living cells are to be imaged
with greater clarity. One way lo solve the problem in light
microscopy is to make "optical sections", assigning Z-coordinales to
the separate XY planes, as is now done routinely with confocal light
microscopes. This requires the abilily to focus on separate planes in
the specimen, something which cannot yet be done with suflicient
resolulion with X-rays as the numerical aperture of the focusing
oplics (usually zone plates) is too low. An alternalive approach has
been to record several different views with the specimen rolated
between each image. Such tomographic studies can produce high
resolution images of test objects'” but as yel such techniques have
not been applied to biological specimens olher than (hose only
requiring low resolution®. Furthermore, the need lo lake several

images increases the radiation received by the specimen to well
beyond that which might be tolerated by even the most radiation-
insensitive biological specimen. Similarly X-ray holography, which
has been used to image biological specimens'*'® precludes the
possibility of imaging living material without radiation-induced
damage since the imaging times, and radiation doses, are excessive.
One technique that has not, however, been explored is that which
is widely used in many other forms of microscopy: stereo imaging,
in which a pair of images are. made from different perspectives.
The two images may then be used to determine the relative -
positions of two structures in three-dimensional space, usually with
sufficient Z-axis resolution to determine whether two structures are
actually joined or merely appeared to be joined in single images
because of superimposition of structures. Both light and electron
micrscopists have endeavoured to avoid the loss of 3D information
by the use of stereo pairs, and stereo pairs have also enhanced the
information available for X-ray projection microscopy?. Indeed the
stereo images taken by X-ray projection microscopy often show
details not usually seen by light microscopy'. Since SXCM has
been able to provide better resolution than X-ray projection
microscopy, single-shot, laser-pulsed, stereo SXCM should give the
best 3D resolution of all the currently available techniques, and it
has the advantage over other stereo X-ray methods published so far
that it may be used on living cells to capture details before the
energy of the X-rays distorts the structure.

In order to achieve stereo SXCM it is necessary to obtain two
views from different perspectives simultaneously so as to avoid
natural or radiation-induced movement; the rotation of the
specimen, as occurs during tomographic studies, is not a viable
alternative. Therefore, this paper- reports the manufacture of
contoured pholoresisis with V-shaped grooves in which the
biological specimen can be placed so that the specimen could be
irradiated simultaneously from two separate soft X-ray sources each
at 90° to one of the surfaces of the groove (Fig. 1).

R Y

Fig 1 Conceptual diagram of stereo imaging experiment
MATERIAL AND METHODS

V-Grooved Photoresist
Commercial-grade perspex sheeting 1mm thick (Goodfellows, UK)



was used as the starting material since it has the same chemical
structure as the spun PMMA (polymethylmethacrylate) photoresists
usually used for SXCM recording. The 90° edge of a piece of cut
plate glass was used as the ool to emboss a series of parallel 90° V-
grooves, this produced grooves from 5-7pm wide at the top and 3-
Sum deep. The desired groove depth was obtained by varying both
the embossing lime and the ambient temperature. The approximately
90° profile of (he finished grooves was verified by light
microscopy, and the roughness of the finished grooves was found
to be about the same, or better, than the flat original surface of the
perspex by AFM (atomic force microscopy)-

Spun PMMA Pholtoresist

Some conventional flat PMMA photoresists spun lpm thick on
silicon wafers were used in the same experiment. It was anticipated
that they would be used to calibrate exposures with the biological
specimens prior to starting the more difficult stereo shots with the
V-grooved resists. However, il was found that their sensitivity was
about an order of magnilude less than (hat of the perspex sheeling.
It was also found that at the angle used for stereo shots (45° to a flat
surface), the increased path length of the X-rays through the water-
immersed specimen made it very dilficult 1o get sulficient exposure
through the specimen to the photoresist, especially when the laser
beam energy to an X-ray target was halved wilh the stereo selup.

Biological specimens

SXCM images of immersed, living cells on conventional PMMA
resists gave several possibililies for specimens whose siructure was
sufficiently complex (hat stereo images would be very useful.
However, a new problem emerged as these fully immersed
specimens were loaded onto the V-grooved perspex. We had no way
of prevenlting some specimens ending up on the top Iat surfaces
between the V-grooves. The delicate Si;N, windows (Fastec, UK)
could not be placed loo near the surface of the V-grooved resist lest
the specimens distort or break the window, compromising the
pressure in the environmental chamber when the target chamber was
evacuated to allow free passage of soft X-rays from (he fargets to
the specimen chamber. The extra depih of water required to prevent
breaking the window on (he specimen would increase the path
length to the point where sufficient exposure of the resist surface at
the bottom of the V-grooves would be unlikely. The only solution
was to swilch fo specimens which did not require total immersion
so that the extra layer of water several microus thick would not be
present to attenuate soft X-rays. Mushroom spores and diatoms were
chosen since mushroom spores are able to withsland desiccation
over long periods as part of Ihe life cycle of a mushroom, and
freshwater diatloms in nature survive ponds drying out, besides
having a very ordered structure in their silica shells. Basidiospores
from the edible mushroom Agaricus campestris and specimens of a
diatom cullure of Navicula sp. were found to have sizes such that
they would fall to near the bottom of the V-grooves, making them
ideal for the sterco SXCM experimenlis. Specimens were placed in
the environmental chamber to ensure specimens did not dry further®
and the specimen holder was loaded into the target chamber using
a TV monilor to ensure alignment of the V-grooves normal to the
paths of X-rays from the two largets. The experimental layout is
shown in Fig. 2. The larget material was yltrium and the laser
(wavelength 1.053pum) energy varied from 10-20J per beam
(although for some shots this was increased considerably). The
oplimum specimen 1o target distance was approx. 13mm and the soft
X-ray fluence at this distance was eslimaled belween 50 and 150
mJem? at the resist surface. The pholosensilive resisis were
chemically developed with 50% methylisobutyl ketone:iso propyl
alcohol and examined initially by DIC light microscopy and finally,
when the development depth was sufficient, by AFM (Park
Scientific BD2).

RESULTS AND DISCUSSION

Comparison of perspex and spun PMMA as SXCM resists

Initial images suggest that whilst "perspex" sheeting is an
exiremely sensitive photoresist material it may have unacceptable
surface scratches and roughness which make it generally
unacceptable for high-resolution SXCM. Measurements of the
surface area roughness, using AFM, indicate that figures of 100nm
are typical for the exposed surface of commercially available
perspex. Despite this criticism it was possible to produce some
satisfactory images of some cells as long as the development time
for the resist was kept to 'a minimum. Images of Chlamydomonas,
very ‘similar to those produced using conventional spun PMMA*81°
and clearly showing the flagella, the extracellular X-ray lucent area
outside of the main cell body and several internal features,
including several relatively large X-ray absorbing areas, were
successfully obtained. The embossing of perspex therefore offers
one way to create the necessary grooved surface which is required
for stereo imaging. The use of glass knives with differing angles
offers the possibility of producing grooves of differing angles,
whilst the duration of embossing and the temperature of the
photoresist, affect the depth of the grooves produced. The surface
of the gréoves produced in this way appears to be a considerable
improvement over the unembossed surface (Fig. 3). However,
during development of the exposed groove surface, surface cracks
appear more often than in the spun PMMA, indicating a difference
in the "grain-size" of the two materials which gives the desirable
property of increased sensitivity but, undesirably, lower resolution.
It may, however, be possible to get higher resolution V-groove
surfaces by embossing thick-spun PMMA layers or by increasing
temperatures during embossing of perspex.

Stereo SXCM of specimens on horizontal surfaces

An important part of the experiment was to demonstrate that one
could obtain two equal, orthogonal soft X-ray beams which were
at right angles to the V-grooves. Examination of specimen images
on the top surfaces (between the V-grooves) parallel to the plane
of the Si,N, window showed this had been accomplished. Since the
top of the grooved resist was some distance away from the
window, typically 20-25um, only the middle portion of the resist
received X-rays from both targets, whilst the end regions were
shaded by their respective soft X-ray-opaque window edges. Thus,
at one end of the resist, one ought to see shadows of the specimen
extending away from one X-ray source, and at the opposite end the
shadows on the resist should extend in the opposite direction. In
the middle portion, where both X-rays from both sources struck the
same specimen, there ought to be two shadows for each specimen,
each of which points away from its X-ray source. Images of
mushroom spores (Fig. 4) show no internal detail but those of
dialoms show, on one side at least, the substructure of the frustule
(Fig. 5). In this case the separation of these features is about
0.6pm. Therefore all of the anticipated conditions wére met.

Stereo SXCM of specimens in the V-grooves.

In attempting to get a reasonable proportion of moist biological
specimens both in grooves and on horizontal surfaces, one is
constanily battling with adhesive characteristics of the specimen
and the surface tension of water. -‘The fresh basidiospores of
mushrooms are somewhat sticky, making it impossible to get
individual spores by dropping them onto the resists. Suspending
them in water allowed us to get a better dispersion, and their being
slightly heavier than water caused them to fall from suspensions
quite nicely into grooves and onto the horizontal surfaces.
However, as the suspension dried the last bits of water tended to
bead on the horizontal surfaces, and as the water beads dried, the
surface tension of the water pulled the spores in the grooves up
onto the horizontal surfaces. By the time the water had evaporated
enough for the exposure to soft X-rays, none of the spores were in
thé grooves. By wicking the water away from the ends of the
grooves with absorbent tissue it was possible to ensure that at least
some spores remained within the grooves. It was easier to ensure
that the diatoms remained in the grooves since these organisms
secrete a sticky mucilage-like material which caused the cells to
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Fig 2 The experimental layout for slereo imaging

Fig 3 AFM of grooved perspex Fig 4 AFM of an image of a mushroom spore on the flat,
horizontal surface of perspex

Fig 5 AFM of "paired images" of a diatom frustule on the flat, Fig 6 LM of "paired images" (arrowed) of a mushroom spore
horizontal surface of perspex within a groove



adhere quite strongly to whatever surface they were in contact with.
Therefore, once positioned in the grooves, the cells mostly remained
there.

By exposing these grooved photoresists to soft X-ray sources, each
orthogonal to one of the sides of the groove, it is possible to
produce two images of the same specimen, one on each face of the
groove (Fig. 6). Ideally these images should be studied using AFM
to produce two high resolution images which can then form the
basis of the production of the stereo pair. For most AFM’s,
however, the range of movement in the Z-direction is approximately
1/10 of the XY scan size, thus obtaining images with a small scan
head is not possible but this difficulty should be surmountable. At
the present fime, therefore, we can demonstrate, by LM (Fig. 6),
that it is possible to make stereo pairs of living biological specimens
with SXCM.

Before this technique could be considered routine several aspecis
must be attended to. A more suitable starling material for making
high-resolution V-grooved resists should be found, the use of thick,
spun-coatings would seem the most appropriate. The presence of
biological material on the upper, horizontal resist surface must be
eliminated so that the distance belween the Si;N, window and the
botiom of the grooves can be minimised. This will reduce the
attenualion of the X-rays so that salisfactory images of the
specimens can be obtained at the very bottom of the V-grooves even
when the specimens are totally immersed.

We hope that our demonstration of stereo SXCM with living
biological specimens will attract other biologists and hasten the
technological developments necessary to make this technique more
available and easier to perform.
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INTRODUCTION

The production of low-temperature high-density plasmas is of great
interest to astro and plasma physicists alike. Such plasmas are
generally strongly-coupled and partially-degenerate in character,
and may be created in ion or electron beams, self-pinching
discharges, laser fusion, capillary discharges, laser-produced
plasmas, etc. Strongly-coupled plasmas (SCPs) are predicted to
have equation of state (EOS) and Lransport properties quite different
from those of classical plasmas; in addition, the various theories
developed for such conditions differ quite dramatically in their
predictions. Attempts by previous workers to measure such
properlies hdve always been limited by rather poor density and
temperature uniformity; however, the plasma production method
described below appears to overcome these uniformity limitations.
This report describes the complete experimental investigations of
the P,V, E equation of state and visible spectroscopy of the
plasmas produced; using this method also described are preliminary
experimental investigations into of x-ray probing, visible opacity,
and d.c. electrical conductivity.

The SCPs were laser-produced and inertially confined between two
X-cut quartz substrates which were separated by a known, well-
defined micron-scale gap, and where one of the substrates formed a
piezoelectric pressure Lransducer with nanosecond time resolution
and a 1 - 40 kbar usable range. The target design is shown below in
figure 1 and is described in other reports along with descriptions of
the experimental details.!* The results presented here were obtained
from experiments recently carried out in the TA4 facility of the
VULCAN laser.

Aluminium —

body

Aluminium

1053 nm
Laser

Well-defined
micron-scale gap

-
2 Degree wedged
front quartz disk

- = Nylon

Chrome/Copper
electiodes

Figure 1 Complete target assembly used for the PV, E
measurements. The rear X-cut quartz disk serves as both a time-
resolving piczoelectric pressure transducer, and 2 confining
substrate, The SCP itself forms one of the transducer electrodes.

EQUATION OF STATE
In the ideal-gas limit, plasma pressure is described by

_ZU 1
“3 ’ ()

where U is the total internal energy per unit volume. For any real
plasma, however, the pressure is related to energy per unit volume
by

3p

a=—,
2U

O<oa <! 2)

where I- ¢ is the fraction of energy used in ionisation, latent heats
of melting and vapourisation, etc. It is useful here to present the
P,V E data as alpha versus pressure with alpha ranging from zero
(a solid material), to one (an ideal gas). The data is compared - in
figure 2 - with two EOS models of the SESAME library; i.c. the
Thomas-Fermi-Dirac (TFD) and Saha-Boltzmann (SB) models. The
measured densities at the time of peak pressures, as a fraction of
solid aluminium, ranged from 0.46 % (low density) to 0.98% (high
density) with both the TFD and SB models predicting intermediate
densities (o have alpha values resting between the high and low
densily curves. Two laser pulses of 1 or 4 nsec FWHM Gaussian
were used throughout the experimental work. For the 2 - 20 kbar
range the measured values of alpha were some what less than those
predicted by TFD and SB; although for the 20 - 35 kbar range a
good agreement with TFD - within the error bars - was observed.

If one assumes the SESAME tables to be correct, then the low o
values observed must have occurred as a consequence of energy
leaking out of the plasma. Interestingly, the fractional absorbed
energy which was lost appeared to increase with decreasing
pressure; therefore the actual energy lost may have been similar for
all data shots. To address this issue, it was interesting to note that a
certain amount of quartz was expectled to mell, implying there’
existed a surface of constant temperalure at the molten/solid quartz
boundary. Also, the quantity of heat diffused into a semi-infinite
strip of material - with one end held at constant temperature - is
described by a very simple cquation.7 Indeed this simple heat
diffusion equation explained very well the apparent similarity in
values of energies lost over a wide range of pressures. To this end,
the diffusion model and the SESAME equation of state subroutines
were incorporated into a code developed to include energy
deposition by a Gaussian laser pulse, and both effects of the
compression of the confining walls; i.c. the changing plasma density
and the PdV work done. ’

Simulations using this code explained very well the apparent
deviation of data from theory in the 2 - 20 kbar region, and the good
agreemenl obtained in the 20 - 35 kbar range. A typical 20 kbar
pressure shot agrecing with the TFD EOS is shown in figure 3 along
with the pressure histories predicted by the two SESAME models.
Notice the excellent agreement with theory. Such comparisons give
confidence in the overall plasma uniformity and the validity of
SESAME itself. One would expect the temperature history
predicted by SESAME to be equally valid and this is shown in
figure 4 for the same data shot. It is now clear that the production
aluminium plasmas with parameters 20 - 35 kbar and 0.5 - 1.0%
solid density can be reliably produced: plasmas in the 2 - 20 kbar
range are not as interesting due to their rather weakly-coupled
nature. The SESAME predicted electron densities and temperatures
for these 2 - 35 kbar, 0.5 - 1.0 % solid densily Al plasmas were 1 -
1510%° cm™ and 2 - 15 eV respectively.
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Figure 2 (a) Comparison of the aluminium plasma peak pressure
data with SESAME SB model. (b) As a (a) except SESAME TFD
model; good agreement is observed for 20 - 37 kbar
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Figure 3 A 20 kbar experimental pressure history, which agrees
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Figure 4 As figure 3 but with the predicted temperature histories
VISIBLE SPECTROSCOPY

The visible spectroscopy of the 20 - 35 kbar well-characterised
plasmas formed the next stage of the project. Each speciral line was
expected to be very broad due to the high electron density; therefore
the relatively high dispersion of conventional grating spectrometers
was expected to be of little use. Furthermore, the comparatively low
luminosity of the plasmas themselves and the low throughput of
such spectrometers may have resulted in a signal well below the
detection level of the streak camera. A prismspectrometer, however,
overcomes these two limitations since it has a very high throughput
and a very low dispersion. To this end, such an instrument with a
400 - 700 nm wavelength span was built in-situ in TA4. Glass
achromatic optics were used throughout and a 10x de magnified
image of the plasma was focused onto the entrance slits of the
spectrometer. The spectrometer was coupled to an Imacon 500
streak camera fitted with reflective streak optics and two image
intensifiers in tandem to increase sensitivity.

Many high-quality low-noise streaks were obtained using 5
nsec/mm and 1 nsec/mm, with all sireaks showing no evidence of
spectral lines. For example, figure 5(a) shows the visible emission
spectroscopy from an aluminium plasma (36.3 kbar pressure and
0.55% solid density at f = 0). In this example one can see no
spectral structure even up to ~ 125 nsec after the laser pulse: figure
5(b) shows the corresponding simultaneous pressure measurement
history. The featureless streaks observed from these plasmas were
the result of spectral lines being so severely broadened by the high
electron density, that they essentially merged into a continuum.?
Triggering the camera many 10s of nsec after the laser pulse yielded
the same featureless spectra, indicating the electron densities were
sufficient, even in cooling plasmas, to merge all lines.

In the light of these results a deliberate increase of the gap width to
~ 250 microns actually lowered the electron density, with the
consequence that lines became distinguishable.? Figure 6, for
example, shows the time-resolved visible spectroscopy from such
data shot, and the difference with figure 5(a) is immediately
obvious. In particular, 30 nm FWHM lines are clearly observable;
although at around ¢ = O (the laser heating) until 40 nsec (the time
for plasma to fill the gap and become homogenous) the spectrum is
in the first instance difficult to model. For times greater than ~ 40
nsec, however, the spectrum emitted is that of cool, dense uniform
optically-thin plasma. In fact, for these particular plasmas, the
electron densities were measured from the line widths and line
shifts,? 36 and by using previously published line data it was
possible to model the observed spectrum to yield an inferred
temperature.> 36 For example, at ¢ ~ 60 nsec the electron density
measured from figure 6 was 2.5 10'° cm™3, and the corresponding
temperature was 4.3 eV3 56 (inferred by entering temperature value
into spectra code that yielded best match with experiment).
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Figure 6 Time-resolved visible spectroscopy of a cool, dense
aluminium plasma of order 109 cm? electron density and several
eV temperature. Notice the lines become narrower at later tlimes
because the plasma electron density reduces. At  ~ 40 nsec
onwards the plasma is uniform across the gap width.

The 1 - 3 10! cm™ electron density 1 - 8 eV aluminium plasmas
created in the wider gaps have allowed one to study optical
spectroscopy to the very limit of where lines may be distinguished.
Furthermore, the electron density values for these optically thin,
uniform plasmas are an order of magnitude larger than those
measured in plasmas created using previous production techniques.
Also, these plasmas can exhibit ionisation potential depressions,a' 3
6 larger than those of plasmas created in ICF experiments.

X-RAY AND VISIBLE PROBING

Chrome/copper
electrode

527 nm Laser
1 mm Diameter hole
in centre of electrode

1053 nm Laser X-ray source

Figure 7 Target based on the design show in figure 1. Allows x-
rays to probe the laser-produced inertially-confined plasma

In addition to the pressure, mass density, internal energy per unit
volume, and visible emission spectroscopy - there are at least three
other fundamental plasma measurements (hat are possible using a
target based on figure 1. For instance, a preliminary experiment
performed in TA4 focused the single 1053 nm beam onto a metallic
layer, as shown in figure 7, with a view to testing x-ray probing
experiments. The side on probing with the x-rays created, was
necessary because the x-cut quartz confining walls were opaque to
wavelengths less than ~ 220 nm. The experiment indicated that x-
rays which were passed through a 5 micron gap, across Lhe diameter
of the target, could be easily detected. In a similar vein, it is possible
to probe with optical light, through the 1 mm hole shown, in order
to afford visible opacity measurements. Under certain conditions
such optical depth measurements are equivalent to direct Coulomb
logarithm (Cl) measurements. The importance of such
investigations arises from the implicit inclusion of Cls into various
transport property theories such as thermal conductivity, Inverse
Bremsstrahlung absorption, d.c. electrical conductivity, etc.

D.C. ELECTRICAL CONDUCTIVITY

In this spirit, a further preliminary experiment performed in TA4
addressed the d.c. electrical conductivity directly. In particular, a
known current was passed through a confined plasma during the
laser heating and thereafter. Now because the plasma dimensions
were known, a constant current through the plasma would have
resulted in a voltage drop directly proportional to its resistance,
allowing the resistivity to be determined directly. Indeed the cumrent
was observed to remain constant for several 10s of nsec after the
laser pulse - which would not only simplify the data analysis - but
would eliminate the problems associated with any inductance within
the circuit, since any inductive device remains dormant until the
current passing through it changes with time. To conclude now. In
addition to the very successful EOS and spectroscopy work
thoroughly investigated already, preliminary experiments have
indicated the possibility of simultaneous pressure, mass density,
internal energy per unit volume, visible speciroscopy, x-ray
probing, visible opacity, and d.c. electrical conductivity
measurements using a single target design.
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INTRODUCTION

Recent work has shown that the gemeration of demse, cool
aluminium plasmas by the technique of confined laser ablation
can yield plasma electron densities of -1019 em 312 This is an
order of magnitude greater than those previously observed in
conventional plasma spectroscopy sources, such as z pinches or
flash tubes>4. As the jonisation potential depression of an atom in
a plasma is both temperature and density dependent, we can
address issues of the jonisation balance in a plasma at these more
modest densities, which include similar physics to those found in
inertially confined fusion plasmas5 . Furthermore, because of the
low ionisation state of the plasma, the emitted spectral lines are
observable using optical spectroscopy. This also raises the
interesting question of the value of the ionisation potential
depression of a neutral species immersed in a dense plasma.

The plasmas are generated in a target consisting of a confining
wall transparent to the incident laser light, a gap, on the order of
250 microns wide, the target foil (in our case aluminium) and a
supporting wall. The laser generates a plasma on the foil, which
then expands into the gap, cooling as it does so. The plasma then
hits the confining wall, and rcheats. Homogeneity should be
ensured by the hydrodynamic shocks passing through the plasma.
Thus the time of interest for spectroscopic observation is after
two transit times, which is around 60 ns for the plasmas of interest
here.

We have pursued further studies in the generation of dense
plasmas by confined laser ablation. Specific investigations of the
homogeneity of the plasma and work on simulating the observed
spectrum have been undertaken and are reported here. We find
that the plasma has a high degree of homogeneity, and that
simulations of the plasma emission can, when compared with the
experimental data, be used to diagnose the experimental
conditions.

HYDRODYNAMIC SIMULATIONS

A code has been written which incorporates the Sesame equation
of states tables® and thermal conductivities’ into the Medusa 1
dimensional Lagrangian hydrodynamic code®. This has been
reported previously9. For the purposes of the simulation, the code
was expanded to include 5 layers. For our simulation, these were
set to be a layer of quartz, then solid aluminium, then hot
aluminium, then a gap layer, filled with cool aluminium at low
density, and finally a confining layer also of quartz. It was found

difficult, because of the Lagrangian nature of the code, to write a’

code which simulated the laser ablation phase, and the subsequent
expansion of the plasma into the gap, its contact with the wall and
subsequent cooling. This is due to the reduction in size of the
initially large cells which form the gap, which leads to the
timestep in the code being radically reduced and the code running
out of time. This is still the subject of investigation.

Running the code with a 250 micron gap, in which the first
microns were filled with the hot plasma lead to the results shown
in figures 1. The initial plasma temperature was set to be 8 eV.
This is the temperature derived from the Sesame equations of
state for a plasma with the internal energy derived for a typical
cxperimental shot. As can be observed, after 30 ns, the plasma is
quite homogenous. The cooler regions near to the walls are seen
to be narrow and the region nearest to the confining wall is
actually found to have a half width of the temperature gradient of
6 microns. The central region of the plasma is homogenous in
temperature to 10%. The hydrodynamic confinement thus ensures

the high degree of homogeneity of the plasma. The cooling rate
of the plasmas, which is caused by conduction into the walls, is in
reasonable agreement with those observed in the experiment.
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Figure 1: Simulations of the Temperature Distribution in a
Confined Target for Various Times.

SPECTRAL SIMULATIONS

In order to understand the observed spectra, it is necessary to
simulate the emission from the plasma. This is because the
spectral lines are so broad that the underlie each other, thus
making the spectrum difficult to interpret. In order to simulate the
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spectrum, a large quantity of data for the atomic species is
required. This includes ionisation potentials, energy levels,
transition probabilities and line shape parameters. For aluminium
this information can be found in the literature. The code has to
calculate the ionisation balance and then the relative intensity,
width and shift of the individual lines. This work is to be published
in more detail elsewhere" .

Briefly, the program first calculates the ionisation’balance in the
plasma. This is done using the Saha-Boltzmann equation. For this
we need the partition functions of the different species in the
plasma. For these plasmas the normal approximation of using the
ground state degeneracy to give the value of the partition function
is inadequate, because higher lying states will be highly
populated. Thus an explicit calculation of the partition functions is
required. This is performed using data from the literature for the
energy levels of the low lying states and a hydrogenic
approximation 1 for the upper states. These calculations both
require the calculalion of the ionisation potential depression. This
may be calculated using the Debye, ion sphere or Slewan-Pyatll
models. Once the ionisation balance is calculated, the relative
intensity, line width and shift of each line may be calculated,
assuming a Lorentzian line shape. Hence a spectrum is
synthesised.

The input variables to the code are the electron density and the
temperature. By varying these a fit to the experimental data can
be achieved. In this way a diagnostic of the plasma can be
undertaken. This method is very sensitive to the temperature, but
not to the electron density. Thus, a measurement of the line widths
directly from the data is also used to check with that derived from
the code. These two values have been found to be in good
agreement. Sample fits to the data are shown in figures 2 and 3.
Also shown in figure 2 is the calculated spectrum using only the
ground state degeneracies in the partition functions. It can be
seen that the full model is a great improvement over these. In
figure 3 are also shown plots of the spectrum with the
temperature varied by 0.5 eV. The sensitivily of the data to the
electron temperature is thus demonstrated.
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Figure 2: Experimental data from 60 ns after the laser pulse. Fits
are using the full model and the ground states only model,
Na=2.5x1019 cm™”, Te=4.3 eV

SUMMARY

Simulations of the hydrodynamics and emission from a dense cool
plasma generated by confined laser ablation have been
described. Despite difficulties inherent in using a Lagrangian
code the hydrodynamic simulations have shown that the plasma
has a remarkable degree of homogeneity. The wall temperature

gradient having a half width of 6 microns in a 250 micron gap.
The simulations of the emission spectra have proved to be
successful in the temperature diagnostic of the plasma. These
simulations assume that the emission comes from a homogenous
optically thin layer of plasma. Thus these tend to confirm the
results of the hydrodynamic simulations, although it would be
necessary to combine the two programs to prove this point.

Intenaity (arbirary units)

‘Wavelength (nm)

Figure 3: Experimental data from 120 ns after the laser pulse. Fits
are using the full model varying the temperature, Ne=1-5"1019
cm'z, Te=2,2.5and 3 eV
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INTRODUCTION

The recent rapid progress in short pulse, high intensity lasers has
made possible the generation of hot, dense plasmas consisting of
matter in an extreme state of high energy concentration
(Key 1991). It is the high material density, temperature and
radiation flux of laser-produced plasmas which make them suitable
for measurements relevant to certain astrophysical phenomena
(Rose 1991, Ripin et al 1990).

We have performed soft X-ray emission spectroscopy of laser-
irradiated targets, with a buried layer of iron. The experiments
(Tallents et al 1995) were performed on the SPRITE CPA system
and involved irradiation of the buried layer targets with 248nm light
of 300fsec FWHM and a peak intensity of 107 Wem™2.
We measured a large cluster of lines at photon energies ranging

from approximately 800eV upwards.

The plasma conditions formed in the diagnostic layer were
modelled using a hydrodynamic code coupled to an atomic physics
package. The temperatures and densities achieved in the iron layer
were characteristic of those found in the solar interior (Cox and
Guilli 1968). Short pulse laser experiments thereby offer a possible
direct approach to opacity measurements at higher density and
temperature regimes than can be currently achieved with the
technique of radiative heating (Rose 1991).

SHORT PULSE LASER EXPERIMENTS AND ASTROPHYSICS

When the laser pulse duration is significantly less than the
hydrodynamic response time, the energy transport processes are
quite different from those in steady-state ablation (Key 1991).
The resulting hydrodynamic motion of the plasma can be
insignificant during a short laser pulse and heat flow, through
electron thermal conduction, occurs at densities close to solid in
contrast to steady-state ablation where the main heating occurs at
densities close to the critical density (Key 1991). The interaction of
sub-picosecond laser pulses with solid material provides a possible
method of measuring plasma properties at extremely elevated
temperatures but nearly constant density (Rose 1991).

The measurement of opacity is complicated by gradients and
transients produced initially through direct laser heating of the
plasma, and later by rapid expansion and cooling (Key 1991). This
problem is even more pertinent for plasmas produced in
sub-picosecond laser pulse experiments due to the lack of available
spectrometers with sufficient temporal resolution. This complication
may be partially overcome by limiting the spatial and temporal
conditions at which plasma emission occurs through the use of a thin
buried tracer layer.

To perform astrophysically meaningful opacity measurements in the
Iaboratory, the plasma should be in a state of local thermodynamic
equilibrium (LTE) and have negligible gradients of density and
temperature, especially for the duration of strong emission
(Rose 1991). The target used in the SPRITE experiment consisted of
three-layers in which a tracer foil of iron was placed between two
layers of a lower-Z material (CH or Al) which act as tampers.
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Figure 1: Time development of mean iron plasma cell density as
predicted by MED103
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temperature as predicted by MED103
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Figure 4. The material density profile and electron temperature
profile of a 0.1m buried iron target at t=600fsec

HYDRODYNAMIC MODEL AND RESULTS

The modelling is based on a hydrodynamic code coupled to a
time-dependent non-LTE ionisation model of the atomic kinetics.
A planar target is irradiated in the axial direction and a 1-D
Lagrangian hydrodynamic code (Christiansen ef al 1974)
(MEDUSA) is used to simulate the energy deposition and plasma
expansion. In our modified version of MEDUSA, MED103, a fixed
fraction (20%) of the laser energy absorbed at the critical density is
deposited in the plasma by resonance absorption. Of this, a specific
fraction is converted into hot electrons. The main process of laser
energy absorption in the plasma is inverse Bremsstrahlung. The heat
flow is modelled by the smaller of the Spitzer value and a flux
limited (20%) free-streaming limit (Key 1991).

A total of 60 Lagrangian cells were used to model the different
layers of the sandwich target. The laser beam is incident on the
right hand side (RHS) surface of the target on the overcoat layer
(figure 4). From the left hand side (LHS) surface of the target to the
right: (a) cells 1 to 15 were assigned to the substrate (mylar) layer,
at the target back (with respect to the incidence of the laser beam);
(b) cells 16 to 45 were assigned to the buried diagnostic layer (Fe);
(c) the remaining cells, 46 to 60, were allocated to the overcoat
layer (CH or Al). From the RHS target surface to inner layers, the
target layer composition was CH plastic overlay of thickness 0.1zm;
followed by a Fe buried layer (solid density) of thickness 0.1um;
and finally, a 2pm CH plastic substrate (mylar).

The hydrodynamic results, depicted in figures 1,2 & 3, show mean
plasma values, as a function of time (ps), of density, electron
temperature and ionisation level reached, respectively; we observe
a close agreement of non-LTE ionisation dynamics to LTE
predictions (figure 3). In figure 4, we depict plasma density and
electron temperature as a function of space (axially over the buried
iron layer) at a time of t=600fsec (i.e. 300fsec after the switching
off of the laser pulse).

We observe a peak in the mean plasma density of over 8gcm‘3 at
around t=600fsec, reaching a minimum of 1gcm-3 (figure 1). At this
point in hydrodynamic time (t=600f5sec) we observe a mean plasma
electron temperature of over 300eV (figure 2). Ionisation levels
(figure 3) reach a maximum of Ne-like Fe (Z*=16), just after the
laser pulse is switched off. From figure 4, we can observe a quasi-
homogeneous iron plasma in temperature (i.e. variation in
temperature across the layer is small), but a density gradient does
exist. Simulations performed for an identical iron target with iron
doped at lgcm'3 density rather than solid, reveal a significant
decrease in density gradient development across the buried layer
(upon laser imradiation). The main disadvantage of using a doped
iron layer at a significantly lower density is the reduction in photon
signal from the target upon laser irradiation.

CONCLUSIONS

Numerical analysis using a Lagrangian hyrodynamic model coupled
to NLTE ionisation physics was found to predict that the density and
temperature of high-Z plasmas from high-intensity short-pulse
lasers would be significantly higher than those currently achievable
by other techniques, such as radiative heating. The period of strong
X-ray emission is predicted to be around 300fsec after switching
off the laser pulse (at around t=600fsec in the above figures). From
the hydrodynamic simulations (figures 1 & 2) we predict high
material density and temperature in the plasma, in excess of 1gem™
and 300eV, at this point in hydrodynamic time.

The direct irradiation of solid sandwich targets was found to
produce an iron plasma, quasi-homogeneous in temperature for the
duration of strong X-ray emission. The data analysis of the SPRITE
experiments is currently in progress. By comparison of
experimental data with opacity calculations we may be in a position
to comment on the applicability of current opacity models to
astrophysical phenomena.
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INTRODUCTION

Plasmas produced by picosecond and subpicosecond optical
laser pulses interacting with solid targets at intensities greater
than 1015W/cm2, are currently the subject of numerous stud-
ies because of their unique properties: high energy density and
highly transient, non-equilibrium behaviour. A very impor-
tant diagnostic tool for these plasmas is K-shell spectroscopy
of H-like and He-like ions and in particular satellite transitions
from doubly excited autoionizing levels of He-like and Li-like
ions (Gabriel 1972, Gabriel and Paget 1972, Jacobs and Blaha
1980). In this work we investigate the diagnostic potential of
Li-like and He-like satellites and present results for a thin Al
target (2000 A) which is irradiated with a 12 ps KrF laser at

intensities up to ~ 10°W/cm?

. During the early evolution
of the plasma, time-dependent calculations of line ratios which
post-process the hydrodynamic simulation of the laser target
interaction are in overall good agreement with the experimen-

tal measurements.
EXPERIMENTAL SETUP

3] of laser energy was focused using an f/10 calcium fluoride
lens on to 2000 A coatings of Al deposited on a glass micro-
scope slide. The laser pulses were 12 ps FWHM and were
Raman shifted in methane to 268 nm wavelength. The ASE

0~1% and con-

prepulse to main pulse power ratio was below 1
sequently no plasma was formed before the arrival of the main
pulse. By varying the focal spot size incident laser intensities
from 10“W/cm2 to greater than 101“:'W/(:m2 were obtained.
The time resolved spectra were recorded using a streaked x-ray
spectrograph. This consisted of a TIAP crystal which dispersed
the incoming x-rays onto the entrance slit of a fast x-ray streak
camera fitted with a KBr photocathode. The streak rate of the
camera was ~ 5ps/mm and combined with an input slit width
of 1lmm gave a temporal resolution of around 5 ps. The spec-
tral resolution of all the spectrometers used was dominated by
the source size, which gave A/AX ~ 500.

SATELLITE EMISSION FROM A STATIONARY PLASMA

The most intense Li-like satellites are due to the following
transitions: 1.!22p 2p - 1.12p2 2P, 1.122;: 2p _ 1.12;72 2p,
1s22p 2P - 1s2p% 25, 15225 25 — 152p(*P)2s 2P and
15225 25 - 1:2p(3P)23 2P. These correspond to the abcd,
jkl, mn, qr and st satellites respectively in Gabriel’s notation
(Gabriel 1972). Experimental resolution limitations and the
proximity of many satellites allow us to distinguish two sepa-
rate features only on the long wavelength side of the He-like
resonance line W; the Li-like satellites (qr, abed and jkl) and
the blending of He-like intercombination line Y and st, mn Li-
like satellites. A third feature of interest is the He-like satellite
(excluding 1523 150 —2s2p 1P1 and 1s2p 1P1 - 2p2 ISO) which
occurs on the long wavelength side of the H-like resonance line.

We investigated the possibility to use the wavelength integrated
relative intensities of these features as a density and tempera-
ture diagnostic using the RATION code (Lee et al 1984). This
code calculates steady state ionic and excited state populations.
The calculated ratio of the Li-like satellites (qr, abcd, jkl) to

LogfLI-ike sats (g, abcd, jid) / He-ka sats)

N -& 183 ““Q—__\‘—‘i.-

LogjLl-ike sats (qr, abed, jd) / (Y+ st, mn)]

Fig. 1:
sity (cm'a) as a function of the logarithm of the ratio of

Contour of the logarithm of the electron den-

the wavelength integrated intensity of the Li-like satellites
(gr, abed, jkl) to the He-like intercombination Y and the
st, mn Li-like satellites and the ratio of the wavelength in-
tegrated intensity of the Li-like satellites (gr, abed, jkl) to
the He-like satellites (excluding 132s 15 — 232p 1P1 and
1s2p 1P1 - 2p2 1.5'0). The triangles are time resolved ez-
perimental points.
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Fig. 2: Contour of the electron temperature (eV) as a func-
tion of the logarithm of the ratio of the wavelength integrated
intensity of the Li-like satellites (qr, abed, jkl) to the He-
like intercombination Y and the st, mn Li-like satellites and
the ratio of the wavelength integrated intensity of the Li-like
satellites (qr, abcd, jkl) to the He-like satellites (ezcluding
1525 15 — 252p 1Py and 1s2p p - 2p2 150). The triangles
are time resolved ezperimental points.
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the He-like satellites has a strong dependence on temperature
with a weaker dependence on electron density. The calculated
ratio of the Li-like satellites (qr, abcd, jkl) to intercombination
line Y plus the st, mn satellites has a strong dependence on
density with a weaker dependence on temperature. Each one of
these ratios is a poor diagnostic when used on its own. The two
ratios used simultaneously provide a more reliable diagnostic
as shown in Figs 1 and 2 where we have plotted contours of
density (logarithm of density) and temperature as a function
of the ratios of the wavelength integrated intensities.

TIME-DEPENDENT CALCULATION OF EMISSION

The experiment was simulated with a one dimensional la-
grangian hydrodynamic code which includes time-dependent,
non-LTE, average atom model ionisation physics (Djaoui and
Rose, 1992). Energies involved in the atomic processes of ex-
citation and ionisation are included in the electron energy bal-
ance equation. Radiative energy losses are also included under
the assumption of an optically thin plasma. The laser energy is
absorbed by inverse bremsstrahlung in the undercritical blow
off plasma with a fraction of the laser energy reaching the criti-
cal density dumped in the corresponding computational cell as
resonance absorption. The inclusion of hot electrons did not
have any significant effect on the hydrodynamic behaviour of
the target due to the small value of D2 < 7x 10“Wym2/¢:m2
in these experiments. Flux limited heat conduction with a
flux limiter equal to 0.1 was used. The relative magnitude
of the different ions depends strongly on the irradiance con-
ditions with higher intensities resulting in more ionisation to-
wards the fully stripped stage. We therefore chose the laser
intensity also by means of comparing the calculated H-like and
He-like ion densities and the measured Ly-a and W-line in-
tensities. Results for an incident peak intensity approximately
equal to 5 x 105W/cm? are analysed here.

Detailed information of the satellite intensities can be obtained
by taking the temperature and density history of the computa-
tional cells across the original Al layer from the hydrodynamic
simulation as input to FLY, the time-dependent version of the
RATION code. FLY then calculates the intensities at each
timestep and for each cell for transitions of interest (including
the satellite intensities). Since the optical depth of the satel-
lites is small, the volume integrated emission is obtained by
summing the contribution from each cell. This simplification
provides a major advantage compared to the use of resonance
lines where optical depth effects on level populations and in-
tensities make the calculation much more complicated. Figure
3 shows the ratio of the wavelength integrated intensity of the
Li-like satellites (qr, abcd and jkl) to the He-like intercombi-
nation line Y plus Li-like satellites (mn and st). The hydro-
dynamic/FLY calculations at the two intensities shown are in
overall agreement with measurement considering the large rel-
ative error of the experimental data which is estimated to be
about 50 per cent. The ratio of the Li-like satellites to the
He-like satellites is shown in figure 4. This ratio shows less
variation than the previous one (except for the first data point
at -10 ps) and is very sensitive to the laser intensity used in the
hydrodynamic simulation. The experimental data is bracketted
by the two calculations at 1015W/cm2 and IOISW/cmz. This
overall agreement is good considering the difficulty in measur-
ing the experimental intensity on target accurately.

Using the experimentally measured ratios at 0, 10, 20 and 30 ps,
electron density and temperature points are indicated in Figs
1 and 2 with the triangles. It is important to note here that

the plasma parameters indicated in Figs 1 and 2 are that of a
stationary plasma which would have the same line ratios as the
transient plasma considered. Nevertheless the tendency of the
plasma to rapidly expand and cool is clearly well reproduced.

In conclusion, the behaviour of Li-like and He-like satellites
emitted by a short pulse laser-produced plasma is well repro-
duced by time-dependent calculations of the hydrodynamics,
ionisation and excitation dynamics.

LI-lke sats (qr, abed, jd) / (Y + st, mn)
-

Time (ps)

Fig. 3: Ratio of the wavelength integrated intensity of the Li-
like satellites (qr, abed, jkl) to the He-like intercombination
line Y plus the Li-like satellites st and mn as a function of
time with respect to the peak of the laser beamn as measured
ezperimentally (squares) and as calculated with an incident
intensity of 106 W/em? (full curve) and 1015W/cm2 (dashed
curve). The ezperimental error bars are also indicated.
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Fig. 4: Ratio of the wavelength integrated tntensity of the
Li-like satellites (qr, abed, jkl) to the He-like satellites (ez-
cluding 1s52s 130 - 2s2p 1P, and 1s2p 1p, - 2p2 150) as a
Sfunction of time with respect to the peak of the laser beam as
measured ezperimentally (squares) and as calculated with an
incidnt intensity of 101W/cm? (full curve) and 10'5W/cm?
(dashed curve). The ezperimental error bars are also indi-
cated.
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INTRODUCTION

It has been suggested that for short laser pulses (~100 fs) a plasma
far from collisional equilibrium (with an electron thermal temperature
much smaller than the ionisation temperature) can be produced [1] by
optical field ionisation (OFI). Three-body recombination following
the short laser pulse can result in population inversion between
excited states and the ground state of the ions. This transient x-ray
laser scheme imposes severe requirements on plasma conditions and
is not possible if the electron temperature is much higher than about a
tenth of the ionisation energy of the recombining ions. For the Li-like
neon scheme [2) the plasma must be almost completely ionised to the
He-like stage following the passage of the optical laser pulse and the
electron lemperature no more than about 30 eV. Processes which
contribute to plasma heating include above threshold ionisation (ATI)
energy and nonlinear inverse bremsstrahlung (IB) [1]. Under special
conditions stimulated Raman scattering (2], space charge effects
associated with the laser ponderomotive force [3] and other collective
mechanisms may be important but are not considered here. The
purpose of this work is to present a detailed time dependent
simulation of the ionisation and heating of a neon plasma. Since these
calculations do not include the contribution of stimulated processes to
the heating, they only provide. a lower limit to the electron
temperature.

In the absence of focusing or defocusing effects, the interaction
volume near the laser focus can be well approximated by a cylindrical
plasma irradiated axially by the beam. For small focal spots and long
pulses, radial thermal conduction plays an important role in
determining the temperature and is accounted for in these
calculations.

DESCRIPTION OF PHYSICAL MODEL

The most important ionisation process for short pulse high intensity
laser interaction with gases is tunnel ionisation. This is a very
nonlinear process for which the rate rises very rapidly above a
threshold intensity which can be defined as the intensity for which the
electric field depression of the atomic potential is equal to the binding
energy of the electron [3,4]. Experiments [5] are in good agreement
with the formula for the rate of tunnel ionization by Ammosov,
Delone and Krainov [3,4] and this rate 1s used here.

The ATI heating can be attributed to the mismatch between the peak
of, and the point in the laser cycle at which ionisation occurs [6]. The
ATI energy is dependent on the laser wavelength (proportional to lz)
as well as the intensity at which the ionisation occurs. For short
pulse lasers jonisation occurs approximately at the threshold
intensity (the exact value depends on the rise time of the pulse). The
ATI energy is also strongly dependent on the polarisation of the laser
field and varies from approximately 0.1 UP for linearly polarisation
to 2 U_ for circular polarisation.

The mos! important mechanism for heating undercritical plasmas with
lasers is inverse bremsstrahlung or collisional absorption. The
absorption is proportional to the electron-ion collision frequency and
to the laser intensity. At high laser intensities the electron velocity
distribution is severely modified as a result of the oscillatory motion
in the laser electric field. Consequently the electron ion collision
frequency i8 reduced and the absorption becomes nonlinear and
decreases with intensity [7-8]. This is accounted for in our model
using a high field correction term to the standard inverse
bremsstrahlung absorption coefficient.
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Figure 1: Electron temperature on axis of a neon cylindrical target
irradiated axially with a 5 pm radius, 0.268 pm wavelength, 10!
Wiem? peak intensity Gaussian (radially and temporally) laser pulse
at the end of the laser pulse (laken as 3 times the FWHM past the
peak of the pulse) as a function of pulse length (FWHM). Results of
calculations using the non-local heat conduction model for 100, 300
and 1000 torr (full curves) are shown. A calculation for 1000 torr
without any heat conduction is also shown (dashed curve).

For small laser focal spots and long pulses, thermal conduction
cooling plays an important role in determining the electron
temperature. When the temperature gradient is so steep that its
scalelength becomes smaller than the average electron mean free path
or when the electron distribution deviates significantly from a
Maxwellian, the heat flux as calculated from the diffusion
approximation, might exceed its physical upper limit, the free
streaming limit. A common remedy is to simply impose an upper
limit on the local heat flux in order to avoid such non-physical
behaviour. A heat conduction formulation which does not rely on a
flux limiter and which also accounts for non-local effects is the
convolution integral [9-11] formula. This reduced to the diffusion
approximation when temperature gradient scalelengths are much
larger than the electron mean free path. We have adapted this
procedure to cylindrical geometry and;included it in our model.

APPLICATION TO NEON GAS TARGET

The temperature of a cylindrical gas irradiated with a laser pulse
(gaussian in time and in the radial direction) can now be calculated by
including the above physical phenomena in 1 D hydrodynamics code.
The electron densities envisaged for transient xuv lasers are of the
order of 10® cm™ (about 400 torr neon gas pressure). The effect of
changing the density and pulse length on the electron temperature at
the end of the laser pulse (defined as 3 times the FWHM past the
peak) is shown in Fig. 1. As the density increases the heating
contribution from IB heating increases and results in a higher
temperature at the end of the laser pulse. As the pulse length
decreases the contribution from IB becomes negligible and only ATI
contributes to the heating. The slight increase in temperature for the
shortest pulse length is due a small increase in ionisation intensity. A
focal spot radius of 5 pm is used in these calculations and the effect
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of heat conduction can also be seen in Fig. 1 where the results for
1000 torr neon without heat conduction are also shown. As expected,
for sub-picosecond pulses heat conduction is not effective on time
scales of the order of the laser pulse length.

The time dependent temperature as calculated by our model for a 200
fs laser pulse at an intensity of 1018 W/cmz, a wavelength of 0.248
plasma at an electron density of 10 0 ¢cm™? is shown
in Fig. 2. The temperature at the end of the pulse is about 150 eV
with a contribution from ATI of approximately 25 eV and the rest
from inverse bremsstrahlung. This is in better agreement with Ref.
[12] where a temperature of 200 eV was calculated, than with Ref [3]
where inverse bremsstrahlung was found negligible and an ATI
temperature of 10 eV was calculated. Our calculated temperature is
too high for the transient XUV laser scheme in Li-like neon proposed
in Ref. [2], which requires a temperature < 30 eV. Although this
temperature might be achievable for pulse lengths < 50 fs (see Fig.
1), no such pulses with sufficient energy to ionise the plasma has yet
been produced. For the longer pulses available (> 100fs) additional
cooling by heat conduction can be used to achieve inversion between
excited states for quasi steady state recombination schemes. The rate
of cooling for a cylinder with temperature Te, electron density Ne
and radius r immersed in a cold background is approximately
proportional to TESIZI(NerZ) and can be much higher that the
adiabalic expansion cooling rate for a cylindrical plasma expanding
into vacuum which is approximately proportional to Te” e [1].
Provided the difficulties associated with the production of long
filaments of ionised plasma are resolved, it should be possible to
control the rate of cooling by varying the radius of the filament. For
small radii the cooling occurs on a time scale much smaller than the
hydrodynamic time scale for expansion (> 10 ps). This cooling by a
supersonic heat wave is favourable for high gain at high electron
densities and low temperatures. The dependence of the time evolution
of the electron temperature on filament radius for the 200 fs case
discussed above is shown in Fig. 3. The dependence of the cooling
rate on radius is very strong at early times but diminishes at later
times as the heat front progresses to larger radii, in agreement with
the simple scaling.

CONCLUSION AND DISCUSSION

The temperature at the focus of a short pulse intense laser beam
irradiating a neon gas target is calcufated using a hydrodynamic
model in cylindrical geometry. Tunnel ionisation, ATI heating,
inverse bremsstrahlung, radial thermal conduction and hydrodynamic
expansion are included. The application of the model to short pulses
and high densities relevant to the Li-like neon transient XUV scheme
shows that for pulse lengths greater than 100 fs, inverse
bremsstrahlung heating becomes much more important relative to
ATI. A calculation for a 200 fs laser pulse at an intensity of 1018
W/cmz, a wavelength of 0.248 pm, in a Ne8+ plasma at an electron
density of 1020 cm'a, gives a temperature of 150 eV at the end of
the pulse, in reasonable agreement with Ref [12]. The ATI
contribution is only 25 eV and the rest is from IB. The contribution
from IB can be minimised by using shorter pulses with the shortest
pulse being determined by the requirement that there is enough
energy in the pulse to ionise the plasma to the required state. The ATI
contribution could also be minimised by removing the outermost
electrons using a low intensity prepulse to preform a plasma channel
which is allowed to expand and cool and then using a short intense
pulse to ionise a filament to the final desired ionisation state. At this
stage it might be advantageous to use circularly polarised light so that
the electrons ionised by the short pulse acquire a very high ATI
energy and will not interfere with the recombination process on a
transient recombination time scale (~ 1 ps).

It must be stressed that at higher densities and laser intensities heating
associated with stimulated Raman scattering can become much more
important than ATI or IB. The model should then be modified in
order to be applicable in such situations.
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Figure 2: Contributions to electron temperature in a He-like neon
cylindrical target from ATI (Te(Aﬂ})' Jrom IB (T, (B, and the
resulting temperature given by the non-local heat conduction model
(T, as a function of time relative 1o peak of intensity. The
electron density is 1 020 cm™3 and the target is irradiated by a S pon
radius, 0.248 pm wavelength, 200 fs FWHM, 1018 W/cm2 peak
intensity Gaussian (radially and temporally) laser pulse.
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CALCULATION OF THE EFFECTS OF VELOCITY GRADIENTS AND OPACITY ON LINE TRANSFER
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INTRODUCTION

Recent experiments at the Rutherford Appleton Laboratory have made
high resolution measurements of hydrogen-like resonance line
emission from a nanosecond laser produced aluminium plasma as a
function of anglel with respect to the normal to the target, in a quasi-
ID planar situation. Typically, in these plasmas, the velocit
gradients in the normal direction to the target surface exceed 1%
and result in a bulk Doppler shift of about 12 mA which is not only
larger than the Doppler width (~ 3 mA) of the Al 1sy/2-2p /5 and
Al I5;,5-2p3/, doublet but also their separation (~ 5 mA). Both
components of the Ly-o doublet should therefore be considered and
their interaction taken into account when calculating the emilted line
shapes and intensities. In work reported here, a model which
incorporates time-dependent atomic physics, opacily and velocity
gradient effects is presented. A multifrequency radiative transfer
algorithm is used for the calculation of detailed resonance line
profiles. The inclusion of velocity gradients is found to be critical in
determining the intensity and shape of emitted spectral lines.

HYDRODYNAMICS AND IONIZATION KINETICS
CALCULATION

The numerical model used to simulate the experiments is based on the
1D Lagrangian hydrodynamics code MEDUSAZ. The mode! follows
the excitation and ionisation in each Lagrangian cell by using the
time-dependent non local thermodynamic equilibrium (non-LTE)
average-atom model”. Energies involved in atomic processes are
included in the free electron energy balance equation which is iterated
with the rate equations to ensure self consistency. The plasma is
assumed to be optically thin to continuum radiation and to most line
radiation. The effect of reabsorption in optically thick resonance lines
on state populations is accounted for only approximately using escape
probabilities as multiplicative factors to the spontaneous radiative
rates in the average atom model. In (he presence of large velocity
gradients significant absorption occurs only over a distance for which
the Doppler shift is less than the line width.. The escape probability
for the case of a large velocity gradient is therefore larger than in the
static case. This mechanism is an important contributor to the
successful operation of recombination-pumped XUV lasers? because
reabsorption of resonance line photons pumps the lower laser level
reducing the population inversion. In the presence of large velocity
gradienls escape probabilities are in good agreement with detailed
line transfer calculations>S.

LINE TRANSFER CALCULATION.

Given the temperatures, densilies, velocities and ionic populations
from the calculation described in the previous section, the emitted
spectrum of a selected number of lines can be calculated. This line
transfer calculation post-processes the output from the
hydrodynamic/ionization simulation. The fact that the absorption
profiles of ions that absorb are Doppler-shifted relative to the emission
profile of the emitting ions because of the velocity difference between
themn, is taken into account. In this work we concentrate on the

aluminium Ly-a doublet in order to illustrate the model. The number
density of state 2p;,» and 2pj,, in Lagrangian cell m are
calculated from the time-dependent shell populations in the average-
atom model using the method described in Ref. 3. This method
predicts the total density in the ground state (/s;,,) and in the n=2
states (255, 2p;/9 and 2p3 ). The population in 2p; 5 and 2p 3/,
is then calculated by assuming n=2 states are populated according to
their degeneracies. Knowing the excited state populations, the
intensity of photons which are bomn in cell m with frequency v that
emerge at the boundary is then calculated. Whithin a cell in which the
photons originate the radiative transfer method does not allow
interaction between the components of the doublet. This is a
reasonable approximation within a cell where the material is moving
with approximately the same velocity. The photons from cell m are
transported to the edge of the plasma thorugh successive cells / taking
into account their relative velocity (V /-V ™). The emerging flux at
the boundary is then corrected for the Doopler shift between the
observer and cell m. The observed frequency is given by

Vm
1+—cos 0]
c

where V™ is the velocity of cell n and © the angle of observation
with respect to the laser beam and c the speed of light in vacuum. The
above Galilean transformation is only valid for non relativistic flows.
To compare with experimental measurements, the contributions from
all cells m are finally added. Typically 100 frequency points are used
and thousands of timesteps are needed in order to calculated time
integrated spectra.
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Flg. 1: Optical thickness of a photon born at the peak of the 1s /»-
2p3/3 Al Ly-a component as a function of position in the plasma.
Curve A is for a static plasma while curve B includes the effect of
bulk Doppler shifts resulting from plasma flow. Curve C does not
include the contribution from 1syy-2p 1 /5 contribution while curve
B does.
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Ly-o. EMISSION FROM NANOSECOND LASER PRODUCED
PLASMA.

As an application of this model, we present calculations of the time
integrated Al Ly-o. emission from a plasma produced by a beam of

- 0.53 um light in a 0.6 ns full width at half maximum (FWHM)

having a peak intensity of 1014 Wem2. The laser pulse is incident
normally onto a 10 pm thick, 500 pm diameter foil. Figure 1 shows
the peak optical depth of the /s, /,-2p 3,5 component in the frame of
the emission cell, as seen by an escaping photon emitted at different
positions in the plasma at the time of the peak of the laser beam.
Curve A is obtained assuming a static plasma, while curve B includes
the effect of velocity gradients. Doppler decoupling results in a
reduction of opacity by at least a factor of 4. Line interaction is non
negligible due to some overlap of the components but also because
high energy photons from the /s ;»-2p 3,5 component from the region
of peak emission appear red shifted to the outer expanding plasma
and are absorbed there by the Isy-2p;,, component. The
absorption by the /s, /5-2p is included in curve B but not in curve
C.

We next investigate the effect of trapping in the
hydrodynamic/excitation/ionisation calculation on line emission. The
effect of including trapping in the calculation of ionic population on
the emitted Ly-at line profile is shown in fig. 2. The line intensity is
strongly dependent on the amount of trapping which transfers
ground state populations to the n=2 excited state populations and
results in a higher intensity. Thus absolute line intensity
measurements can provide valuable information on the radiative
transfer problemn.

The effect of opacity, velocity gradients and their combined effect can
be studied using the radiative transfer algorithm. This is illustrated in
Fig.3. Curve A is the result of a calculation where the plasma is
assumed static (all flow velocities set to zero) and optically thin. The
line shows two peaks corresponding to the Is;/5-2p3/5 and Is/>-
2p /5 componenis. Curve B assumes an optically thin plasma but
includes the effect of the velocity field. The effect of velocity gradients
is to blue shift and smear out the whole spectrum since the emitting
plasma is moving towards the observer. Curve C assumes a static
plasma but includes opacity only. In addition to a reduction in
intensity, the line shape is completely different and shows a reversal at
the /s /5-2p3/5 and Isy/92py ) at the peak positions in the opacity.
Curve D includes both opacity and velocity effects. Its shape is
intermediate between curve A and B and bears no resemblance to
curve C while its intensity is more nearly that of curve C. This shows
that the line shape is mainly determined by the velocity profile while
the intensity is dominated by the optical thickness between the point of
emission and the plasma boundary as well as by excited level
populations which depend strongly on the probability of escape (see
Fig. 2).

CONCLUSION

We have developed a two stage 1D planar model for calculating line
transfer in laser produced plasmas where temperature, density and
velocity gradients, as well as the effect of optically thick line
reabsorption on level populations, are taken into account. In the first
stage the hydrodynamics and the ionic populations are solved in a
self-consistent manner. The atomic physics of excitation and
ionization is calculated using a time dependent non-LTE average
atom model where resonance photon trapping in hydrogen and
helium-like ions is treated approximately using escape probabilities. A
detailed line transfer algorithm which takes the output from the
hydrodynamic/ionization calculation is used in the second stage to
calculate line profiles for hydrogen and helium-like resonance lines in
aluminium. In its present form this is already a powerful tool for
interpreting and understanding radiative transfer in laser produced
plasma. Simulation of time integrated Ly-o. emission as a function of
angle in a long pulse (nanosecond) experiment show that velocity
gradients are critical in determining the line shapes and intensities.
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Flg. 2: Al Ly-a front emission at 30 degrees with respect to the
laser beam as calculated from ion densities obtained with the use of
escape probabilities and with no trapping (ie escape probability =
1). The dotted curve has been multiplied by the factors shown in
parentheses. The arrows on the wavelength axis indicate the
position of the peaks of the doublet for a static plasma.
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Fig. 3: Al Ly-a profile as calculated by the line transfer algorithm
at 30 degrees with respect to the laser beam. Curve A assumes a
static and optically thin plasma. Curve B assumes an optically thin
plasma but includes velocity effects. Curve C assumes a static
plasma but includes absorption. Curve D includes the effect of
velocity fields as well as absorption. The last two curves have been
multiplied by the factors shown in parentheses. The arrows on the
wavelength axis indicate the position of the peaks of the doublet for
a static plasma.
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MODELLING X-RAY DATA FROM THE SPRITE LASER
D. Riley
Department of Physics, Queens University of Belfast

INTRODUCTION

In a previous reportl a time dependent model for ionisation
balance and atomic populations in a laser plasma was described.
Typical simulation results were presented for irradiation of
aluminium targets with 12ps laser pulses from the SPRITE Raman
amplified KrF laser, with incident irradiances of a few times 1013
Wam2. In this report the model is used to compare actual
experimental data to simulation.

In the experiment Lwo types of target were used. These were
solid aluminium slabs and targets consisting of a thin layer of
aluminium coated onto a Mylar substrate and overcoated with a
layer of CH. The laser was focused with approximately 50um spot
size and both time integrated and time resolved data were taken.

ATOMIC MODEL

The basic atomic model used is the same as described in the
previous annusl report®. However, in the radiative transfer
algorithm , line trapping is extended to include the Lya (Al XIII
15-2p), Ly (AIXII 1s-3p), Hea (AIXI 152-152p 1P) and Hep
(AIXTI 1s“-1s3p) lines as well as two Li-like satellite lines to the
Hea line which have strong radiative transitions to the Li-like ion
ground state. These are the 15(2s2p JP) 2P and 1s(2p? 3P) %P
levels, In addition, a version using Sobolev escape factors was also
used and found to give good agreement with the line transfer
model, due to the very large velocity gradients present in the

HYDRO-DYNAMIC MODELLING

As before , the MEDIOI2 version of the MEDUSA code was used.
For the data presented here, an outer layer of 1.5 pim was modelled
with 50 cells for the solid targets and 16 cells were used 10 model
the 0.1um Al in the layered targets. Figure 1 shows the typical
temperature and velocity profiles at the peak of the pulse for an

irradiance of 3x10 15 Wem™2.
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Figure 1. electron temperature and expansion velocity at the peak
of the laser pulse for irradiance of 3x1015Wem™2,

It can be seen that the velocity gradient is nﬁmximnely 1ol 41,
H

Figure 2 shows the predicted ratio of the to Lyp line for both
radiative transfer and Sobolev escape factors, for two cases at
irradiance of 4x1015 Wem2., In the first case (upper set of lines)
the trapping on the Ph’nesis omilted. In the second case, trapping
on these lines is included. We can see two things from this figure.
Firstly, the Sobolev escape factors give very good agreement with
the line transfer algorithm. Secondly, it is not clear that including
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Figure 2. Solid line is radiative transfer. dotted line is Sobolev
escape factors. In the upper pair of lines the trapping of the B lines
is omitted.
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the B lines improves the modelling as the data lies in between the
cases were they are either left in or out of the calculation. At early
time is seems better to not include them, but at later time the
agreement is better. Presumably, this is a result of the changing
width of the lines. The 1s-3p lines do not have an unshifted central
Stark component and are quite broad and so a poor approximation
to the Doppler shape assumed in the escape factors or the Voight
profile of the line transfer. The 1s-2p lines on the other hand have
a narrow unshifted central component only subject to electron and
Doppler broadening and 5o are likely to be a better approximation.
It should be noted however, that neither method of treating line
transport accounts for interaction of lines, in _panicular in this case
the Lya-intercombination line separation is such that Doppler

shifting ought to allow ons from either one of these transitions
to be abeorbed by the .
DENSITY MEASUREMENTS

The electron density was estimated from the width of the Hep and

LyP emission lines. At the expected densities of sbout 1023 cm3
these have considerable width above the instrument spectral
resolution which varied according to the particular transition but
was typically A/8A~300. In order to predict the line width, the
hydro-dynamic data from MEDUSA was processed with the time
dependent ionisation code to uce the electron density and
upper state populstion in each cell as a function of time. By
assuming that the broadened Stark profiles are optically thin
(considered reasonable at least at early time), the line shape codes
of RW. Lee3 were then used to add together individual line shapes
from the 50 cells, each scaled according to cell size and upper state
population and including a Doppler shift due to expansion velocity.
The instrument width of 10ps was also folded into the predicted
line shape history, as it was for all the simulations presented.
Figure 3 shows a comparison of predicted HM and
experimental data for the Hef line. We can see that, by azsuming
the P lines 1o be oﬁitc:]ly thin, good agreement is achieved. The
comparison with § lines trapped is not good. It should be noted that
the later comparison is made by assuming n‘Wm g in the relative
emission from each cell, but not in the actual profiles. Optical
depth effects were not included in the code version used, and since

ing is local, the effect of opacity onStark broadened profiles
mnu be expected o be great.

Figure 4 shows the HefViyP lLine ratio for this same shot,
indicating again that at early time the assumption of no ing is

blybenerlhmindudingumg wﬁhnmmmr

profile for the observed Lines.
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Figure 3 Comparison of predicted and measured line width for the
Hep line. Incident irradiance is 3x1015Wem™2 on a solid
aluminium slab.
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Figure 4 He /Ly ratio for the same short indicated in figure 3.
The dash-dot line is for no line trapping, the solid line for trapping
on Li-like satellites, Hea and Ly o only. The dashed line is for
trapping of Lyf and Hef included.

The local nature of the line trapping is emphasised by considering
a layered target. Figure 5 shows the predicied line ratio compared
to experiment for a shot at 6x10 5wan? ona target consisting of
a 0.lpm Al layer coated onto a 10u m thick
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Figure 5 line ratio measured for a layer target compared to
simulation for no trapping (dot-dash line), trapping on Li-like
satellites, Lya and He @ (solid line) and trapping on Ly and He B
also included (dashed line)

Mylar substrate and overcoated with 0.1 um of CH plastic. It can be
clearly scen that the effects of line trapping are very similar to
those for the slab targeis

TIME INTEGRATED DATA

Figure 6 shows a simulated time integrated HeP line shape for
g:le shhll:eurget sh:ﬁl 3;};)15?@'2. The simulation assumed that
is line is optically thin and the spectral resolution is crystal
limited to ﬂ%‘i-soo. The width of 20.6mA is similar 10 the
experimentally observed value4, Tt should be noted that this data
was taken on film rather than through the streak camera, which
contributes quite a significant amount of the total instrument
broadening in the time resolv data’. By adding the time resolved
data a width of some 2 is obtained. Considering the poor
response of the film at low intensity, this compares well to the
predicted width of 27mA assuming a resolution of about 300.
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Figure 6 Simulated time integrated line shape for Hef transition
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MODELLING OF RESONANCE LINE TRANSITIONS OBSERVED IN GERMANIUM SOFT
X-RAY LASER PLASMA AMPLIFIERS

E. Robertson', A. E. Kingston', C.L.S Lewis’, G Cairns’, G. Pert’, . Healy".
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Recent work by Pert and others in the theoretical
simulation of Ne-like collisionally pumped laser schemes has
resulted in the successful developement of the code EHYBRID.
The resulting agreement between experimentally measured
values of the gain charateristics and those predicted using the
code is excellent in virtually every respect. The following report
describes work in which this code has been extended to study
the resonance emissions which have been observed from x-ray
laser plasmas.

Time resolved spectroscopic studies of the Ne-like
resonance lines from germanium slab targets had shown
significant measurements of F-like resonance emission. The
significance of the F-like presence in the plasma was underiined
by the fact that large values of measured gain were only
observed in plasmas where F-like resonance emission also
appeared. The ratio between the intensities of the F and Ne-like
lines was used by experimentalists as an additional qualitative
measurement of the plasma being studied.

Though it was possible to simulate the Ne-like
emission, to obtain a measure of the F-like emission required
futher developement to the atomic physics of the code. Using
collision rates calculated by Zhang and Sampson and energy
levels and oscillator strengths calculated at Belfast the code was
adapted to include the atomic kinetics of the first 112 excited
levels of the F-ike ion with a collisional-radiative treatment.
This was in addition to the 124 excited levels of the Ne-like ion
already present in the model. An energy level diagram
indicating the relevant transitions of interest is shown in Figl.

The code divides the target into a series of
Lagrangian cells the number and dimensions of which are
defined at the start of each run. In each cell at specified time
steps the populations of the excited levels of both F- and Ne-
like ions are calculated. Using the populations of the upper
levels of the resonance line along with their A-values the
intensities of the radiative transitions can be calculated. The full
effects radiative transfer is not included in the model. Opacity
effect are partially included through a calculation of the
Holstein trapping factor to modify the the radiative rate to
account for reabsorption.

Preliminary results from the extended model provide
good agreement with experiment. In Fig 2 the time resolved
experimenfally measured intensity profile of the Ne-like
3s('P|)-2s('S,) resonance transition and the combined line
intensity measurements of the 3s-2p F-like array are compared
with the simulated profiles for a shot_taken with a driving laser
pulse of 1.1ns and intensity ~1.4x10 ~Wcm . The experimental
measurements are relative intensities and for comparison results
were normalised to the peak value of the Ne-like line.
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FOKKER-PLANCK CALCULATIONS WITH IONISATION DYNAMICS OF SHORT PULSE
LASER PLASMA EXPERIMENTS

R PJ Town', AR Bell’ and S J Rose?

Tmperial College of Science, Technology and Medicine

2Rutherford Appleton Laboratory

The availability of subpicosecond, high intensity lasers has
generated considerable interest in the laser-plasma
community [1,2). An initially cold, solid density, un-ionised
material is rapidly heated by the short-pulse laser to a plasma
that is close to solid density at a temperature of a few
hundred eV. The brevity of the laser pulse leads to density
and temperature scalelengths that are typically of the same
order as the mean free path of the thermal electrons. We have
previously reported [3] that this scaling leads to a strongly
non-Maxwellian electron distribution. We also showed that
the Spizter-Hiarm theory [4] of thermal conduction is

inapplicable under such extreme conditions.

In a previous paper [5] we reported simulations using our
one dimensional Fokker-Planck (FP) code and an ionisation
dynamics model. The non-LTE ionisation material package
(NIMP) [6] was used to post process the density and
temperature predicted by the FP code to obtain the ionisation
state as a function of time. It was found that to achieve full
ionisation in the strongly heated region of the Carbon target
took the rise time of the laser pulse (typically 0.5 ps). Further
into the target the Carbon never reached the fully ijonised
state. We also examined the relative importance of the
various ionisation and recombination processes for the low Z
materials considered. The absence of radiative processes did
not alter the time evolution of the ionisation state. Collisional
excitation and de-excitation did not alter the final jonisation
state achieved, but led to a faster ionisation rate. We
concluded that to a pood approximation the dominant
mechanisms were collisional ionisation and its inverse
process three body recombination.

In last year's report [7] we investigated the effects of the non-
Maxwellian distribution on the collisional ionisation rates.
This was performed by multiplying the collisional ionisation
cross sections, taken from work performed at Belfast {8], by
the actual distribution function and integrating over all
velocities then comparing the resulting rates with the rates
obtained by using a Maxwellian distribution function of the
same density and temperature. We found that the difference
between the rates calculated using the real distribution and
the Maxwellian rates was quite small. We concluded that this
justified the continued use of ionisation rates based on a
Maxwellian distribution in simulations of experiments.

We have recently coupled a non-LTE ionisation model self
consistently to a FP treatment of thermal conduction [9]. We
can thus model the distortion of the electron velocity
distribution by the dominant ionisation processes and
examine the effect of this distortion on the heat flow.
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Figure 1: The electron distribution (solid line) and the ratio
of the actual distribution to a Maxwellian (dotted line) at the
peak of the pulse for certain Lagrangian cells in the carbon
target. The initial cell positions relative to the surface on
which the laser beam was incident are 0.0 pm (X), 0.05 pm
(*), 0.1 pm (A), and 0.2 pm (+).

As already reported the Belfast group [8] has derived the
collisional ionisation cross section in terms of the incident
electron velocity. However, we need to know the division of
energy between the ionising and newly ionised electron. We
have made the approximation that the newly ionised electron
is placed in the lowest velocity group. The electron that
caused the ionisation just loses the ionisation energy. We
also need the three body recombination cross sections. We
obtain these in terms of the collisional ionisation cross
sections by employing the law of detailed balance for a
partially ionised plasma in equilibrium.

We shall consider the interaction of a 0.3 ps Gaussian KrF (A
=0.25 pm) laser pulse on a 0.4 pm thick Carbon target that
was initially at 20eV. The initial distribution of ionisation
states was such that the ionisation and recombination
processes balanced and corresponded to a Z of 1.49.

Figure 1 shows the electron distribution function and the
ratio of the distribution function to a Maxwellian of the same
density and temperature for certain Lagrangian cells in the
Carbon target at the peak of the pulse (0.3ps). The cell
closest to the laser, located at 0.0 pm and denoted by x,
shows the effect of laser energy deposition, thermal transport
and ionisation. The laser energy is taken up by the low
velocity, collisional electrons and thus we see the well-
known Langdon reduction of the low velocity electrons and
excess at high velocities compared to a Maxwellian of the
same density and temperature. At very low velocities there is
an increase in the number of electrons (although this
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Figure 2: The time evolution of the temperature for certain
Lagrangian cells in the carbon target. The initial cell
positions relative to the surface on which the laser beam was
incident are 0.0 pm (X), 0.05 pm (¥), 0.1 pm (A), and 0.2 p
m (+). The solid line refers to the variable ionisation case,
the dashed line a fixed z=3.75, and the dotted line to fully

ionised simulations.

is still below the Maxwellian). This blip is due to newly
ionised electrons, which are placed in the lowest velocity bin.

At 0.3ps the main heat front has penetrated approximately
0.1 pum into the target. The effect of the arrival of the main
heat front on the distribution function for this cell is shown in
figure | (denoted by A). The distortion of the distribution
function is dominated by the jonisation process. There is an
increase in the electrons at low velocity. This increase is due
to the thermalisation of the newly ionised electrons and a
reduction in the energy of the ionising electrons. At higher
velocity there is a depletion of electrons compared to a
Maxwellian. This velocity region is where the bulk of the
electrons ionising the plasma are taken from. At even higher
velocities there is again an excess of electrons compared to a
Maxwellian. These are the long free path -electron
penetrating from the heated region. These electrons are more
clearly seen on the 0.2 um curve, denoted by a +. At the time
this snap shot of the distribution was taken the main heat
front had not arrived and the distribution is dominated by the
cold, almost Maxwellian distribution and the "high velocity
electrons that have the "temperature” of the heated region

from where they have penetrated.

We have clearly seen that the inclusion of ionisation
dynamics and a FP treatment of heat flow substantially
modifies the distribution function. We now examine the
effect that jonisation dynamic has on the penetration of the
heat front into the target. Figure 2 shows the time history of
the temperature for the Lagrangian cells located at 0.05 pm,
0.1 pm, and 0.2 pm.

There are two main factors that may lead to a modified heat
front penetration. Firstly, the low ionisation state of the
material allows electrons to penetrate further into the target.
This would enhance the heat flow. Secondly the energy
expended in reaching an ionisation state would inhibit the
heat flow. These two competing effects lead to a time
varying inhibition in the heat flow compared to fixed
jonisation simulations. To isolate the effect of ionisation

dynamics on the heat front penetration figure 2 shows three
different simulations with different ionisation states. The
solid curve represents the evolution of the Lagrangian cells
using the FP code coupled self consistently to the ionisation
dynamics model. The ionisation state varies as a function of
space and time throughout the simulation. The dashed curve
refers to a simulation with a fixed ionisation state of 3.75
throughout the target. The dotted curve refers to a simulation
with a fixed fully ionised state throughout the target. All
simulations had the same energy deposited in the target to
within 10%.

For the Lagrangian cell at 0.05 pm the temperature rapidly
and abruptly increases for the Z=3.75 case at 0.09ps, while
there is amore gradual increase for the variable ionisation
case. The gradual increase in temperature is a signature of
the penetration of the long mean free path electrons from the
heated region. It is more evident in the variable ionisation
simulation, because the unheated cell is initially in a Iower
tonisation state that enables the high velocity electrons to
penetrate further. The fully ionised simulation arrives last.
This slow arrival of the main heat front is due to the higher Z
compared to the other simulation.. Note that the variable
ionisation simulation temperature increase slows at later
times as energy is expended in increasing the ionisation state.
At 0.1 pm into the target the same pattern emerges. First the
Z=3.75 heat front arrives, followed by the gradual build up
in temperature of the varjable ionisation case. Finally the
fully ionised simulation's heat front arrives. Again at later
times the variable ionisation simulation has a lower
temperature. Even further into the target the variable
ionisation simulation's heat front arrives after both fixed
ionisation simulations' heat front. Finally the energy
expended in ionisation has slowed down the heat front
penetration.

In conclusion, we have reported results using our FP code
coupled self consistently to an ionisation dynamics model.
We have shown that the ionisation process substantially
alters the electron velocity distribution. This led to a time
varying inhibition of the heat flow compared to fixed
ionisation simulations.
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INTRODUCTION

It is well established that the interaction of atoms
with super intense electromagnetic fields gives rise to
the generation of high harmonics. This was predicted
quite some time ago [1] and has since been extensively
studied experimentally [2], and the topic of various re-
view articles [3]. Many aspects of this interaction have
been explained satisfactorily with purely classical mod-
els while others have required a quantum mechanical
treatment of the atom. In the super-intense regime a
semi-classical model of a tunneling process followed by
a quiver-induced “re-collision” has been successful in
interpreting high harmonic generation, above-threshold
ionisation and the frequency cut-off observed in the har-
monic plateau. The phenomenon of stabilization, i.e.
the reduction of ionisation with increasing laser field
intensity for intense and high frequency laser fields, has
recently been observed experimentally. There has been
much discussion on whether this phenomenon can be
described by purely classical models [4], or whether a
full quantum mechanical treatment [5] is required. In
an attempt to address this question Bestle, Akulin and
Schleich [6] have employed a phase space description of
the stabilization process in which they concentrated on
two dynamic regimes of the system: For a sudden turn-
on of the field they predict classical stabilization while
for an adiabatic turn-on the origin of the process is of
a purely quantum nature.

METHODS

In this work we use quantum and classical phase
space distributions to show that a realistically shaped
laser pulse in fact displays both quantum and classi-
cal behaviour but at different times in the interaction
with the pulse. In the quantum calculation we solve the
time-dependent Schrodinger equation in one dimension
with a soft-core potential to obtain the wavefunction
at later times, we then use these time-dependent wave-
functions to calculate the Wigner function for the sys-
tem. In the classical case we start with a distribution
of points in phase-space corresponding to the classical
orbit (1D) and then solve the classical equations of mo-
tion for each set of initial conditions. We find three
distinct regimes during the pulse. Towards the end of
the pulse we find remarkable similarities between the
Wigner function and the classical phase distribution.

At the beginning of the pulse we find disagreement be-
tween the quantum and classical pictures, this is to be
expected as the field is relatively small, and therefore
the distributions are still dominated by the (widely dif-
ferent) initial conditions. Close to the peak of the pulse
we find that there is total disagreement between the
quantum and classical results.

In order to explain this behaviour we consider the
Wigner functions of the corresponding dressed eigen-
states, i.e. the eigenstates of the Kramers Henneberger
potential. Pulsed excitation results in a superposition
of KH eigenstates which interfere; this interference gen-
erates substantial regions in which the Wigner functions
are negative, something which classical dynamics can-
not replicate. A coherent superposition of a few quan-
tum states can not be modelled simply with a classical
distribution and as a consequence we have seen total
disagreement between the quantum and classical mod-
els in this domain.

RESULTS

In Fig. 1 (a) and (b) we have displayed the Wigner
function as a contour plot (a), at the end of the laser
pulse which can be compared with the classical distri-
bution in (b). We find at a glance that both are remark-
ably similar at this stage of the interaction. The size
of the structure is larger by roughly % in the quantum
mechanical case due to the uncertainty relation. The
fringes, which can be identified with the ionizing part
of the wave function, display small negativities in the
quantum case but are quite similar in length, separation
and orientation.

When the peak of the pulse is reached we still find
that the distributions are totally different. We note
that in the quantum mechanical distribution the fringe
structure is greatly reduced, this corresponds to a re-
duction of the ionisation since the atom is in the sta-
bilization regime. We also find two symmetrically ar-
ranged and strongly negative areas. It has been estab-
lished in quantum optics that these negative areas are
associated with purely quantum mechanical behaviour,
in particular arising from the coherence among the com-
ponents of superpositions of eigenstates of the system.
We have confirmed this idea with the evaluation of the
Wigner function of superpositions of eigenstates of the



corresponding Kramers Henneberger potential. These
superpositions show quite clearly the same symmetri-
cally arranged areas of negativity, a property which is
quite well known already in the field of quantum optics

7).

{a) Wigner Function: End of Pulse

Momentum

Position

(b) Classical Distribution: End of Pulse

Momentum

Position

Figure 1 : (a) Contour of the Wigner function and (b)
classical phase space distribution of the hydrogenic elec-
tron immediately after the application of a pulsed laser
field with 12 turn-on cycles, 12 turn-off cycles, max-
imal electric field strength Fo = 10 a.u. and angular
frequency w = 1 a.u. The quantum mechanical calcu-
lations leading to (a) are based on the dynamics of
the hydrogenic electron in the softcore potential as de-
scribed by the corresponding Schrédinger equation and
the distribution of dots in (b) arises from a Monte Carlo
distributed set of 1000 initial conditions in space and
momentum which have evolved in time via the corre-
sponding classical Newton equation.

In conclusion we have demonstrated that early in
the pulse, before the onset of stabilization, we observe
fringes in the quantum distribution consistent with ion-
isation of the atom. At the peak of the pulse, where
we expect stabilization to occur, coherent superposi-
tions of eigenstates of the time-averaged KH potential
are formed. This is a purely quantum mechanical ef-
fect and therefore it is clear that classical calculations

at this stage of the pulse will lead to incorrect results.
At the end of the pulse the number of eigenstates in-
volved in the superposition becomes increasingly large.
As we leave the stabilization regime the decay between
these states is no longer negligible, and as a consequence
there are decoherence effects. This decoherence erases
the quantum signatures. It is for this reason that the
classical calculations are so successful for this part of
the pulse.

REFERENCES
[1] B W Shore and P L Knight, J.Phys. B24, 325(1987).

[2] M D Perry and J K Crane, Phys.Rev. A48,
R4051(1993) and private communication; A L’Huillier
and P Balcou, Phys.Rev.Lett. 70, 774(1993); J J Mack-
lin, J D Kmetic and C L. Gordon III, Phys.Rev.Lett. 70,
766 (1993); J Tisch, R Smith, J Muffett, M Ciarocca,
J Marangos and M H R Hutchinson, Phys.Rev. A48,
R28(1994).

[3] A L’Huillier, I. A Lompre, G Mainfray and C Manus,
Advances in Atomic, Molecular and Optical Physics,
ed. by M Gavrila (Academic Press, New York, 1992);
M Gavrila (Ed),” Atoms in Intense Laser Fields”, (Aca-
demic Press, Boston, 1992); K Burnett, V C Reed, P L
Knight, J. Phys. B 26, 561 (1993).

[4] J Grochmalicki, M Lewenstein and K Rzazewski,
Phys.Rev.Lett. 66,1038(1991); R Grobe and C K Law,
Phys.Rev. A44, R4141(1991).

[5] 7 H Eberly, Q Su and J Javanainen, Phys.Rev.Lett.
62, 881 (1989)); V C Reed, P L Knight and K Burnett,
Phys.Rev.Lett. 67, 1415(1991).

[6] J Bestle, V A Akulin and W-P Schleich, PhyS.Rev..
A48, 746(1993).

[7] V Buzek and P L Knight, “Quantum interference,
superposition states of light and nonclassical effects,”
in Progress in optics, ed. E Wolf (North Holland, Am-
sterdam), to appear.

72



73

Stimulated Raman scattering from intense short-pulse laser plasmas

F.I. Gordon, H.C. Barr, T.J.M. Boyd, and S.J. Berwick
Department of Physics, Uniwversity of Essez, Colchester,COj 35Q

I. INTRODUCTION

Stimulated Raman scattering (SRS) is a parametric
instability in which an electromagnetic wave (the laser driver)
(wo, ko) decays into a scattered electromagnetic wave (ws, ks)
and an electron plasma wave (w,k). Sub-picosecond-pulse
laser development has led to interest in SRS in new regimes
applicable, for example, to recombination X-ray lasers and to
plasma accelerator schemes. The shortness and high intensity
of the pulse give rise to new physics seen in recent experiments
[Darrow et al(1992), Najmudin et al(1994)].

A model of SRS driven by short laser pulses has been
developed which shows the possibility for absolute (i.e. tem-
poral) growth of Raman scattering due to the inhomogeneities
in the laser intensity and plasma density at the pulse bound-
ary. The model is based on a pulse-frame analysis, where the
boundaries of the pulse are stationary. This frame is Lorentz-
transformed from the lab at the group velocity of the laser
driver. The resonant SRS daughter waves for both back and
forward scattering emerge from the trailing edge of the pulse;
in the pulse frame their group velocities have the same direc-
tion and hence the instability is always convective according
to the standard analysis [Rosenbluth(1972)]. However, the
short pulse duration, high laser intensities, intensity inhomo-
geneities and relativistic effects all give rise to material dif-
ferences in the Raman scattering process. High intensities at
high density mean that Raman backscattering (SRBS) is in
a strongly coupled regime where the linear dispersion char-
acterstics of the daughter waves no longer hold. Inhomo-
geneities in density or intensity give rise to mode conversion
within the pulse. This can be sufficient to complete a feedback
loop which can sustain absolute growth in the pulse frame.
Relativity places a limit on the driver strength as well as giv-
ing an effective density reduction and hence a quenching of
the instability in strongly relativistic regimes. For this paper
SRBS will be examined most closely.

The elements of the model are explained most simply for
the case of a homogeneous preformed plasma through which
a rectangular laser pulse propagates and within which the
only inhomogeneities are confined to the pulse boundaries.
Regions inside and outside the pulse are then easily ana-
lysed in terms of their (respective) dispersion relations. The
scattered frequencies detected are thus distinct from those
generated within the pulse [Darrow et al(1992)], but there is
continuity of phase across the pulse boundary. The boundar-
ies cause finite reflectivity of the waves (more properly a mode
conversion since it is not simply a case of reversing wavenum-
bers). Although in most cases this is at a low level, it is suf-
ficient to close a feedback loop between counterpropagating
waves within the pulse. In the pulse frame, since the prob-
lem is a static one, all frequencies are unchanged with only
the wavelengths altered. Viewed from the laboratory frame
the moving pulse boundaries cause frequency upconversion for

the wave reflected from the trailing edge of the pulse and an
equal downshift on conversion at the leading edge. Therefore,
there is some feedback from trailing edge to leading edge due
to a right propagating light wave. The amount of conversion
is small but sufficient to sustain absolute growth.

II. MODEL

The relativistic 1D Raman equations for a linearly polar-
ised driver are routinely obtained from the relativistic fluid
equations for warm plasma electrons. The ions are assumed
to be stationary and homogeneous. Use of a circularly polar-
ised laser driver avoids the complication of longitudinal elec-
trostatic effects which arise in the case of linearly polarised
light. However, since most experiments are carried out using
linearly polarised pulses, we take that as the polarisation
in our model, but it will be seen that circular polarisation
gives a similar dispersion relation. The derivation of the dis-
persion relation is presented elsewhere e.g.. McKinstrie and
Bingham(1992). The dispersion relation in the pulse frame
normalised variables is:

1 1 (k + uw)?
14X — =
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where wpo is the laboratory frame plasma frequency, ¢ the
peak quiver velocity of an electron, v; is the thermal electron
velocity, -y. is the Lorentz factor for the pulse frame. Here
7Ye 1s the relativistic dynamical factor due to electron mass
increase, defined by 7. = /(1 + ¢*/2). Here frequencies are
normalised to wop, densities to np and wavenumbers to c/wqg.
Except for SRFS at low densities, the anti-Stokes term at
w+wg represents a small correction. For the Raman-unstable
waves the first term in the final bracket is likewise small; the
dispersion relation also contains a branch corresponding to
a 4-wave modulational instability when this term is signific-
ant [McKinstrie and Bingham(1992)]. Landau damping is
accounted for at low densities by adapting ¢, to include the
correct kinetic susceptibility.

In the fluid model, the effect of relativity is twofold. First
the plasma frequency wpg is replaced by the reduced ‘relativ-
istic’ Lorentz invariant plasma frequency wp.p = w,,o/'yi/ 2
{wpo is the laboratory frame plasma frequency). So inside the



pulse the instability occurs at an effective density lower than
that which exists externally. Besides modifying the plasma
wave and scattered wave dispersion relations, the coupling
strength ) is also weakened by this reduction. Second,
q — ¢/~ which simply reflects the fact that the electron
quiver velocity is relativistically limited to values less than c.
There is an additional relativistic correction 1 — g%/~2 in the
scattered wave dispersion relation which varies between 1 and
1/2. Circular polarisation has an identical dispersion relation
except for this term; the orthogonal driver fields of circular
polarisation give exactly cancelling components.

III. ABSOLUTE GROWTH EIGENVALUES

In the pulse frame, the solution of (1) gives six modes. Neg-
lecting the anti-Stokes modes for the time being, three modes
travel from right to left and a single mode is right travelling
in the pulse frame, which, as it reflects off the leading edge
of the pulse converts partially into the three modes which
are travelling to the left. The amount of mode conversion
depends on the gradients at the edges but can be sufficient
to allow absolute growth in the pulse frame. The immediate
consequence of this is that exponentiation of growing modes
then occurs not over the pulse duration but over timescales
associated with the plasma length (Rayleigh length).

Eigenvalues for absolute growth are found by phase-
matching the solutions of the dispersion relation inside and
outside the pulse such that a time-asymptotic state is reached
for given values of density, pulse duration and laser intens-
ity. Seen from the laboratory frame modes impinging on the
pulse trailing edge are upshifted in frequency and downshif-
ted by an equal amount at the leading edge. This results in
an upshifted wave for backscattering by a factor of approx-
imately 4v2 = 4w? /wﬁ which can be a large 'photon acceler-
ation’ factor in an underdense plasma. For forward scatter-
ing this upshift is by a factor wo/ws =~ 1. A threshold for
absolute growth is found, dependent on the pulse length and
plasma density, but well below intensities achievable with cur-
rent high power laser systems, as shown in Figure 1 for SRBS
at the two densities n = 0.1n. and n = 0.01n.. Here we use
the variable vo = ¢/2 to represent the laser intensity. For
backscattering the threshold intensity rises at lower densities.
The results for backscattering (eigenfrequencies) are shown in
Figure 2 for a density of n = 0.1n., a temperature of 100eV
and a pulse length of 100fs. As expected from the discussion
above, there is a blueshifted wing of unstable frequencies due
to the matching between the modes at the pulse boundaries.

The relativistic increase in the electron mass effectively
lowers the plasma frequency in the pulse, so an apparent dens-
ity discontinuity is created at the pulse boundaries. Also the
laser driving strength is self-limiting, so that increasing the
laser intensity does not drive the system any more strongly. In
fact it is found that peak growth occurs at around g ~ 1.4 and
higher intensites give weaker growth. This relativistic quench-
ing of Raman growth [Sakharov and Kirsanov(1994)] can be
seen in Figure 2 for SRBS. A comparison of a non-relativistic
calculation with one which is fully relativistic for SRBS shows
that relativity leads both to a reduction in growth rates and
to the Raman emission being confined within a narrower spec-

tral range. The first feature is a consequence of the effective
reduction in density within the pulse and the second arises
due to the self-limiting of the laser driver strength- it acts
to give a lower effective intensity, so that for a given pulse
length, the threshold in intensity is higher. Thus SRS in the
relativistic limit behaves as if it were occurring at a lower
density. In particular, for SRFS the anti-Stokes (upshifted
scattered light) must be included, and it is found that in the
pulse frame, the scattered waves are at a frequency which is
below the plasma frequency external to the pulse- so they can
be trapped within the pulse. The scattered light propagates
at a velocity comparable to the laser pulse group velocity.
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In recent years, the generation of beat waves and
wakefields in a plasma has attracted a great deal of
attention, because on the potential use of such
waves as a means of accelerating particles to high
energy. In a recent paper1 we have shown how, in
wakefield generation, it may be advantageous to
split a given total energy available from a laser
driver into more than one pulse. This is because of
the nonlinear nature of the equation describing the
generation of the plasma wave. In normalised
coordinates!, the equation for the potential, in a
simple one-dimensional geomelry, is

e _1._ Y. _
d&? 2[(1+¢)2 1

with

1)

and a the vector potential of the electromagnetic
wave. In our work, the advantage of multiple pulses
was described in terms of a phase space analysis of
equation (1). The essential feature is that the
effectiveness of a driving term is much enhanced if

it is applied near a point where ¢ is close to its
minimum value of -1.

This, and other previous work along similar lines,

for example that of Umstadter et al 2 has generally
considered drive by a series of pulses of comparable
amplitude. This may not be the best way to use a
given total energy. If, instead, a substantial fraction
of the available energy is used in the first pulse, in
order to drive the system well into the nonlinear
regime, then smaller pulses following behind can
produce a dramatic increase in the amplitude. This
is illustrated in Fig. 1, where the wakefield
produced by a large initial pulse is shown to be

2 _ 1 + 2 amplified by two following pulses containing 20%
7,, - a and 10% of the energy of the initial pulse.
15 T T T T T T
-
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Fig 1 The wakefield potential (full line), produced by a series of three pulses
(dashed line). The normalisation is as described in Ref. 1.

The width of the pulses should be of the order of
half the plasma wavelength or less.

The idea of producing the electrostatic wave with a
series of pulses is obviously rather closely related to
the beatwave scheme, where the pulses can be
thought of as being produced by the beating of two
waves of slightly different frequency. Generally the

theory of saturation of beat waves has concentrated
on the spatially uniform case and on the temporal
evolution and saturation of the Langmuir wave.
However, if we think of the overall envelope of the
driving pulse for the beat wave being of finite
length, then we can use Eqn. (1) to calculate the
Langmuir wave generated in the steady state in the
frame moving with the pulse. Fig 2 shows the way



in which a driver of constant wavelength goes out of
phase, while if the frequencies are chirped in such a

way as [o give a wavelength increasing through the
pulse the final amplitude is énhanced.
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Fig 2 The top graph shows the beatwave driven by a pulse of constant
wavelength and the lower graph the effect of making the wavelength of the

beat increase through the pulse.

These results illustrate the fact that it is likely to be
useful to give some consideration to the way in
which the availalable laser energy is utilised to drive
a wakefield or beatwave. Although the results we
have presented are not optimised in any way, they
illustrate some of the possibilities.
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INTRODUCTION

The aim of this report is to show the atom/ion harmonic generation in
the single atom response. In the last few years there have been
several experimental studies [1-4] of harmonic generation at laser
intensities between 1014 and a few times 1017 W/cm2. These
intensities range from close to well above the saturation intensity of
any rare gas. The saturation intensity is conventionally understood as
the intensity at which a sample of atoms is mostly ionized. In
principle, going past the saluration intensity means that we should
now have a clear experimental evidence of the role of ions in
harmonic generation. Due to the larger ionization potential of rare
gas ions compared to the neutral atoms, the harmonics generated by
ions are expected to extend lo a higher order than the ones
generaled by neutrals.

Interpreting the results of present experiments is not however, as
simple as one might wish; going above saturation intensity does not
mean we completely deplete the neutral population. Moreover, the
neutrals that are left will experience very high intensities indeed.
and could generate very high order harmonics. The efficiency in
producing these high harmonics, however, will be much reduced

due to the small amount of atoms left.

A qualitative explanation of the experiments performed to date can
be obtained by combining the neutrals single atom response, with
that of ions, for a full pulse. This is what we present in this report, so
we can belter assess the relalive role played by Lhe single atom/ion
response. We shall address the case of Helium, and compare the
responses of neutral He for a full pulse, with that He+, the lalter
produced along the pulse as the neutral atoms are ionised. Helium
has the largest ionisation potential of all rare gases (U;=24.6 eV)
and can therefore survive to very high intensities in the ionisation
process. The intensities we have used in the simulations range from
6 x 101410 2 x 1016 W/cm?2 for a fixed KrF wavelength. The choice
of this wavelength is related to the efficiency in producing
harmonics. Larger wavelengths will produce higher order
harmonics but with an associated lower efficiency [5].

Finally, our results are compared with the available experimental
data [6]. Quantitative comparisons should, of course, involve a
calculation of the macroscopic issues of propagation with all its
associated complexity. The single atom response is, nevertheless,
useful in indicating at what intensities neutrals and ions are

competitive.

METHOD

Our approach is based on a two-step procedure where, as a first
step, the ionization and harmonic generation for the neutral Helium
atom is calculated in the Single Active Electron (SAE)
approximation with an absorbing boundary condition. The validity of
this approximation relies on the assumption that ionization is a
stepwise process. The effective potential V¢pr(r) of Helium is
constructed from Hartree calculations on its ground state, using a
modified version of the Hartree-Fock program. The ionization
potential we obtain from the effective potential is Upy=0.901 a.u.
(24.50 eV), very close to its experimental value (24.58 eV). From
the decrease of the norm of the neutrals’ wave function, a time-
dependent ionization function, Pjon(t) is obtained as the pulse
proceeds. In the second step, we solve the time-dependent
Schrodinger equation for the ion, and then, the ion wave function is
weighted by the time-dependent Pjor(l) ion-population function. In
this way the problem is reduced from the time propagation of a two-
electron wave function to the propagation of two one-electron wave
functions. The numerical time-evolution of the one-clectron wave

function is performed using standard techniques.
NUMERICAL RESULTS
We calculate the harmonic generation from neutrals and ions for a

number of laser intensities in the range 1015 - 5x1016 W/cm? for a

sine-squared pulse of 128 cycles at different laser peak intensities,
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including the ions' response during the pulse. The populations of He

and He+ together with the pulse profile for these parameters are



plotted in Figure 1. Finally, we compare our harmonic generation
results with the experimental ones from references [6]. The best fit
between experimental and numerical results occurs at intensities
around 3.5 x 1015 W/cmz2. This is shown in Figure 2 where the
experimental data are plotted together with the neutrals and ions

response at I=3.2 x 1015 W/cm2. (The experimental data are

normalized to the 13th harmonic).
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Figure 2

The agreement between the experimental and the numerical
spectra is remarkably good. We can sce that both, neutrals and ions,
show the characteristic structure of a plateau followed by a cutoff.
The plateau of ions extends to higher orders than the neutrals, and it
is crossed by the neutrals cutoff around the 15th-17th harmonic. So,
in fact, only the higher peaks (19-23 orders) are produced by ions
exclusively.

The fact that such good agreement between numerical simulations
and experiments is reproduced by using a peak intensily almost two
orders of magnitude lower than the one claimed in the experiments,
suggests that the effect of the defocussing of the laser beam at such
intensily, gas density and experimental geomeltry is important. A full
treatment of the defocussing inside a gas will require a complex
calculation on the refractive index gradient produced by ionization.
We could not assert that defocussing is solely to blame for the
apparent decrease in intensity. In fact, other transverse properties of
the beam - intensity variations, filamentation, poor beam quality - as
well as longitudinal propagation effects, should be taken into
account to have a full description of the experiments. It is quite
impossible, at the present time, to combine a full treatment of single
ion/atom evolution within a pulse with all the issues of beam
study does, however, provide

propagation. The present

exceptionally strong motivation for pursuing studies of this kind [7].
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TWO COLOUR HARMONIC GENERATION
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INTRODUCTION

The dynamics of an atom driven simultaneously by two frequencies
displays important novel features that cannot be seen with single
frequency driving [1-4]. For example, an enhancement of high
order harmonic generation has been demonstrated in irradiation of
rare gas atoms with a combination of the fundamental and third
harmonic of a laser field [5]. Also early work on two-colour
experiments using the fundamental and the second harmonic of a
laser field showed that the relative phase between two fields had a
significant influence on the ionization yield, the photoelectron
spectra and the associated angular distributions [6]. The effects
associated with the relative phase between two fields should be
more evident for the cases in which the electron wave packet 1s
strongly driven by the laser field. One should expect, therefore, to
observe larger effects in the tunneling regime and in the stabilization
regime. With al! this premises in mind, we certainly want to know
not only how two-color excitation of neutral atoms boosts overall
harmonic generation but whalever one can drive the higher order

harmonics more efficiently.

We shall address these questions by calculating the harmonic
generation from a Hydrogen atom interacting with a two-color laser
field. The two laser frequencies are chosen to be the fundamental
and its third harmonic with the same intensily and a relative phase

between them :

H,,= 7 . E sin(@ t) +E, sinBot) +®)
where E_, and E,, are the fundamental and third harmonic field

amplitudes, @ is the fundamental frequency and @, is the relative

phase between the two fields (all in atomic units).

Our goal has been to sludy the effects of the two-colours and the
influence of the relative phase in the tunneling regime. This has
been done by solving the Schrddinger equation for different
frequencies and values of the relative phase @. The method used to
solve the two-color excitation is an straightforward extension
(provided both fields have the same linear polarization) of the
standard methods used to solve the inleraction of an atom with a

linearly polarised field (7].

To produce the maximum enhancement of the harmonic conversion

efficiency we choose the same field amplitude for both fields,

1.e.E, = E,,: With these conditions the maximum time varying

electric field is achieved for a relative phase difference between
the two fields of @ = &, when the maximum field strength of the

combined fields reaches the value E =2 x E twice each cycle.

TUNNELING REGIME

The tunneling regime is conventionally characterized by the

Keldysh parameter being smaller than unity, i.e. 1’Ui /20, <l.

(Here U; refers to the ionisation potential and U= E? /4 @? refers
to the ponderomotive potential). Physically that means that the laser
field can be considered as a quasi-static field (high-intensity, low-
frequency) that lowers the atomic potential so that the electron is
able to tunnel out. The subsequent evolution in the continuum of the
wave packet that has tunnelled out can then be described almost
“classically" since the interaction with the electric field dominates
and the influence of the Coulomb potential could therefore be
neglected. Harmonic generation is understood in this context as due
to the rescattering of the electron being driven back by the field to
the nucleus and emitting a photon. This view is supported by the
success of the classical model in explaining the origin of the
harmonic cut-off [8].

In the two-color tunneling regime we expect the ionisation yield to
be dependent not only of the maximum field strength of the
combined fields but also on the relative phase @, since the potential
barrier is significantly modified by this relative phase. In order to
see the effect of the two-color interference we calculate ionisation
yields and generation of harmonics for one single color at different

intensities and compared them with the two-color results.
RESULTS

We first present results for a hydrogen atom irradiated by the

combination of the Nd:YAG laser frequency (A =1064 nm ) and its
third harmonic (A,, =350 nm) at E_, = E,, =0.05 a.u. (I=8.3x 1013

W/cm2). For the sake of comparison we also include the ionisation

produced by the fundamental laser alone at E, and at twice the

)

electric field amplitude E =2 x E,, (I=3.5x 1014 W/cm2).

latter case we have already surpassed the saturation intensity for this

frequency and pulse shape. (The saturation intensity is



conventionally understood as the intensity (for a given wavelength
and pulse shape) at which a sample of atoms is mostly ionised).

Since surpassing the saturation intensily diminishes the efficiency on
generating harmonics one should be careful in comparing the

effects of one and two colours at these high intensities.
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Figure 1

In Fig. 1 we show the harmonic spectra in the tunneling regime for

one and two-color cases (the corresponding ionisation yields are

shown in the inset) (Full symbols correspond to one colour case and
open symbols lo two colours at relative phases of 0 and m). All the
spectra have been normalised to the first harmonic so that a better
comparison of the conversion efficiencies can be made.

The two-color harmonic spectra show formally the same pattern as
their one color partner: a plateau of harmonics and an abrupt cut-off
where the intensity of the harmonics drop off rapidly. However a
closer inspection reveals significant differences. First of all, the
plateau structure appears less clearly defined than in the one color
case. The most strnking difference, however, is the conversion
efficiency in the two-color cases compared to one color. Generally
speaking the conversion efficiency is much beller for the two-
colours case regardless the relalive phase. This is specially true for
low energy harmonics, those with energies below U; + Up which are

enhanced by almost four orders of magnitude compared to the one

color case at E=E_ . Furthermore, if we compare conversion
efficiencies between two colours E, = E, and the fundamental

alone at E=2 x E_ we still find harmonics with intensities two orders

of magnitude larger in the bichromatic case. Since the residual
tonisation for two color is smaller than the one produced by the

strong field (E=2 x E,_), as it is clearly shown in Fig. 1, the

conversion efficiency increase seems to be partially related to the
interference between the two colours. To reinforce this idea we
compare the harmonics generated by one color and Lwo colours,

when both cases produce Lhe same ionisation yield. This is

accomplished for example, with a single laser operating at E 0=0.09
au. (I=2.8 x 1014 W /cm?2) (open symbols) and the two-color lasers
at Ew=E3.=0.05 a.u. and ® = 7 (full symbols). For both cases the
residual ionisation at the end of the pulse is practically the same but
the enhancement of the harmonics is drastically different as it can

be seen in Fig. 2.
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Figure 2
We have repeated our calculations for higher field intensities and
the results are in agreement with what we have already presented.
However the improvement on the conversion efficiency is obviously
reduced if we are above saturation intensity or over barrier
ionisation. Finally for lower ratios between the two fields i. e.

E, /E,, > 1 he enhancement in the harmonics is also smaller.
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SPECTRAL LINE TRANSFER MODELLING IN COLLISIONALLY PUMPED X-RAY LASERS

KA Janulewicz, SB Healy and GJ Pert
Department of Physics, University of York.

Introduction

Demonstration of effective X-ray laser generation neces-
sitated a resurgence of interest in ASE devices because all
present X-ray lasers work as mirrorless structures. The ear-
lier, basic model formulated in terms of a pure two-level
scheme and rate equation approximation (REA) did not give
good agreement with the available, limited amount of exper-
imental data on the spectral line profiles of existing X-ray
lasers and had to be re-examined. In more general treat-
ment Pert (1994) and Koch (1994) removed many of the
simplifying assumptions of the basic model. It was confirmed
that even a relatively small contribution of a homogeneous
component reduces markedly the rebroadening effect associ-
ated with the presence of an inhomogeneous component. No
rebroadening effect was observed in the experiment (Koch
1993, 1994). However, the question of finding a full and ef-
fective descriptive method determining spectral profile mod-
ification is still open.

In the present paper, the kinetics of an active medium and
the medium-radiation interaction are described in the terms
of the density matrix elements. It has been assumed that
the interaction of linear polarized plane wave has a quasires-
onant character. The spontaneous emission term and degen-
eracy are introduced phenomenologically. The output signal
is analysed in the terms of Rabi frequency, which can be
easily, if required, transformed into the intensity domain.
Power broadening is introduced explicitly. In typical X-ray
lasers schemes (especially collisionally pumped) we can ex-
pect comparable homogeneous and inhomogeneous compo-
nents, hence we have decided to extend our analysis to ar-
bitrarily broadened medium described by a Voigt profile. A
generalised two-level atom model is used and connections to
other levels are taken into account by effective values of the
rate constants. Calculation of the complex expression for the
Voigt profile is facilitated by adopting of the approximation
method proposed by Kielkopf (1973).

Use of the strong collision model, which considerably sim-
plifyies calculations, is justified by the physics of collisionally
pumped X-ray lasers. In collisionally pumped lasers electron
energies kT.=500-900 eV are significantly larger than the en-
ergy gap between the laser levels ( 50-60 eV) and as result
inelastic electron-ion collisions are the dominant process in
the plasma and elastic, phase changing collisions can be ne-
gleceted.

Model

An idealized ASE element consisting of a homogeneous,
isotropically emitting, amplifying medium of length L and
diameter 2¢ is considered to be interacting incoherently with
a plane, linearly polarized wave. A photon flux is sponta-
neously emitted within whole volume of the active medium,
but only radiation within a solid angle A® = (a/2L)? is as-
sumed to be amplified. No refraction and nonlinear effects
changing the beam parameters are included in our model.

The use of a unidirectional laser line transfer model is
justified by the relation between typical gain durations (100-
200 ps) and propagation time scale (velocity of light). The
steady-state limit is valid because the laser intensity does

not change significantly on a time scale comparable with
characteristic times of the system.

Kinetic equations describing the interaction of quasi-
monochromatic radiation with a medium consisting of gen-
eralized two-level atoms have the form (Kolchenko 1968)

2 . .
(5; + 79 )pu = £Re(jVinn* prmn) +51 + 0 (1)
2] .
(E + Uv)ﬁmn = Jan(Pmm - Pnn) + S (2)
Here Vinn = — X e~ 3(—k7) ig the matrix element of the in-

teraction and q; is the excitation rate of the level I = m,n.
We will use for the sake of simplicity only one subscript [
to denote parameters connected to each of the laser levels
(m,n) and the corresponding diagonal density matrix ele-
ments (piy = pmm, Pnn). X = p&o/2h is so called Rabi fre-
quency; g denotes a matrix element of the transition dipole
moment and £y is the amplitude of the electric field.
determines the frequency detuning from the line centre wyq
(@ = w — wo) and pmn = pe 7 is the nondiagonal el-
ement of the density matrix. Collision integrals S; and S
have the standard form and its kernel are specially simple
for the strong collision model.

To solve integro-differential equations (1) and (2) Rautian
and co-workers introduced partition of the atom lifetime at
the given state into two parts (Rautian 1979). The first
with the length 71, determines the lifetime of the atom in an
unperturbed state (mean time between successive collisions).
The second part with the length 75; corresponds to the rest of
the lifetime and determines time of radiation interaction with
the atom in its perturbed state. Thus solution of (1) and (2)
for the amplitude of nondiagonal density matrix element has
extremely simple form given by,

iX(Q,X,z)NY

<p Qerz >=
( ) 14 2] Xine (@, X, 2) Pr2¥?

®)

where Y is the convolution of the homogeneous and inho-
mogeneous spectral component. Using Kielkopf’s approxi-
mation we can transform our radiative transport equation
for a spectral component of the emitted line (3) after some
algebra to its final form

dl X)\(K;;Z,X)l =90(0)(1+(%)

[ X °U(z)

+
IX{ TV U'dt’
(] K) [] nt 2Y0

Q
+ g0 (O)Amn(l + _) [Th'n.u -
wo

| Xint PrmVoU(z)

T U@ (4)

From the last equation it is clear that 75 # 0 introduces some
additional saturation which appears as a homogeneous (non-
selective) amplifying band in the population inversion. This
additional saturating factor is the result of the finite proba-
bility that an atom removed from its initial state returns as
a result of succesive collisions.



Results

Expression (4) was used to model the modification of the
spectral line profile propagating along an amplifying medium
for Ne-like selenium and Ne-like germanium collisional lasers.
We limited our interest to only one line for each laser, the
J=2-1 transitions at A=206.38 A and A=236 A for selenium
and germanium, respectively. For selenium the kinetic data
are taken from (Koch 1994) and for germanium it were ob-
tained from the EHYBRID-code described by Holden et al.
(Holden 1994). In both cases the dependece of the FWHM
and output signal on 1) the length of amplifying medium, 2)
small signal gain coefficient and 3) the level of spontaneuous
emission was investigated. Additionally, having put 7 = 0
influence of the redistribution by inelastic collisions can be
derived.

The FWHM of Lorentz and Doppler broadened compo-
nents for Ne-like selenium were equal to 14.1 mA and 35.9
mA, respectively. The FWHM of the resulting Voigt profile
was estimated to be 43.95 mA.

The following parameters were used in the calculations:
small signal gain in the centre of the line - go(0)=3.2
cm~! and 5.5 cm~!; ion temperature T;=400 eV; ion mass
m;=78.9 in atomic units; electron temperature T.=900 eV.
Output signals appear only weakly dependent on the uncer-
tainty in determining the spontaneous source emission level.
The major uncertainty is associated with the estimated value
of the solid angle in which radiation is directed. The larger
aspect ratio of the medium results in the broader line of
0.73 mA. The calculated FWHM values have been com-
pared with those obtained experimentally by Koch, and the
FWHM dependence on medium length is shown in Fig.1 for
lengths up to 65 mm. The experimental point correspond-
ing to the length 63 mm was obtained as a mean value from
two different measurements and the curves are plotted for
two different aspect ratios. The agreement is satisfactory,
apart from the first two points which were accompanied by
reduced measurement accuracy (especially the first) because
of high noise level (Koch 1993). The uncertainty in the first
point was conservatively estimated as equal to £10 mA. In
contrast to the theoretical calculations by Koch, our calcu-
lations do not show slight rebroadening for lengths greater
than 3 c¢m, in accordance with experiment. Moreover, the
linewidth is still decreasing with rate & 0.0001 mA/mm.
This small discrepancy could be explained by the contribu-
tion of power broadening in our model, in contrast to that
used by Koch.

{ Ne-like line 206.38 Angslr. |

50
W §0(0)=5.5 [1/cm)

FWHM [milliangstroms}

Lengih of active medium fmm]

Figure 1: Laser linewidth vs. target length for Ne-like Se
laser determined: -within the present model with the aspect
ratio equal to 10~7 (dotted line); -within the present model
with the increased value of the aspect ratio to 108 (more
relevant to the experimental conditions) (solid line); - by
Koch's experimental data (Koch 1993) (asterisks) ’

For the germanium laser the steady-state kinetic data was
taking from calculation performed with the EHYBRID nu-
merical code. All rate constants greater than 10° 1/s were
taken into account. The small signal gain coefficient used
was go(0)=3.8 cm~!. We assumed considerably lower elec-
tron temperature T.=600 eV than that used earlier for mod-
elling (Holden 1994) and an ion temperature of T;=250 eV’
was assumed. This data set is more relevant to the ex-
perimental situation. Changes of the absolute value of the
linewidth are shown in Fig.2. The calculated linewidth of the
intrinsic profile is comparable with that presented in Table.5
in (Holden 1994) where it was estimated for higher electron
temperature (900 eV') to be equal to 2.1x10~%. Our calcu-
lated value amounts to 1.84x10~* for T.=600 eV .
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Figure 2: Absolute value of the linewidth vs. target length
for Ne-like Ge

Conclusions

The solution of the general kinetic equations after some
simplifications relevant to the physical processes were used
to derive the final, relatively simple formula for saturated ra-
diative transport adapting Kielkopf's Voigt profile approx-
imation. Using Eq.(4) changes of the FWHM, output sig-
nal, and gain coefficient during the propagation in saturable
amplifying medium have been determined. The results pre-
sented confirm that this model would be adequate for the
purposes of predicting the laser linewidth in collisionally
pumped lasers.

The proposed method possesses the additional advantage
that the Voigt profile approximation implemented, reduces
the time consuming calculation of the component convolu-
tion. In the unidirectional case presented and medium length
of 65 mm the full run time has been reduced to less than 2
min. on the Silicon Graphics workstation used.
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Raytracing Simulations For X-ray Lasers
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Introduction

Electron density gradients cause refraction of the laser sig-
nal as it propagates through the plasma. This limits the
maximum propagation distance within the gain region and
so limits the maximum signal achievable using a single am-
plifier. Several methods of overcoming these problems have
been suggested.

The benefits of using a toroidal shaped target has been
suggested by Lunney(l]. This compensates for refraction
both radially and transversely by curving the target to follow
the signal path.

Radial refraction compensation by bending the target
along its length has been demonstrated experimentally at
Osakal2]. Refraction in the radial direction is stronger than
that in the transverse direction. A large increase in the sig-
nal is observed due to more efficient sampling of the target
length. The effects of target curvature have been investi-
gated using 2 3D raytracing model[3].

The raytracing code is applied to a Lunney target to in-
vestigate the possible benefits of refraction compensation in
both radially and transversely.

The effects of curvature along the target length are taken
into account by altering the ray angles at each cell exit. The
effects of the transverse curvature of the toroidal system on
the ray path are modelled by altering the transverse density
profile accordingly. The test case is 2 4cm long, 100pm wide
germanium slab target irradiated at 1.5 X 1013Wem ™2 at a
wavelength of 1.06um. The target was curved along the las-
ing axis by 6mrad/cm and the radius of transverse curvature
was varied from oo — 1.25mm.

Simulation Results

Figure 1 shows the far field pattern when the target is curved
only along the lasing direction. Figure 2 shows the identical
pattern when the radius of transverse curvature is decreased
to 1.25mm. The only noticeable improvement is a slightly
better defined lobe structure. This indicates that the opti-
mum gain length path is hardly altered even by this severe
amount of curvature. Figure 3 show the output signal ver-
sus transverse radius of curvature. A target with a radius
of transverse curvature of infinity is marked on the intensity
axis as a single point. Little increase in the signal is ob-
served until the radius of transverse curvature is ~ 0.2mm.
This curvature would be difficult to achieve experimentally
by bending the target by mechanical pressure. Alternative
methodsfor transverse refraction compensation are currently
being investigated.
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COMPARISON OF APPROXIMATIONS FOR COLLISIONAL ABSORPTION IN HIGH FIELDS

G J Pert

INTRODUCTION

The development of high power ultra-short pulse lasers has led to
generation of cold ionised plasma via multiphoton ionisation, and the
related effect of high harmonic generation. The importance of these
plasmas as a medium for recombination laser action at sufficiently
high density, has re-opened the question of collisional, or inverse
bremsstrahlung, absorption at high fields and low temperatures. In
longer pulse, lower power applications the electrons will undergo
several 90° scatterings during the pulse, and their ‘temperature' will
rapidly become comparable to the quiver energy. In consequence the
perturbation of the "distribution function away from Maxwellian
rapidly becomes the determining factor in modifying the absorption
coefficient - the Langdon effect. However with short pulses and high
fields the number of 90° scatterings will be small, and the
‘temperature’ remains small compared to the quiver energy, ie the
absorption remains in the strong field limit. In this regime the
absorption is dominated by the quiver motion, rather than thermal.

The general theory of collisional absorption in arbitrary fields has not
yet been developed, although a basic formalism was identified by
Kroll and Watson. Rather the problem has been tackled by various
approximations valid under appropriate conditions. These are
identified by limits set by three characteristic energies, #o, the
photon energy, 4 mv* the thermal energy and % mu® the quiver
energy. These exist in essentially three distinct approximations:

i. Low field The general single photon quantum mechanical theory
of Sommerfeld® ef al is valid if % mu* « ho. The classical
description of bremsstrahlung emission is related to absorption via
detailed balance and valid if % mu?® « % mv?. Both yield the same
form with the results usually expressed in terms of a
connection-Gaunt factor.

ii. Straight line path The general straight line path approximation
requires that the perturbation is induced by the collision including
absorption be small. It appears in two forms quantum mechanical,
Bom®, or classical’ depending on the ratio of the electron
wavelength to the Debye length.

iii.Impact (classical) approximation In this approximation the
photon energy is small and the electron quiver motion is treated
classically as a vector component of the total velocity. Only
collisions occurring in a time short compared to the period of the
field are considered to give rise to a change in the thermal velocity.
The collision is governed by the instantaneous electron velocity
which limits the impact time, and also establishes whether the
collision itself can be treated by the classical or Bom limits for
elastic scattering.

Calculations in the high field limit have mainly been performed using
one of the straight line path approximations: the Born approximation
being especially popular, although the classical approach has also
been used, but has the disadvantage of requiring an imposed
logarithmic cut-off to take account of the close large angle scatterings
with impact parameter approximately equal to the Landau parameter
Ze mv.

This study arose from the realisation of a small discrepancy between
results obtained with the Born approximation’ and the impact® model

at high fields and small photon energy. We therefore concentrate on
this limit, although more general results have been obtained and will
be published elsewhere.

At high fields the energy absorbed per second by an electron in the
Coulomb field of ions of density p may be written

Ze?)?
q-a&) o 0

where Z is the ion charge, and ¢ and m the electron charge and mass S
is a parameter to be determined.

Straight line path

In both limits the final absorption rate may be expressed as a sum of
rather similar terms over an index, which is the photon number in the
quantum limit  Both the high field limit and the impact
approximation correspond to a large range in this sum. For electrons
with an isotropic distribution of uniform speed these sums can be
analytically evaluated to give in the high field limit. For the Bom
approximation when the photon energy is small:

§ = In(x) In(4y) + %[lnG)T* (2)
and for the classical case
S = In(x) In(z) (&)

where x = (WV)’, y = lo/mv* and 2’ = k'v/w are all large, and k' is the
wave number cut-off required by classical theory to allow for the
divergence imposed by the failure of the straight line path approx-
imation at small impact parameters. For the present we assume k' is
constant, but in practice it will depend on the total velocity rather
than the thermal alone.

For the Bomn approximation we may obtain Polishchuk and Meyer-
ter-Vehn's’ result by integrating over the Boltzmann distribution.

Impact approximation
The impact approximation can also be used under these same

conditions to yield":
§ = In(4x) In(2y) + %[ln(4x)])’ @

in the Bomn approximation. For comparison with the straight line
path, the classical cross section must be calculated with a constant
wave number cut-off to give:

§ = ln(@x) ln(z) + Y{ln(@0)] ©)
DISCUSSION

Comparing the leading terms in these two sets of expressions we note
a constant difference of Yi[In(x)]’ in the leading terms. Since this
appears in both cases it is clearly associated with a fundamental
difference in the two approximations.

Within the impact approximation it is easily shown that the
coefficient of this [log(x)]* arises from the variation of the argument
of the Coulomb logarithm with the total velocity: w = v + u, In the
impact approximation this is imposed by the condition that the
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collision be complete within the period of the wave, ie the outer
impact parameter cut-off is w/o.

The impact approximation can be treated as an asymptotic limit of
the straight line, however a careful review of the asymptotic condition
shows that it implies of an outer limit v/@, ie determined by the
thermal speed. This result is consistent with the results obtained
directly. However retuming to the general validity condition for the
straight line path it can be seen that when the absorbed energy is large
compared to the thermal energy, ie x » 1, the velocity is markedly
changed during the collision and the approximation cannot be
accurate. We therefore conclude that at high fields the additional
term in (4) and (5) should be included.
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Simulations of Collisionally Pumped Neon-like Germanium Irradiated with a Prepﬁlse.

SB Healy and GJ Pert
Department of Physics, University of York.

Introduction

The collisionally pumped x-ray laser is currently considered
the most robust method for generating high intensity Ampli-
fied Spontaneous Emission (ASE) in the XUV region. As the
general physics of these systems is becoming progressively
more understood (eg Holden et al 1994), increasing attention
is being paid to improving the efficiency of these lasers. Con-
sequently, alternatives to the original single pulse, flat target
experimental configurations are being investigated. Both re-
fraction compensation using target curvature (Kodama et
al, 1995) and driver energy reduction using multiple pulses
(Daido et al, 1995) have given promising results. An alterna-
tive approach, which is considered in this work, involvesirra-
diating the target material with a low energy prepulse which
precedes the main pulse by several nanoseconds. Nilsen et al
(1994) have demonstrated that this can have a dramatic af-
fect on the output of the J = 0 —1 line for ions ranging from
Ti12+ o Se?4t, Experiments have also been performed by
groups at Garching (Fill et al, 1995) and Orsay (Klisnick et
al, 1994) However, this report is motivated primarily by ex-
periments undertaken at RAL by Cairns et al (1995), which
have shown an enhancement of the 196A and 236A lasing
lines of Ge22% with prepulses of 0.02% and 2% of the main
pulse.

In order to investigate how a prepulse can improve the
output of an x-ray laser, two aspects of the resulting plasma
have been considered in detail. Firstly, preforming the
plasma may lead to increased absorption and result in con-
ditions which are more favourable for generating large gain
coefficients (gain at higher electron temperatures and densi-
ties). Secondly, it should reduce the electron density gradi-
ents and refraction of the laser beam, enabling better sam-
pling of the gain regions.

The Computational Model

The 1.5D hydrodynamics/atomic physics code, as described
by Holden et al (1994), has been modified for the purposes
of this work. Bonding of the cold solid has been included
by implementing the Chart D Equation of State package
(Thompson et al,1975). In addition, experimental values for
the thermal conductivity (Regel et al, 1971) of Ge in the solid
and molten liquid regimes upto a temperature of ~ 0.8eV
have been included. These modifications have been made
in order to describe the plasma formed during the prepulse
as accurately as possible. The electron density and gain
profiles are postprocessed with the raytracing code described
by Plowes et al(1995).

Results

The results that are presented refer to a Ge slab target of
the length 1cm width 10~2¢cm and thickness (parallel to
the pumping laser) 10~%cm, irradiated by a 1.06um optical
pump. The prepulse precedes the main pulse by 5ns, both
of which have the same trapezoidal shape, characterised by
a rise to peak power in 200ps, 300ps flat and 200ps fall. The
peak intensity of the main pulse is 1 x 1013 Wem =2 which is
fixed in all the simulations, giving 50J delivered on target.
The prepulse level is varied and is specified as a percentage
of the main pulse.

The absorption of the main pulse is significantly enhanced
as the prepulse level is increased as a consequence of more in-
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Figure 1: Variation with prepulse level of the absorbed
energy (Eabs), the kinetic energy of expansion (Ekin) and
random thermal energy (Etherm) at 500ps into the main
pulse. :
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Figure 2: Variation of the peak electron temperature with
prepulse level at 500ps into main pulse.
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Figure 3:  Variation of the 196 radial gain profiles at
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Figure 4: Variation of the 236A radial gain profiles at
500ps with prepulse level.

verse Bremstrahlung heating in the preformed plasma. This
is apparent in figure 1, which shows the aborbed energy
500ps into the main pulse when 40J has been delivered.
In addition, the expansion cooling during the main pulse
('Ekin’ shown in figure 1 which gives a measure of the expan-
sion cooling) is reduced with prepulse level, as progressively
more work is done in expanding the plasma before the main
pulse switches on. Consequently more of the absorbed en-
ergy is stored as random thermal energy ("Etherm’ in figure
1) or is used to ionise the plasma, which indicates improved
conditions for gain. However, if the prepulse is too big, too
much plasma is formed and electron temperatures within the
plasma will begin to fall as shown in figure 2.

Figures 3 and 4 show the radial gain profiles of the
196A and 236A transitions respectively, 500ps into the
main pulse. The high gain regions initially broaden as the
prepulse level is increased. However, at prepulse levels above
10% the gain coefficients begin to fall, reflecting the reduced
temperature as too much plasma is created. In contrast,
the electron density gradients become flatter as the prepulse
level is increased . The combination of these factors gives
rise to an optimum prepulse level: the prepulse must be large
enough to produce a flatter density profile whilst not being so
large as to significantly reduce the electron temperature and
thereby bring down the gain coefficients within the plasma.
Identifying the optimum level can only be done by raytracing
profiles predicted with the hydro/atomic physics code. The
results of such a calculation are shown figure 5. It should
be noted that both the 196A and 236A lines show an en-
hancement over their single pulse values although it is more
dramatic for the former. The 236A line has a higher inten-
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Figure 5! Variation of the output intensity with prepulse
level of the 196A and 236A transitions

sity for all the simulations but the 196A line is comparable
which is unlike the single pulse simulations where the for-
mer dominates. It is interesting to note why the 196A line
is enhanced more than the 236A line. Simulations to calcu-
late the ’source’ (Plowes et al 1995) of the far field pattern
for both lines indicate that the 196A beam originates in a
lower density region and propogates further along the las-
ing axis before it is refracted out of the plasma. Therefore,
this line is more sensitive to better conditions within the the
plasma as the laser beam has a longer path length through
the improved gain coefficients than the 236A line.

Conclusion

The simulations have shown that a prepulse which precedes
the main pulse by 5ns can significantly modify the state of
the laser produced plasma during the main pulse. This is
due to increased inverse bremstralung absorption in the pre-
formed plasma and a reduction of expansion cooling during
the main pulse. Consequently, the ionisation and random
thermal energy components of the overall energy balance are
found to increase indicating that the plasma is more ionised
and hotter. However, if the prepulse is too big, too much
plasma is formed and the electron temperatures begin to fall.
An optimum prepulse level arises because larger prepulses
give rise to flatter density gradients, enabling better pro-
pogation of the laser beam but this is eventually countered
by lower gain coefficients due to the reduced electron tem-
perature. Raytacing indicates the optimum prepulse level is
in the 5 — 10% region.
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Residual Electron Energy Simulation of
Optical-Field-Ionised Nitrogen

MJ Grout and GJ Pert

Department of Physics, University of York

Introduction

A conventional thermally ionised recombination x-ray laser
scheme involves irradiating a target with a high power and
energy pump laser. This forms a high temperature plasma
of either fully stripped or closed-shell configuration ions. If
rapid cooling follows, a population inversion may result from
the ensuing electron recombination. However with recent
advances in ultrashort-pulse, high intensity and low energy
pump lasers, optical-field-ionisation of gas targets resulting
in low temperature electrons may now be possible, without
the need for cooling. In this paper the case of lithium-like ni-
trogen is considered, which may producelasing to the ground
state. A crucial factor to the feasibility of the scheme is the
electron temperature. Simulations of the dominant heating
mechanisms present during the pump pulse have been per-
formed using both particle in cell (PIC) and analytical codes.

Description of Codes

The 1D PIC code MULTIPHOTON1 considers a Gaussian pro-
file pump beam symmetrically positioned such that the 1/e
full width covers the centre quarter of the mesh. The beam
profile has random phase modes superimposed on it. The
code calculates a tunnelling probability for multiphoton ion-
isation by a strong linearly polarised EM field. Above thresh-
old ionisation (ATI) heating due to phase mismatch between
the instant of ionisation and the peak of the EM wave, is cal-
culated at the time of ionisation of each electron. Strongfield
inverse Bremsstrahlung heating from transfer of quiver en-
ergy into thermal energy during an elastic electron-ion colli-
sion is calculated by Monte-Carlo methods for multiple small
angle Coulomnb scattering. A 1D external field structure and
space-charge effects are included.

Two numerical codes ANALYTIC and AVERAGED were used
in conjuction with MULTIPHOTON1. Both codes calculate ion-
isation and ATI contribution every half cycle of the incident
Gaussian wave. Again the ionisation was calculated from the
tunnel ionisation probability, and the strong field finite tem-
perature approximation [1] gave the inverse Bremsstrahlung
heating. MULTIPHOTON1 and AVERAGED produce an elec-
tron energy averaged over electrons found in the centre three
quarters of the beam. Whilst ANALYTIC gives an energy for
the electrons at the peak of the beam spatial profile.

Simulation Results

Simulation conditions were as follows. A driver pulse of 100fs
(FWHM) at wavelength 250nm, was focussed over a length of
10cm to produce a 30pm (FWHM) spot, with peak intensity
3 x 1018Wem™2, This intensity was above the threshold for
producing a very high degree of helium-like nitrogen ions
close to the peak of the spatial profile.

For an ion density of 1.0 x 1018cm—3 MuLTIPHOTON1 pro-
duced the residual energy trace shown in figure 1. This shows
that kinetic energy was dominant whilst the potential en-
ergy due to electron expulsion by the ponderomotive force
was small. Most heating occured during the first half of the

pulse and the time just after the pulse started played an
important role.

Figure 2 shows strong agreement between MULTIPHOTON1
and AVERAGED indicating that for these conditions the an-
alytical model works well. Thus ANALYTIC gives accurate
energies for electrons ionised at the peak intensity to leave
helium-like ions which can recombine into the lithium-like
state.

Now that realistic values for electron temperatures have
been found, work will continue by running the ANALYTIC
code with an atomic kinetics model. Initial studies suggest
that lasing on the 3ds > — 2p3/2 (248A) transition in nitro-
gen may give high transient gain, and thus this scheme may
possibly result in a viable tabletop x-ray laser.
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HIGH POWER LASER DEVELOPMENT AND OPERATIONS

M J Shaw

Rutherford Appleton Laboratory, Chilton, Didcot, Oxon. OX11 OQX

INTRODUCTION

This year has been a very significant year in the development of
the high power laser programme at the CLF. It has been the last
year of operations for the Sprite KrF laser system. The last shot on
Sprite was fired by Paul Williams on March 31 1995. The new
KrF laser system Titania will be built in Sprite’s place over the
coming ‘year. The work on laser development reported here
reflects the urgency of the KrF programme with a healthy series
of reports on R & D work necessary for the Titania upgrade.
Vulcan, on the other hand, has been fully occupied supporting the
high power experimental programme. New developments in
plasma diagnostic instrumentation are also reported here.

KrF LASER DEVELOPMENT

Sprite has been used for two major R & D runs during this year.
The first was concerned with characterising the Raman system
and especially investigating the cause of the off-axis second
Stokes light which had been observed previously. By imaging the
Stokes far field, three distinct parametric processes were
observed. It was found that all three involved interaction of
scaftered light with either the strong pump or strong Stokes signals.
One of the processes - that giving rise to rays - has never been
seen before. This work has lead to a forthcoming paper in Phys.
Rev. Letts. (May 1995).

An important check on the effect of multiple pulses on the KrF
pump beams was also undertaken to demonstrate the principle of
Raman multiplexing. It was found that the far field beam quality
was unaffected by the existence of the previous pump (and
Stokes) pulse which occurred only 1.5 ns earlier in time. This
result gives confidence to the design of the Titania Raman system.

The second major R & D run on Sprite was work which was
jointly supported by the US Department of Energy via The Naval
Research Laboratories. It involved an investigation into the origin
of the “dip” in the KrF laser gain spectrum. The existence of the
dip is detrimental to both the ultra-short-pulse and ultra-broad-
bandwidth performance of KrF and is hence of importance to
both the Titania and the Nike (NRL) laser programmes. The
origin of the dip was found to be due to excited state absorption
within the KrF molecules itself. So, unfortunately, nothing can be
done to remove it. This result, however, is not expected to affect
the performance of Titania (or Nike) in any significant way.

Two further R & D reports are both theoretical studies to do with
bandwidth. The first, by Reid et al is a numerical study of third
harmonic generation to 248 nm. It is concluded that BBBO is the
crystal of choice and that efficiencies of 25% should be achieved
in an optimum system. In the other report, McDonald et al show
that soliton-like solutions exist in the transient regime of
multifrequency Raman generation.

TITANIA UPGRADE

This section contains three papers reporting on the current status
of the Titania system. In the first, the commissioning of the Titania
module pulsed power system is reported. The target figure of 20
kJ in the gas was achieved with significant Marx voltage to spare.
This was largely due to higher than expected diode-to-gas
transfer efficiency which was found to be 40% rather than the
(conservative) design figure of 30%. The energy deposition was
found to be highly uniform across the aperture, having a peak-to-
valley variation of under 10% and an rms variation of 3%.

The second report is on the laser performance of the Titania
module. Problems were encountered in the oscillator
measurements due to the lack of optimum cavity mirrors. The

maximum recorded output energy was 850 J. The gain
measurements were more encouraging with a pulsed net small
signal gain of 6000X being measured at full pump rate. Taking
account of static losses should give a module gain of around
2000X in the Titania system.

The third report describes the completion of the optical system
design for Titania. The design of the Raman system was
considerably aided by the use of a 3D CAD package which has
been used to optimise the positions of all of the mirrors in the

system.
INSTRUMENTATION

The developments in plasma diagnostics this year have centred
around imaging both in the visible and X-ray regions of the
spectrum. The usefulness of the existing flat-field spectrographs
has been greatly extended by the addition of a variable focal
length X-ray imaging optic. A grazing incidence cylindrical
mirror is used to relay an image of the X-ray source to the output
spectral plane which is a true flat-field both spatially and
spectrally. The spectral region covered is from 2 - 50 nm with a
spatial resolution matched to micro-channel plate detectors. The
new design also provides a considerable improvement in
sensitivity over previous spectrographs by maintaining the micro-
channel plate under high vacuum for extended periods.

With the increasing use of micro-channel plate detectors in the
soft X-ray region there is a need for accurate determinations of
spectral sensitivity. The report in this section describes
measurements of the sensitivity of the channel plate/phosphor
combination which will be of great benefit to future users.

The final report in this section describes a new f2.5 visible
imaging system for optical diagnostics. The advantage is that long
focal length lenses are used which are situated well away from
the focal region and incoming laser beam. Even so, 3 pm
resolution is achieved with monochromatic images over a spectral
range 0.25 to 1.1 pm.

OPERATIONS

This has been another fruitful year for operations with Vulcan
fully scheduled and Sprite hitting another all-time high in target
shots. On Vulcan the CPA configuration has been very popular
but long pulse operation primarily for X-ray laser work in TAE
has also been productive. Increased energy for TA4 has resulted
in benefits for the biological imaging work.

Sprite has been configured in the CPA mode for most of the year.
The highlight of the year being the observation of the shortest
wavelength ever produced by harmonic generation.



ON THE ORIGIN OF THE DIP IN THE KRF LASER GAIN SPECTRUM
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INTRODUCTION

The presence of a dip in the KrF laser gain spectrum at a
wavelength of 248.9 nm has been known about for a long time.
For narrow band laser light centred at the gain maximum (248.4
nm) the dip is of no consequence, but for the amplification of
broadband light it is a major issue. The reduction in bandwidth
caused by the dip seriously restricts the use of KrF laser systems
for ultra-short pulse amplification, or fusion applications where
incoherent light is required for beam smoothing purposes.

In the past, the dip has been attributed to impurity[1], particularly
CF,, but its ubiquitous nature (not a single laser spectrum without
the dip could be found in the literature) points to a more
fundamental cause. In last year’s annual report Ross et al [2]
using discharge lasers showed that the dip was more dependent on
gain than anything else. The results reported here follow up these
measurements with measrements on the Sprite e-beam-pumped
module.

EXPERIMENTS

The main experiment consisted of measuring the single-pass ASE
spectrum from the Sprite module as a function of gain. The
experimental layout is shown in Figure 1. To record the ASE
spectra, the output window of Sprite was imaged onto the slit of a
high-resolution grating spectrometer. The spectrometer used in
these experiments was specially constructed on an optical
breadboard. It was an asymmetric Czerny-Tumer configuration
having an input focal length of 1768 mm and an output focal
length of 1068 mm. The 100 mm diameter collimating mirrors
gave an f/18 relative aperture at the input. The holographic
grating had 3600 g/mm.
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Figure 1. Experimental layout for the ASE measurements

The detector used was a Princeton Instruments intensified diode
array which incorporated a Peltier cooler for low noise operation.
The intensifier could be externally gated with a minimum pulse
length of 10 ns. The spectrometer was calibrated using a hollow-
cathode iron lamp which is rich in wavelength standard lines in
the region of 248 nm. The measured dispersion was 0.00555
nm/pixel and the spectral range was 4.00 nm. The resolution was
0.0178 nm and is consistent with the 50 Llm input slit width and the
magnification of 0.6. The absolute wavelength calibration was
accurale to 0.005 nm, somewhat better than a single pixel.

The probe pulse used to measure the gain was generated by a KiF
discharge laser (Lambda-Physik EMG 103) configured as an
oscillator, and had a duration of about 15 ns. A 10 ns gate was
used on the detector and the gain was measured with the probe
pulse at the same time as the spectrometer gate pulse. Most of the
data were obtained at the peak of the e-beam pump pulse. It was
important to-use a method of varying the gain which perturbed
parameters other than the gain as little as possible. To this end, in
the bulk of these experiments, it was decided to keep the total
pressure and the electron beam current and voltage constant, and
obtain the gain variation by varying the krypton fraction in the
Ar/Kr/F; gas mix. This should keep the positive and negative ion
densities constant and more importantly the vibrational relaxation
of the KrF B state would be constant so that the changes on the B-
X spectrum would not be due to a changing vibrational distribution
. The disadvantage of this technique is that the positive ion and
excited species tyPe changes from predominantly Ar’, Ar,", Ar*,
Ary* to Kr', Krs', Kr*, Kr,* as the krypton concentration is
increased. To see if these effects were important.some spectra
were recorded while changing the gain by varying the pressure,
fluorine concentration and time in the pulse.

ANALYSIS OF THE ASE SPECTRAL PROFILES

At very low values of gain the fluorescence spectral distribution
in KrF has a Gaussian distribution with a FWHM of 2.3 nm. This
distribution is a very good fit to the measured curves as seen in
Figure 2.
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Figure 2 KrF fluorescence spectrum recorded at very low krypton
concentration. The fitted Gaussian curve assumes a gL = 0.04

The ASE is modelled by amplifying the fluorescence with a gain
term g(A) which has an identical spectral distrbution to the
fluorescence distribution and by attenuating it with an effective
loss term (). The magnitude and spectral distribution of the loss
term is chosen to give the best fit between the calculated ASE and
the measured spectral profile. The amplified contribution to the
output power from dA into the solid angle d©2 and in a spectral
element dA is given by:

sp(hys = VAL & | D)
j g(A)dA
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The output ASE spectral brightness B()) is given by:

Nhv 1 g(A)

[exp(g(A) — a(ANL - 1]

ant,., [ g(A)dr [8)~ a(d)]

Let the peak value of g(A) = g(Ao) = go and similarly let B(A) = B,
and o(A) = 0g at A = Ay. Then:

BQ) _ g(A)(g, —,) exp(g(A)—e(A))L-1
B, & (g().) —a(A)) " exp(g, -, )L-1

If the fluorescence lineshape is given by:

2
F(A) = exp{—4ln2(lA_ll°] ]

0

then g(A) = goF(M).

In order to find an appropriate form for the absorption spectrum
(M) it is useful to divide a measured ASE spectrum by the
calculated spectrum without absorption (i.e. set o(A) = 0). When
this was done there were fund to be three primary absorption
features; the “dip” at 248.9 nm, a broadband blue
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Figure 3 Examples of experimental ASE Spectra with best-fit
curves, The measured gains were (a): 3.6, (b): 7.6, (c): 64, and
(d): 104.

feature peaking around 247.6 nm and a smaller red peak at
249.65 nm. To analyse the absorption spectrum quantitatively, a
trial absorption spectrum containing just the two main features is
assumed ie. @(A) = oa(A) + 0s(A) where d = “dip” and b= blue.
The spectral distribution of each term was chosen to be Gaussian
(Lorentz distributions were also tried but did not give quite such a
good fit to the experimental curves). Thus:

-2\
a,(l):ado.exp[-4h12( A, ]]

2
A-2
a,(A) =a, exv[—d ln2( A/‘Lbb)

Figure 3 shows several examples of experimental ASE spectra
together with best fit curves according to the above recipe.

Each fitting process yields values for the seven parameters: go
(peak gain coefficient), o (peak loss coefficient for the main
dip), awo (peak loss coefficient for the blue dip), AAgq and AA,
(FWHM of the loss curves), Aq and A; (peak loss wavelengths).

The results showed that the wavelengths and widths of the two
main absorption lines were essentially constant and that the
absorption coefficients varied linearly with gain.

Thus:
Dgo = 032 o
Oy = 0.2 g
Alg= 0.27 nm
AXy = 0.7 nm
Ay =24891 nm
A, =247.6 nm

These simple relationships (in particular the linear relationship
between oy and go) give the strongest possible suggestion that
these structured spectral features are duc to excited state
absorption within the KrF molecule itself. In this case, the initial
state for both the gain and the absorption is the KrF B state and the
linearity follows directly.

In addition to these spectrally narrow loss features there may also
be a broadband loss with a spectral profile large compared to the
KrF gain bandwidth which is not directly apparent from the ASE
spectra. The magnitude of such a loss can, however, be obtained
by the difference between the gain as measured by the probe
laser at the peak of the gain profile and the peak gain, goL, as
calculated from the spectral narrowing. The broadband loss
determined by this method as a function of calculated gain is a
good straight line giving a gain-to-loss ratio of 2. This value is an
overestimate since the gain measuring pulse has a finite
bandwidth ( 0.3 nm), but the correction due to this effect, although
significant, is not large.

ABSORPTION SPECTRUM

The above analysis considered the main absorption features as
independent but the conclusions drawn suggest that the spectra
can also be analysed on the basis of a single absorption spectrum
f.(A) giving an absorption:

A(A) = exp[-aaL fu(A)]

where the spectrum is normalised to unity at the peak of the “dip™.
From the above fitting routine we have otogL/gol. = 0.32 and so:

L M(A
gom ool | MA)

0.32 | B(4)__,
where M(A) is the measured ASE spectrum and B(A),- is the
calculated gain narrowed fluorescence spectrum assuming no
absorption.

The absorption spectrum so calculated is shown in Figure 5, which
is an overlay of 7 spectra taken with widely different measured
gains of between 3.6 and 122. The main dip overlays extremely
well whereas the data in the wings of the line which are very
sensitive to choice of fluorescence spectrum and assumed gain do
so less well. The smaller peak to the red at 249.65 nm is a
prominent feature on all spectra and there also appear to be small
features at 249.29 nm and possibly 249.98 nm.

SIMULATION OF ABSORPTION SPECTRUM
The absorption spectrum obtained from analysis of the ASE

spectra shows definite evidence of some structure other than the
main dip at 248.91 nm. The striking linearity between the gain and



absorption coefficients strongly suggests that this absorption
originates from within the KrF molecule itself. If this is so then the
observed absorption spectrum should correspond to a plausible
KrF molecular potential.
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Figure 5 Composite plot of calculated absorption spectra at
various gains.

To account for absorption at the observed wavelengths a
molecular state at around 80,000 cm’ above the ground state
needs to exist. The lack of fine structure in the absorption
specirum suggests that the potential in question is repulsive, but the
fact that the features are much narrower than the B-X
fluorescence indicates that the state is considerably less
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Figure 6. Proposed potential energy curves in KrF

repulsive than the KrF ground state. Thus we are looking for a
situation as shown in Figure 6. There are in fact a number of
candidates for the state in question which dissociate into excited
atoms with energy levels in the region in question. Table 1 lists the
possibilities.

Table 1. Energies of separated atoms around 80,000 cm™

F level

Kr level [config] Energy

Kr('Py) [4p° 55, J=2]  F('Pwy) 79972.53
Kr(’P;) [4p°5s, 1=2]  F(Pyy) 80376.54
KeCPy) [4p°Ss, J=1]  F(Pwy) 80917.56
Kr(Pp) [4p’ 5s, I=1] 1-1’11,%2 81321.56

The molecular states which result from these separated atoms can
be labelled if we assume weak spin-orbit coupling (this is not
really a good approximation but is useful for designation

purposes). The resultant states from °P and P will be X', X, II,
and A, with doublet or quartet multiplicities. Of these possibilities,
the important state which is optically connected to the ’X' B state
will also have ’X" symmetry. Following Hay and Dunning [3] we
designate this state as 3°X".

Preliminary calculations of the absorption spectrum from the B*X*
tothe 3°L’ state have been undertaken at The

exp.

Kr*(J=1)+F < KrF(B;v=0,1,2)
absorplion

for T = 400K

and exp. spectrum

54 .
Lx(v=0)+ 30Sx(v=1)+003x¢v=2)
e T=400K

2/ nm

Figure 7. Comparison of simulated and experimental KrF
absorption spectra.

University of Iceland. From the nature of the spectra it was clear
that the bound potential calculated by Hay and Dunning could not
be correct. Bon-Mayer repulsive potentials of the form U(R) = a
exp(-bR) +c were tried with the constant ¢ being equal to the
separated atom energies given in table 1. The problem is that only
a small fragment of the absorption spectrum is available making
the unique identification of the potential difficult. As a starting
point it was assumed that the prominent dip was due to transitions
originating from the v = 0 level of the B state and the parameters
a and b varied to fit this peak. This study is rather preliminary, but
a good fit was obtained with the potential:

U(R) =3 x 10° exp(-3.656R) + 80917 cm™’

which uses the Kr ('Py) + F("Py;) separated atom energy.
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A simulated absorption spectrum using this potential is shown in
Figure 7. This shows the contributions from the first three
vibrational levels separately and the sum for a vibrational
temperature of 400 K. The experimental spectrum is shown in
bold. The various spectra are displaced vertically for ease of
reading. It can be seen that the fit to the experimental absorption
spectrum is remarkably good, especially considering the small
spectral window over which data is available. The position and
width of the main peak are well reproduced as is the zero in
absorption at the KrF gain maximum 248.4 nm. The long
wavelength peak would appear to be due to the v = 1 contribution
with enhanced absorption further to the red. However, the rather
narrow blue absorption peak does not fit the broad band feature
observed experimentally too well and the small feature to the red
side of the main peak is not observed. These features may well
originate from other states in the same vicinity.

CRYOGENIC GAS CLEAN-UP

The Sprite laser cell is normally connected to two external gas
flow loops. One of these has a relatively high flow rate and is
used to filter particles out of the gas. The other includes a trap to
remove hydrogen fluoride which would otherwise etch the laser
windows. To test the effects of cryogenically cleaning the gas mix
the diaphragm pump in the particle filter loop was replaced with a
commercial temperature-controlled trap and circulator (Oxford
Lasers [td, model number GP 3000). The cell was filled with a
mixture of 5% fluorine in helium (40 torr), krypton (100 torr) and
argon (640 torr). Over a period of 30 hours approximately 40
shots were fired with this gas fill while the gain spectrum was
measured. The temperature of the trap was then set to 1051 K
and the gas circulator was switched on. (At this temperature the
vapour pressure of each of the constituents was higher than its
partial pressure in the mix.) The flow rate through the trap was
measured to be at least 5 litres/minute and the total gas volume
was approximately 100 litres,

The Sprite output spectrum was measured 30 minutes before the
circulator was switched on, and was measured again
approximately 75 minutes later, with 5 shots having been fired in
the interim. After a further }2 shots the laser was shut down. The
circulator was left running for 15 hours overight and the
spectrum was measured once more using the first shot of the day.

It was found that there were no there were no significant
differences between..the three spectra. To within the limits of
experimental uncertainty they are identical.

The aim of this part of the experiment was to remove impurities
from the laser gas mix and to note any resulting effect. Since
there was no observable effect it remains only to establish that
any impurities were indeed removed. It was not practical to check
this experimentally, but a basic theoretical analysis showed that
the trap should have worked well.

PICOSECOND PUMP/PROBE MEASUREMENTS

This section of the experiment was designed to investigate the
time-resolved behaviour of the absorption feature following
sudden depletion of the gain. A low-intensity, non-saturating short
pulse with as large a bandwidth as possible was used to probe the
gain in the laser cell before, during or after the passage of a short,
intense, saturating pump pulse through the same region of the
active medium.

The experiment consisted of firing two or three shots at each
different timing of the probe beam, and monitoring the gain and
the probe spectrum. Probe spectra recorded for various relative
times in the region of the gain depletion step showed several
interesting features. Firstly, the amount of gain narrowing
between the higher and lower gain shots is smaller than expected
from the ASE measurements. Secondly, the change in the
magnitude of the dip resulting from the gain depletion is quite
small, even with the high-energy pump pulses. The change in the
dip produced by lower-energy pump pulses is very slight The

reasons for these effects are not clear at present. Thirdly, spectra
taken at times when the pump and probe pulses overlapped exhibit
some broadening, and a change of shape which suggests self-
phase modulation of the probe in the presence of the intense pump
pulse. If self-phase modulation is present the interpretation of
these spectra is particularly difficult, as it is hard to establish to
what extent the dip has been filled in by the redistribution of
energy in the spectrum.

CONCLUSION

The main conclusion of this work is that the "dip"” in KrF is due to
internal absorption to an excited molecular state which is
identifiable as that dissociating to Kr*(’P;) + F(Psy). The
evidence for this conclusion is strong. The lack of removal by
cryogenic clean up; the different behaviour with time in the pulse
compared with known impurities such as C [I; the linear
relationship between the absorption coefficient and gain; the
constancy of this relationship no matter how the gain is produced
and especially the ability to simulate the main features of the
observed spectrum by absorption to a highly plausible molecular
potential.

There remain, however, a number of questions which this study
has not answered or may have raised for the first time. The short
pulse saturation results were unexpected and as yet remain
inexplicable. It would appear that the gain narrowing effects may
be different for short pulses compared to long (stochastic) pulses.

The value for the gain-to-broadband-loss of 2 obtained from the
gain narrowing analysis is dramatically lower than the “typical”
gain-to-loss ratios which have been measured in KrF (8-12). It
must be remembered, however, that these latter figures are for
the gain to non-saturable loss. If the bulk of the loss measured
here is excited state absorption then it will be saturable with the
same saturation intensity as the gain. Furthermore, such excited
state absorption is not strictly a loss to the KrF excited state
population since the excited Kr atoms produced will react with F,
to yield more KrF*.

The implications for broadband laser fusion are significant.
Clearly, if maximum bandwidth is to be used, some additional
spectral filtration to enhance the wings at the expense of the
centre will be required. Experiments at Los Alamos have already
shown that this is possible. The price to be paid is lower
efficiency. Thus tailoring of the spectrum needs to be done early
in the chain and certainly before the final amplifier so that energy
is not wasted. In typical large installations the final amplifier runs
with a gain in the order of a few tens. If the input spectrum is
shaped like the fluorescence spectrum then our results show that
the gain narrowing will result in a FWHM bandwidth of about 200
cm” at a gain of 10 reducing to about 75 cm™ for a gain of 100.
In either case sufficient bandwidth for adequate temporal
averaging of a fusion laser should be available.
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EXPERIMENTAL STUDIES OF A RAMAN AMPLIFIER
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INTRODUCTION

Following the installation of the upgraded Raman system on
Sprite at the beginning of 1994 [1], and the completion of two
experiments using it, the oscillator was reconfigured to generate
25-picosecond pulses, and some experimental studies were
carried out to obtain specific performance data to aid the design
of the Titania Raman system. Two of these experiments are
described here. The first was the measurement of the [/O
characteristic of RA3 over an extremely wide range of input
energies, with the aims of verifying the recently-developed 2-D
code model of Raman amplification, and if possible measuring
the small-signal gain of the amplifier directly. The second was
an investigation of the principal mechanism for energy loss in
the Raman system, namely the generation of second Stokes
light at 291 nm.

INPUT /OUTPUT CHARACTERISTIC OF RA3

The set-up used for this experiment is shown in Figure 1. The
input energy to RA3 was controlled in two ways. One or more of
the pump beams to RA2 could be blocked to reduce its output,
and metallized neutral density filters could be placed in the beam
between RA2 and RA3, to attenuate the input to RA3. The output
of RA2 was measured by an energy monitor, placed behind a
turning mirror after the beam-expanding vacuum spatial filter. If
used, the filters were placed in the beam after this mirror, to-
avoid reducing the energy reaching the monitor, and the delay of
the Stokes pulse into RA3 was reduced to compensate for the
optical thickness of the filters. The measured filter transmission
was used to calculate the actual input energy to RA3. By these
means the input to RA3 was varied between a few tens of
millijoules and a minimum of less than one nanojoule.

RA2 Delay line VSF

—»— T
ND filters
Output energy
8317 nput
B — < energy
L f
RA3 Collimating lens

Figure 1. Experimental arrangement used for measuring the
input/output characteristic of RA3.

By reducing the input to this level, we hoped to measure the
small-signal gain of the amplifier. However, as can be seen
from the input/output characteristic shown in Figure 2, the gain
is so high that even with inputs as small as 1 nJ, the amplifier
is outside the small-signal regime. Unfortunately, the
measurement of the output energy was limited by noise in the
detector, which did not allow us to follow the behaviour of the
amplifier to still lower input energies. A theoretical estimate of
the small-signal gain of RA3 under these conditions is 1013,
whereas a measurement of the slope of the I/O characteristic in
the decade between 1 and 10 nanojoules yields a gain of 5 x
100, The measured characteristic is useful, however, in that it
shows how the laser output can be controlled over a useful range
simply by attenuating the input Stokes beam.

10
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Figure 2. The measured input/output characteristic of RA3.

SECOND STOKES GENERATION

In gaseous Raman media at near-atmospheric pressure the phase-
matching angles for parametric generation of high-order Stokes
and anti-Stokes frequencies are typically a few milliradians [2].
Although the angles between pump and Stokes beams in the
Sprite Raman system are far larger than this, between 1.5 and 5
degrees, we nevertheless found that the generation of off-axis
second Stokes radiation at 291 nm was the main cause of reduced
output from RA3, with as much as 10% of the output energy lost

to second Stokes radiation.

To try to understand, and if possible eliminate, the loss, we
investigated the second Stokes emission using the experimental
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arrangement shown in Figure 3. The output beam from the
amplifier was attenuated using two uncoated glass plates, M1

RA3

Stokes, <% | _ T IN#

| = ——

PUIDP '

——— ]
Screen CCD ~<

amera
D camer M

Lens

Grating

Figure 3. Experimental arrangement used for the investigation

of second Stokes emission from RA3.

and M2, each reflecting approximately 10% at 45 degrees,
which reduced the maximum energy in the beam to around 100
mlJ. A diffraction grating with 3600 lines per mm was then used
to isolate the second Stokes wavelength, which was focused
onto a fluorescent screen by a lens of 4 metres focal length. Far-
field images were recorded using a CCD camera and framestore.
The angular scale in the far-field plane was calibrated by
recording images of a grid placed in the screen position. The
grating was used in an off-Littrow configuration with incidence
and diffraction angles of 33 degrees and 18 degrees respectively.

Figure 4 shows two typical far-field images of the second Stokes
emission. The main features are a pair of concentric rings, a
number of bright spots and a set of eleven extended rays,
slightly offset from the axis and oriented along similar
directions to the anns of the pump mirror array. Two of these
rays are weak, and are hard to see in the figure. The intensities of
the spots varied unpredictably from day to day; the two parts of
Figure 4, which were recorded on different days, show the degree
of vanation. The rays are slightly concave towards the axis,
which lies at the centre of the rings. Where the rays overlap the
ring pattern, they seem to disappear behind the dark ring,
although the ring is not opaque but simply a region in which
there is no second Stokes light. The elliptical shape of the
rings in the images is due mainly to the non-Littrow
configuration of the grating, which changes the angular scale in
the dispersion direction by a factor (cos 6;/ cos 04). In the
geometry used, this factor had the value 0.88. The true angular
radjus of the dark ring, measured orthogonal to the dispersion
direction, was 1.37 milliradians. The ray offset angles between
the centre of the ring pattern and the closest point on each ray
were also measured, and found to be 23 times smaller than the
off-axis angles of the corresponding pump beams.

To study these phenomena further, we recorded a series of far-
fields in which different pump beams were blocked one at a time,
and the effect on the various features observed. The rings were
present on all shots, apparently unchanged by the absence of
any single pump beam. The spots and the rays, however, were
affected when different pump beams were blocked. In particular,
each ray was associated with one of the pump beams, so that

Figure 4. Far-field images of the second Stokes emission at

291 nm, showing the rays (upper image) and the bright spots
(lower image), plus the on-axis ring pattern (visible in both).

when that pump beam was blocked, the ray was absent from the
far-field patten. Comparison of the different images with the
pump mirror array showed that each ray is oriented at right
angles to the plane containing the axis and the corresponding
pump beam, and that the locations of the rays relative to the
axis mimic the positions of the mirrors in the pump array. The
amay is not a perfectly regular cross: some of the mirrors in the
horizontal axis lie above or below their ideal positions, hence

the associated rays are not exactly vertical.

The behaviour of the spots was more complicated. For example,
one of the spots in Figure 4 was absent when beam 1, beam 2 or
beam 7 was blocked, but reappeared when all three of these
beams were present. We also found that the positions of the
spots changed from day to day, whereas the rays and rings
remained in the same positions throughout the experiment.
Each spot is thus associated with three pump beams rather than
only one, and the positions of the spots are extremely sensitive
to the small angular changes made during the daily alighment of
the laser system.

The spread of angles in the rings and rays, and the faintness of
all three phenomena relative to the output Stokes beam, suggest
that they can be explained by interactions of the primary pump
or Stokes beams with light scattered from the amplifier windows



or elsewhere. Weak second Stokes radiation generated by such
interactions will be strongly amplified by the normal Raman
gain process, with the amplified first Stokes beam now acting
as the pump; indeed, without amplification the features would
probably be too faint to observe. The gain will be high over a
range of forward directions, allowing the amplification of

angularly-extended features.

The axial symmetry of the rings implies that the primary Stokes
beam is one of the interacting components, and we therefore
suppose the other to be diffusely scattered KrF pump light. The
wave-vector diagram in Figure 5(a) illustrates the phase-
matching condition 2kg - kP' = kg ; here and elsewhere,

primed subscripts denote scattered waves. In reality the angles o
and B are both around 1.5 milliradians, and are exaggerated in

the figure for clarity. Phase-matching will occur for any pump

Phase-matching diagrams for (a) formation of the

Figure 5.

rings, (b) generation of the phonon wave in theIRaman medium
and (c) formation of the second Stokes rays.

radiation scattered at an angle & to the axis, and hence the
second Stokes will be generated in a cone of semi-angle f
around the first Stokes propagation direction. The size of P is
sensitive to the composition of the gas mixture in the
amplifier, which was a mixture of methane with between 25%
and 40% of helium. Values of B calculated for these two
compositions were 1.32 and 1.49 milliradians respectively, and
the measured value of 1.37 milliradians is consistent with an

intermediate percentage of helium.

The double ring structure is due to the well-known suppression
of SRS gain at the exact Stokes/anti-Stokes phase-matching
angle [3, 4], which corresponds in our case to second
Stokes/KrF phase-matching, since the amplified first Stokes is
acting as the pump. The gain will be suppressed for all second
Stokes radiation propagating at an angle P to the axis,
irrespective of how it was generated, which explains why there
are also gaps in the inner rays where they intersect the dark

ring.

The bright spots in the second Stokes far-field were found only
near the axis, and they were brightest when close to one of the
rings, i.e. when near the phase-matching angle. This suggested
that the same four-wave mixing process as for the rings might
be responsible, if pump light was being scattered in specific
directions. We believe the mechanism for this is the formation
of transient diffraction gratings in the entrance window of the
amplifier, due to the non-linear refractive index of silica and the
high intensities of the pump beams. The variation in intensity
in the interference fringes between a pair of beams modulates
the refractive index, causing a phase modulation across the

wavefront of a third beam. With two beams of energy 1.5 joules,

diameter 10 cm and pulse length 25 ps, the peak intensity in the
fringes is 3.0 GW cm2. The phase change (B integral) due to
this intensity in a fused silica window 0.6 mm thick is 0.021
radians, so the interference pattern will form a sinusoidal phase

grating with approximately 0.3% modulation.

Where the two beams forming a grating and the beam that will
be diffracted all lie on either the vertical or the horizontal am of
the pumping array, it is possible for the diffracted order to
propagate nearly parallel to the axis. Calculations using the
measured off-axis angles of the pump beams showed that four
combinations involving beams 1, 2, 7 and 12 in the vertical
arm of the cross gave diffracted beams very close to the axis,
which is consistent with our observation that beams 1, 2 and 7
were all essential for the formation of one of the spots. Small
changes to the pump beam angles during alignment, typically a
few tenths of a milliradian, would move the diffracted beams by
similar amounts; such changes are very similar to the observed

day-to-day movements of the spots.

The explanation of the rays must be different from the above, in
that each ray is associated with a single pump beam. By
hypothesis, the observed spread-of emission directions in each
ray requires one of the interacting waves to be diffusely

scattered, and since the pump beams have unique directions the

scattered wave must be the Stokes. A single pump beam and the -

axial Stokes beam together drive an optical phonon in the
Raman medium, with a wave vector kg satisfying the relation
kp -kg= kq , as shown in Figure 5(b). The stimulated scattering
of each pump beam from its associated phonon is the
mechanism of amplification of the Stokes beam. A diffusely-
scattered Stokes wave can itself be scattered from the phonon to
generate second Stokes, if the phase-matching condition kg -
kq= kg is satisfied: the vector diagram for this is shown in
Figure 5(c). The magnitudes kg’ and kpg are such that phase-
matching is possible for all pump beam angles OP in our
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system. Although kq is fixed for a given pump beam, the right-
hand triangle in Figure 5(c) can be rotated freely around Kg. and
hence the second Stokes can be emitted in a broad cone of
directions, some of which lie close to the axis and appear as a
slightly curved line in the far-field. The strongest emission is
restricted to forward directions relatively near to the axis by
both the predominance of forward scattering of the Stokes, and
the need for the second Stokes to be amplified by the co-
propagating Stokes in order to reach an observable intensity.

The mechanism described above accounts for the slight
curvature of the rays and their orientation with respect to the
pump beams. It also accounts for the offset of the rays from the
axis. Knowing the magnitudes of kp kg and kp in Figure 5(c),

the angles A and B can be found for any pump beam angle 6p-
The calculated ray offset angle A - B was found to be 1/23 of the
pump beam angle, exactly as observed; this angle is plotted
against OP as the solid line in Figure 5, and the points are the
measured offset and pump beam angles for each ray. The fact
that A is slightly larger than B means that the rays will appear
on the same side of the axis as the comesponding pump beams,
and will be concave towards the axis, as observed.

Ray offset 6 1
angle

(mrad)

4 M L L 1 o
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Pump beam angle (degrees)
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Figure 6. Comparison of the measured ray offset angles for
each pump beam (points) with the prediction of the model (solid
line).

We have identified three mechanisms responsible for the
generation of off-axis second Stokes emission in our Raman
amplifier. In each case, some form of scattering is involved, and
thus the elimination of the scattering would reduce or eliminate
the loss. The diffuse scattering is probably due to dust particles
in the Raman gas, which could be removed by filtering. Scatter
from the entrance window of the cell and Rayleigh scattering in
the gas itself will together set a lower limit on the losses. There
is no way to prevent the formation of gratings in the windows,
but a careful choice of pump beam angles will ensure that none
of the diffracted orders lie close enough to the phase-matching
direction to cause significant losses. These results will be taken
into account in the design of the Titania Raman system.
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RAMAN MULTIPLEXING - A PROOF OF PRINCIPLE EXPERIMENT

G J Hirst, E J Divall, K N Drodge, C J Hooker, J M D Lister and M J Shaw
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INTRODUCTION

The implementation on Sprite of forward Raman multiplexing, which
allows efficient extraction of a large KrF laser while using only a
relatively small number of transport optics, was discussed by
Edwards, O'Neill and Shaw as long ago as 1983 [1]. More than ten
years later, however, the concept had still not been experimentally
checked. Since Raman multiplexing is central to the design of the
Titania laser [2] it was decided in 1994 to carry out a proof of
principle test. The aim was to see whether multiplexing would
compromise the Raman system's performance, which is usually
characterised by exceptional beam quality, good conversion efficiency
and very low prepulse [3]. Unfortunately prepulse measurements are
hard to make [4] and would have needed major changes to the laser
set-up. This experiment therefore concentrated on using the existing
Sprite hardware to study the beam quality and conversion efficiency
of a multiplexed Raman system.

EXPERIMENTAL APPARATUS

The layout is shown in Figure 1. The KrF chain was the same as that
used for normal Raman operation [3] except that a pulse-stacker was
added before Goblin to put a second, delayed pulse onto each of the
beamlines. The spacing between the pulses was 1.5 ns, the same as
will be used in the Titania system. The Stokes beamline was more
extensively altered. The output from RA2 was split into two pulses,
the first of which was expanded to a diameter of 8 cm and passed
through RA3 at an angle of 1.6° to the axis, synchronised with the
first set of pump pulses. Its energy after amplification was expected to
be good, but its non-optimal transport optics and the lack of any
spatial filtering would have degraded its beam quality. The second
pulse from RA2 followed the normal path into RA3, via a VSF and
telescope with corrected optics. It then passed to the diagnostics suite
which included calorimeters, measuring the energy in both Stokes
pulses, and a CCD far-field monitor, looking only at the focal spot of
the second one. This would reveal whether the presence of the first
pulse led to any reduction in the beam quality of the second.

RESULTS

The first experiment involved measuring the KrF output energy from
Sprite with the reduced (1.5 ns) pulse spacing. This was found to be
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Figure 2 Profiles of the Stokes far-field with (lower curve) and
without (upper curve) Raman multiplexing

0.97 ] per pulse, compared with the 1.25 J per pulse when the spacing
was 3 ns. Part of the fall was due to the reduced input to Sprite, the
output from Goblin having dropped by about 12% per pulse. The
remainder was due to the incomplete recovery in 1.5 ns of the Sprite
KrF* population. This result was in good agreement with earlier
model predictions.

Measurements of the Stokes energies leaving RA3 were made next.
The best shot (from a small dataset) with no multiplexing and a 3 ns
KrF spacing had an RA3 pump energy of 14.9 J and a Stokes output
energy of 6.5 J, giving an overall conversion efficiency of 44%. The
average results from the three best Raman multiplexed shots had
energies of 4.9 J in the first Stokes pulse and 4.7 J in the second. With
an average total pump energy of 21.9 J the efficiency was again 44%.

N T N
Stokes in

Diagnostics W X

Beamsplitter VSF and telescope
J\)’ Telescope
KrF pump beams

Figure 1 Layout of the experimental apparatus
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It therefore appears that Raman multiplexing does not significantly
affect the amplifier’s energy conversion efficiency.

The effects of the first pulse on the far-field of the second can be seen
in Figure 2. The profiles of the second pulse focal spots, in the
presence and absence of the first pulse, have the same FWHM width
(~3.8 prad) so multiplexing has caused no significant increase in the
divergence of the "good-quality" part of the beam. The peak heights
of the profiles (168 counts and 191 counts) reflect, fairly closely, the
measured pulse energies (4.9J and 6.5J). The ratio of these two
quantities is a measure of the fraction of the total energy which is
within the good-quality focal spot, and the data suggest that this

‘fraction is actually slightly larger when the first pulse is present. This

surprising result probably arises from a combination of measurement
uncertainties and the fact that the Stokes energy is somewhat lower
when the amplifier is multiplexed, so nonlinear scattering effects are
reduced. In any event it seems that multiplexing does not increase the
fraction of the energy scattered out of the central spot.

CONCLUSIONS

The experiment has shown that the Sprite KrF amplifier can be
operated with a pulse spacing of 1.5 ns and that it then delivers the
expected energy per pulse. It has also shown that simple two-beam
Raman multiplexing does not lead to any reduction in the Raman
amplifier's energy extraction efficiency nor to any degradation in the
beam's optical quality.
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COHERENCE EFFECTS AND BANDWIDTH OPTIMISATION IN
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INTRODUCTION

Stimulated Raman scattering (SRS) is well-established as a
simple and efficient method of converting laser radiation to
one or more lower (Stokes) frequencies. However, paramet-
ric Raman conversion to higher frequencies, or the simul-
taneous generation of multiple Raman lines, has generally
been found to be much less efficient. The common assump-
tion has been that, for optimal conversion of the input en-
ergy, the phase-matching conditions for the parametric pro-
cesses dictate the geometry of the interacting waves. Ra-
diation is therefore generated over a wide range of angles,
resulting in low interaction lengths and a multifrequency
“beam” that cannot be focused to a single spot. We have
proposed that the collinear generation of higher orders, in
the presence of finite dispersive phase mismatch and with
fully symmetric pumping (input pulses of matching inten-
sity and shape), has much greater potential than phase-
matched generation. Results to date predict that the gen-
eration of a single multifrequency beam consisting of nearly

50 waves of comparable energy is possiblel:2:3. The most
immediate application of this work is in the field of iner-
tial confinement fusion (ICF) where the use of a broadband
light source may overcome several problems related to the
transmission and delivery of high optical energy*. How-
ever, the predicted magnitude of bandwidth generated is
such that our results may also find application in other ar-
eas such as plasma physics, measurement techniques, spec-
troscopy and sensing.

In multifrequency Raman generation, an optical beam ini-
tially containing 2 frequency components (wo and w_1)
drives a Raman resonance in a nonlinear medium at the
difference frequency wgr (= wp — w—;3). As a result, the
incident energy is distributed among the Raman orders
wn = wop + NwRg, situated on both the red and blue sides of
the incoming radiation (n = 0,%1,+£2,...). To model this
process, the total electric field is expanded in terms of the
constituent plane waves. For the propagation of the nth
normalised electric field envelope, Arn, and the dynamics of
the polarisation wave, P, one finds

0An ; ;
—aqu = ;U—n[P*An.i.] e_IP"+lZ = PAn_leIP"Z]
Wi
T, 8P i
(t_z); = —-P+ ZAJ'A;_IE riz (1)
P .
J

Z = «4Ipz is a gain-length product, « is the Raman gain
coefficient, Ip, is the peak input intensity, 7 is local time (in
units of input pulse width tp), and T3 is the medium de-
phasing time. Dispersion gives rise to a set of finite values
of normalised mistuning, I',, which can be parametrised by
a single value, Iy = (k1 + k—1 — 2ko)/vIp. Here, we take
the input fields to be either Gaussian or square pulses and
results are presented for rotational SRS in H, gas pumped
by the second harmonic of a Nd:YAG laser.

COHERENCE EFFECTS

We have found that two distinct regimes of multifrequency
generation exist - the coherent and incoherent regimes5.
Towards the steady-state limit, t,/T5 — oo, distinct tem-
poral regions become decoupled (incoherent) and are, ul-
timately, independent. In this limit, square input pulses
lead to square output pulses. However, for pumping with
Gaussian pulses one finds that the generated Raman waves
are modulated with rapidly-varying envelopes which are a
direct consequence of the input pulse shapes. Furthermore,
the presence of finite coherence time and finite dispersion
can result in highly complex patterns in the time domain
- see Fig 1(a). In ICF high gain targets require collisional
absorption to be the dominant process in the laser-target
coupling. Experiments have shown that reducing the coher-
ence of the incident light can suppress laser-driven plasma
instabilities. On the other hand, analyses have predicted
that a simple increase in the spectral bandwidth can also
increase thresholds and lower growth rates for such insta-
bilities. Thus the use of light which is both incoherent and
ultra-broadband may be optimal for this application.

Considering cases where T5 > t; (the coherent regime),
we find that well-defined pulse trains dominate both the
Stokes and anti-Stokes orders®. For square input pulses,
the generated waveforms are further simplified - see Fig
1(b). These pulse trains appear for both Gaussian and
square input pulses; they are intrinsic to the nonlinear dy-
namics of the system and are not a simple consequence of
input pulse shape. Indeed, these spontaneous structures
are robust Raman soliton pulse trains, which result from

the self-organisation of many interacting waves®.

BANDWIDTH OPTIMISATION

We have undertaken a full investigation of the roles played
by dispersion, gain-length product, transiency and the tem-
poral characteristics of the incident light fields. For disper-
sionless propagation we find that the effect of transiency is
to increase the bandwidth generated - see Fig 1(c). This
follows from the fact that the polarisation wave is no longer
constrained to follow its source term adiabatically and can
continue to grow even while its driving term falls to zero.
For sufficient Z, the bandwidth is maximised in the coher-
ent regime where the broadband spectrum locks on to the
soliton pulse train solution. In the incoherent regime, the
combined effect of transiency and moderate dispersion en-
hances the output bandwidth since strong parametric and
non-parametric processes can contribute to the frequency
conversion®. As can be seen in the case of tp/T2 = 4,
the generated bandwidth can be increased by around 50%.
However, when either transiency or dispersion is too strong
we find that the net effect is to suppress broadband gener-
ation.
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Fig 1 Characteristics of the generated Raman spectra. (a) and (b) show normalised intensity profiles at the anti-Stokes
frequency (n = +1). (a) is for Gaussian input pulses in the incoherent regime with ¢p/T2 = 4,7 = 250 and 'y & 2 x 10~3
(vIp = lem™1, 1 atmosphere of Hy gas). (b) is for square input pulses in the coherent regime with tp/T2 = 0.25,Z = 250
and I’y = 0. (c) and (d) show the generated bandwidth (in units of wg) as a function of the gain-length product, Z. Results
for three levels of transiency, t,/T> = 4,1 and 0.25 are shown. In (c) I't = 0 (the dispersionless case) while (d) is for
Iy =~ 2 x 103, Note that for low Z bandwidth is relatively independent of moderate levels of dispersion.

In multifrequency generation the key quantity is the para-
metric gain!. A simple expression, which is proportional
to the maximum possible value of this quantity, has been
found to be a good qualitative predictor of the dependen-
cies of the generated bandwidth in the regime of unsatu-
rated amplification?. This expression is

T
Pras(T) = exp(=T) / exp(T") Ao (T")A_1 (T")dT"  (2)

where T is local time in units of the dephasing time 75.
Simulations have been performed to examine dependen-
cies on parameters such as the input Stokes amplitude,
the input pulsewidth ratio and the relative timing of the
pump pulses. The correlation of bandwidth generated with
the above expression demonstrates the importance of spa-
tiotemporal overlap of the input pulses for efficient mul-
tifrequency generation and, consequently, why symmetric
pumping is optimal for maximising the output bandwidth.

This research was supported in part by UK SERC grant
GR/J04746 and a Royal Society Joint Project on Raman

lasers.
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INTRODUCTION

Experimental and theoretical studies of second, third and
fourth harmonic generation of femtosecond Ti:sapphire laser
pulses have already been described in the literature [1-3]. The
experimental systems [1,2], which both rely on unamplified
laser sources, first derive second harmonic of the fundamental
radiation by frequency-doubling in a critically-phasematched
LBO crystal at room temperature. The third harmonic is then
produced by sum-frequency-mixing the second harmonic and
the fundamental in a critically phasematched BBO crystal.
One system which uses a 1.75 W average power laser [1]1 has
achieved a conversion efficiency of 7% from the fundamental
to the third-harmonic. A scheme using BBO to generate both
the second and third harmonic has been studied theoretically
using a method which includes group velocity dispersion
effects [3].

SPRITE FRONT-END SYSTEM

The calculations presented later assume that the fundamental
radiation is derived from a 20 mJ transform-limited 100 fs
pulse which is stretched to a duration of © = 50 ps. The centre
wavelength of the resulting pulse is taken as 746 nm, implying
a FWHM bandwidih of 6.0 nm. Variation of the instantaneous
frequency across the stretched pulse is therefore very slow
since the phase-shift due to dispersive broadening introduced
by the stretcher is distributed over =20,000 optical cycles.
The beam diameter after stretching is 3.0 nm and corresponds
10 an intensity of 5.7 GW/cm?. A summary of the parameters
of the fundamental pulse is given in Table 1.

Streiched Pulse Parameler Value
Intensity 5.7 GW/cm?
Energy 20mJ
Duration 50 ps
Centre wavelength 746 nm
FWHM bandwidth 6 nm

Beam diameter 3.0nm

Table 1. Parameters of the fundamental radiation
SECOND-HARMONIC GENERATION SCHEME

Frequency-doubling from 746 nm — 373 nm can be carried
out in a number of nonlinear materials but only BBO and LBO
offer sufficient resistance to optical damage together with high

nonlinear coefficients. These crystals were compared on
grounds of phase-maiching, effective nonlinear coefficient,
walkoff angf:e, acceptance bandwidth and damage threshold.
Calculations were made using theory described in detail
elsewhere [4,5,6] and are based on Sellemeier refractive index
expansions published for BBO [7] and LBO [8]. Axes
conventions used in the description of the nonlinear
interactions are adopted from Roberts [4). A summary of the
results of calculations conceming second-harmonic generation
is contained in Table 2.

In the plane-wave limit, conversion efficiency for second-
harmonic generation is given by,

3
fg_z 8 Ho z (1’12‘114241(31211
A & n?

In the absence of focusing, BBO is superior to LBO because of
its higher nonlinear coefficient. However, if focusing was
considered to be necessary, the large walkoff angle of BBO
would reduce conversion efficiency considerably. Bandwidth
considerations favour LBO which could support the pulse in a
crystal of length 1.0 mm compared to BBO which requires
lengths shorter than 0.7 mm. Taking these considerations into
account, in the plane-wave limit, BBO has a figure-of-merit 3
times greater than that of LBO.

The conversion efficiency obtained from a lmm-thick BBO
crystal was modelled by solving the coupled amplitude
equations. A Gaussian pulse described by the parameters
given in Table 1 was used as the fundamental radiation. Beam
and crystal parameters were taken from Tables 1 and 2 and a 1
mm thick crystal was used. Results taken when the chirp on
the fundamental pulse due to the stretcher is neglected are
displayed as Figure 1 and show the amplitude of the original
(dashed) and depleted pumnp pulse (a) and the second-harmonic
pulse (b). Results from the model in the presence of the chirp
mniroduced by the pulse stretcher (c, d) show no change in the
pulse amplitudes. The power conversion efficiency from the
fundamental to the second-harmonic predicted by the model is
Z(s)l‘i;naled from the ratio of the pulse intensities to be around
0.

THIRD-HARMONIC GENERATION

Crystal details for generation of the third-harmonic by sum-
frequency mixing the pump and second-harmonic are
displayed in Table 3. Only BBO can be used since LBO only
phasematches for fundamental wavelengths longer than 785
nm. There are no other common materials providing suitable
uv-transparency, a high damage threshold and large nonlinear
coefficients.

Crysial e 4 o-ray I A ns)
deﬁ' Pe Al746vy, vi MAX
BBBO 31.4° 90° Iy 1.9 pm/V 4.1° 4.0nm.mm 13.5
GW/cm?
LBO 37.2° 0° /72 0.7 pm/V 0.9° 6.3nm.mm 18.9

GW/cm?

Table 2. Parameters for 746 — 373 nm second-harmonic generation

Crystal e (o] o-ray

d P

eff E Al746v;4 7]

fBBO 49° 90° Iy

1.4 pm/V 5.0° 2.0nm.mm

Table 3. Parameters for third-harmonic generation.
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The smaller bandwidth of BBO for third-harmonic generation
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Figure 1. Amplitude of the fundamental pulse before (dashed line) and after (solid line) the frequency-doubling stage and the resulting
second-harmonic pulse neglecting chirp (a, b) and including chirp (¢, d). Units of amplitude of the fundamental (a, c) are 2 V/um and of
the second-harmonic are V/um. Units of time are 500 fs. Crystal length is 1 mm.
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Figure 2. Amplitudes of the input pulses to the sum-frequency mixing stage before (dashed lines) and after (solid lines) the crystal (a, b)
and resulting third-harmonic pulse (c). Units of amplilude are V/um. Units of time are 500 fs. Crystal length is 0.5 mm.



COMMISSIONING OF THE TITANIA PULSED POWER SYSTEM
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PULSED POWER SYSTEM

This report describes the commissioning of the Titania pulsed
power system and in particular the performance of the diodes
and electron beam energy deposition, efficiency and uniformity.

DIODE PERFORMANCE

The dsign of the Titania diodes is described in detail
elsewhere!, Each of the four 4Q output lines bifurcate into two
8Q sections to feed through into the diode vacuum chamber.
Pairs of feeds are connected in parallel to the cathode support
structure which is in tum divided into two cylindrical 8Q
sections. The 8Q diodes are octagonally arranged around the
laser cell to improve e-beam energy deposilion uniformity.

The Titania diodes have been operated up to the full design
voltage of 600kV. Figure 1 shows a comparison between the
experimental diode voltage and a simulated waveform obtained
from the transmission line code, BERTHA?. The FWHM of the
voltage pulse is measured to be 175ns. At a diode voltage of
520kV, the average current per feed is 77kA, 3% above the
design value of 75kA.

Experimental Diode Yollage

Dlude Vollaye - h20kV
1..

Figure 1. Experimental (upper trace) and simulated diode
voltage. Vertical scale: 100kV/div; Honzontal
scale: 50ns\div.

Foil lifetime is an important parameter from an operations
standpoint. Figure 2 shows the diode pressure obtained over the
period of two foil lifetimes. Initial diode pressures are typically
5x10™® mbar.

-E 20 Self-break ®
B 48ns early
;, 159  self-break ’
o 95ns early
10
£ 10
*0
% 5 A AA’A
3
g 077
Number of Shots ~&—Foil No.1
—&A— Foil No.2

Figure 2. Diode pressure vs shot number
Horizontal scale: 50 shots/div

The first foil tested on Titania survived 400 shots. From Figure
2, it can be seen that diode pressure increases following pre-
firing of one of the four output switches. Two pre-fires at 45ns
and 95ns before the other three switches results in increasing
diode pressure and leads rapidly to foil failure. Dunng lifetime
testing of the second foil, care was taken to keep switch jitter to
a minimum - for synchronous firing of the diodes - and in
particular to avoid pre-firing of the switches. To date this foil
has survived 460 shots without failure or significant rise in
diode pressure.

ELECTRON BEAM ENERGY DEPOSITION

The design specification for the Titania [aser vessel indicates
that 20kJ of e-beam energy be deposited in the Ar/Kr mixture at
a diode voltage of 600kV. It is also required that the energy
deposition profile be reasonably uniform without excessive hot
spots or unpumped volumes,

The pumped length of the Titania amplifier is150cm, leaving
0.3m unpumped at each end. The clear laser aperture is 42cm
diameter implying a pumped volume is 0.39x10%cm3. 20kJ in
168ns into a volume of 2.08x107cm> corresponds to a specific
pump density of 0.57TMWem™.

In order to characterise electron beam behaviour within the
Titania laser vessel, the cell is filled with various KrF gas
mixes. The electron beam energy deposition, efficiency and
beam uniformity are investigated as a function of:

1. Total pressure
2. Partial krypton pressure
3. Diode voltage.
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Energy Deposition

The Titania e-beam enters the gas through a titanium anode foil
12pm thick and a pressure foil 35um thick bonded to a
cylindrical support structure.  The Hibachi foil-support
structure has an 88% geometrical transparency. The amount of
energy deposited in the vessel manifests itself as a rise in
pressure of the target gas. This pressure jump, AP, is related to
the magnitude of the deposited energy, E, by:

E(J) = 60AP(torr) )

and is recorded by means of a baratron. However, the deposited
energy recorded by the pressure jump monitor does not include
radiative losses. Measurements performed on KrF gas mixes
indicate that a correction factor must be applied to recorded
energies of approximately 25%”.

The krypton partial pressure is maintained constant at 300 mbar

whilst the total pressure is increased from 1050 to 1350 mbar.
The Marx charge voltage was varied in 10kV steps from 60 to
80kV in each sequence of shots. The pressure jump was
recorded and Equation (1) is used to convert pressure jump
readings into deposited e-beam energies for specific charge
voltages. Figure 3a shows Lhe vanation in deposited energy
with Marx charge voltage, for cell pressures of 1050, 1150,
1250 and 1350mbar. The krypton partial pressure is
maintained constant at 300mbar.

—&— 1050mbar —l— 1150mbar
—&—1250mbar —@— 1350mbar

20

18

16

14

12

10 + T 1
60 70 80

Marx Charge Voltage (kV)

Deposited Energy (kJ)

Figure 3a. Variation in E-beam energy deposition with Marx
charge voltage (partial pressure of krypton =
300mbar, different cell pressures)

Figure 3b shows the vanation in deposited energy with cell
pressure for Marx charge voltages of 60, 70 and 80kV. Note
that at no combination of cell pressure and Marx charge voltage
does the deposited energy exceed 20kJ for a partial pressure of
krypton of 300 mbar.

Next, the krypton partial pressure is increased in 100mbar steps
from 300 to 600 mbar corresponding to a variation in total
pressure from 1050 to 1350 mbar (Figure 3c). The Marx
charge voltage is kept constant at 80kV in each sequence of
shots.

Finally, Figure 3d shows the variation in deposited energy with
krypton partial pressure over the range 300 to 600 mbar for a
constant cell pressure and Marx charge voltage of 1350 mbar
and 80kV.

From Figure 3d, the optimum energy deposition is 21kJ in
150/600/600 mbar (Ar:F2/Kr/Ar) at 80kV Marx charge
voltage. A deposited energy in excess of 20kJ is achieved for
partial pressures of krypton of 400 mbar and above at total cell
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Figure 3b. Variation in E-beam energy deposition with cell
pressure (partial pressure of krypton = 300mbar;
different Marx charge voltages)
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Figure 3c. Variation in E-beam energy deposition with cell
pressure (different krypton partial pressures; Marx
charge voltage = 80k V)
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Figure 3d. Variation in E-beam energy deposition with krypton
partial pressure (cell pressure = 1350mbar; Marx
charge voltage = 80kV)

pressures of 1350 mbar. In order to decrease the pressure
loading on the cell, the operating pressure of the cell is
decreased whilst maintaining the partial pressure of krypton at
600 mbar. Extrapolating the curve of Figure 3c implies that at
1200 mbar total pressure, in excess of 20kJ will be deposited in
the gas. A Marx charge voltage of 80kV results in a voltage on
the diode of only 520kV. This is well below the design value of
600kV. Other key components in the system (switches, Marx
capacitors) have been successfully operated over and above the
design values, but are similarly derated. This will result in
lower electrical stress and consequently improve component
lifetimes.



Deposition Uniformity

The e-beamn deposition is monitored through the output window
ot the cell by means reflecting light from the cell from a 50cm
square piece of plass onto a CCD camera with gated
framestore. Figure 4 shows a three-dimensional plot of the
energy deposition within the gas for a diode voltage of 600kV.

Figure 4. Electron beam deposition at a diode voltége of
600k V. 3D distribution

The krypton partial pressure and cell pressure are maintained
constant at 300 mbar and 1350 mbar respectively whilst the
Marx charge voltage is varied in 10kV steps from 60 to 80kV
in each sequence of shots. Figure 5a shows the variation about
the mean in e-beam deposition with Marx charge voltage. The
uniformity is optimum at 80kV.
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Figure Sa. Variation about the mean in average e-beam
deposition with Marx charge voltage

Next, the krypton partial pressure is maintained at 300 mbar
whilst the total pressure is varied in 100mbar steps from 1050
to 1350 mbar (Figure 5b). The Marx charge voltage is kept
constant at 80kV.

Finally, the krypton partial pressure is increased from 300 to
600 mbar whilst maintaining the total cell pressure constant at
1350 mbar (Figure 5c). The Marx charge voltage is fixed at
80kV. Although only two points were recorded in this sequence
of shots, uniformity is improved at 600 mbar compared with
300 mbar of krypton. This is due to the increased stopping

power of krypton over argon and consequently less electrons are -

lost to the far walls of the cell.
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Figure 5b. Varation about the mean in average e-beam energy
deposition with cell pressure
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Figure 5¢c. Variation about the mean in average e-beam
deposition with partial pressure of krypton

The optimum beam uniformity is 3.0% (6.1) over the extracted
aperture in 150/600/600 mbar (Ar:F2/Kr/Ar) at 80kV Marx
charge voltage. This gas mix is the design mix and also
provides the maximum e-beam energy deposition in the cell.
Figure 6 shows a two-dimensional image of the deposited
energy. The maxima of deposition occur at the anodes and the
minima at the inter-diode spaces.

Figure 6. Cross-section of deposited energy

Figure 7 shows the cross-sections measured between (a) two
geometrically opposing diodes and (b) two gecometrically
opposing  inter-diode spaces for 150/600/600 mbar
(Ar:F2/Kr/Ar) at 80kV Marx charge voltage.
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Figure 7. Cross-sections measured between
(a) two geometrically opposing diodes and
(b) two geometrically opposing inter-diode spaces
for 150/600/600 mbar (Ar:F2/Kr/Ar) at 80kV Marx
charge voltage.

Diode-to-Gas Transport Efficiency

The energy in the diode, Egoge, is determined by the computer
code EXPTZ® from the digitised traces of diode voltage and

total current according to:
@

Eaose = [i(t)v(t)dt @
0
The foil transmission efficiency, n, is defined as:

Ega.r
Edl'ade

&)

where Eg, is the energy deposited in the gas. Figure 8 shows
the energy in the Titania diodes as a function of Marx charge
voltage.
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Figure 8. Energy in the Titania diodes

Figure 9 shows the foil transmission efficiency as a function of
Marx charge voltages in the range 60 to 80kV. The target gas
is that which will be employed in Titania operations -
150/600/450 mbar (Ar:F2/Kr/Ar) - based on the results of
energy deposition and uniformity described above. The
efficiency is 44% at the lowest energy and drops to 39% at
higher voltage as the electrons penctrate further into the gas and

are lost to the far wall. This efficiency is well above the design
value of 30%.
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Figure 9. Efficiency vs. Marx charge voltage
Congclusions

e 20kJ of e-beam energy is deposited in the target pas for a
partial pressure of krypton of 600 mbar at a Marx charge
voltage of 80kV for cell pressures of 1200mbar and
above.The oplimum beam uniformity is 3.0% (Gn.1) over
the extracted aperture in 150/600/600 mbar (Ar:F2/Kr/Ar)
at 80kV Marx charge voltage.

¢ A foil transmission efficiency of 39% has been achieved at
a diode voltage of 520kV, well above the design value of
30%.

e The diode voltage of 520kV is well below the design value
of 600kV, which will result in lower electrical stress on the
key components in the system (cathodes, insulators,
switches) thus increasing component lifetimes.

These conclusions indicate the optimum operating parameters
of the Titania laser vessel to be:

Switch voltage: 1100kV
Diode voltage: 520KV
Marx charge voltage: 8S0kV
KrF mix: 150\600\450 mbar Ar:F\Kr\Ar
(1200mbar total pressure)
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CHARACTERISATION OF THE TITANIA LASER MODULE

A K Kidd, C J Hooker, A P Visser and M J Shaw

Rutherford Appleton Laboratory

OPERATION AS A LASER OSCILLATOR

The Titania laser is operated as an oscillator in order to test
machine reliability and exiract maximum energy in a 168ns
pulse. The cavity is configured with an output coupling
window angled at 90 degrees to the optical axis in order to
provide about 10% feedback into the cell. The rear window is
tilted at 2 degrees and the back mirror has a focal length of
9.6m. The first laser oscillator shot was fired on 9th November,
1994. To date (April 1995), a total of 860 laser shots have
been fired on the Titania module at up to 40 shots per day.

In order to measure the energy contained in the 42cm diameter
beam, a concave mirror was constructed to focus the beam onto
a 20cm dia. detector. To cut costs, the mirror was designed
within the CLF to be 110cm in diameter and to have a focal
length of 150cm. The mirror was constructed from 10 and Sem
square pieces of glass (reflectivity measured as 3.4% at 248nm)
overlain on a moulded polystyrene substrate. :

The cell is filled with various KrF gas mixes. The laser output
energy is measured as a function of:

1. Partial krypton pressure
2. Fluorine concentration.
3. Diode voltage

The cell pressure is maintained constant at 1100 mbar whilst
the krypton partial pressure is increased from 300 to 500 mbar.
The Marx charge voltage was varied in SkV steps from 60 to
80KV in each sequence of shots. Figure 1 shows the variation in
laser output energy with Marx voltage for different krypton
partial pressures.
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Figure 1. Variation of laser output energy with Marx charge
voltage

From Figure 1, there is an increase in laser output energy as the
krypton partial pressure is increased from 300 to 500mbar over
the range of Marx voltages considered. Next, the fluorine
partial pressure is increased in 50mbar steps from 100 to 200
mbar whilst maintaining constant total and krypton partial
pressures of 1100 mbar and 500 mbar (Figure 2). The Marx

charge voltage is kept constant at 70kV in each sequence of
shots.
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Figure 2. Variation of laser output energy with fluorine partial
pressure

From Figure 2, the laser energy is reasonably constant at 100
and 150 mbar but falls off steeply at 200 mbar. Figure 3 shows
the variation in laser output energy with Marx voltage for a
fluorine pressure of 100mbar.
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Figure 3. Variation of laser output energy with Marx charge
voltage. Gas mix: 500/550/100 (Kr/Ar/He:F,).

To date, the maximum laser energy recorded has been 845J
achieved with 1150 mbar of 500/550/100 (Kr/Ar/He:Fs). This
is well below the predicted 1500J. Possible reasons for the
lower than expected laser energy are:

e The electrons see a thin gas target - the gas density is 20%
below the design value. A 248nm probe beam was used to
make measurements of the transmission of the Titania
output window during the laser pulse to ensure that this
effect was not due to X-rays emitted during the excitation
pulse.

e Although the fluorescence follows the pump waveform
very closely, the laser pulse collapses during the
fluorescence. In particular, there is a greater tendency for
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the on-axis laser pulse to collapse than the off-axis
component (Figure 4). The FWHM of the on-axis laser
pulse is 100ns compared with 140ns off-axis.

Figure 4. On-axis (RHS curve) and off-axis laser pulses.
Vertical scale: arbitrary scale.
Horizontal scale: 50ns/div.

It is proposed that the laser mode is collapsing on-axis during
the pulse due to the particular oscillator arrangement used in
this experiment. Since the module will not employ this
configuration in the Titania laser system, this is not a problem.

SMALL-SIGNAL GAIN MEASUREMENTS

One of the most important parameters associated with the laser
amplifier is the small-signal gain (§SG). Figure 5 shows the
experimental arrangement used to measure the SSG of the
Titania amplifier. An EMGI150 discharge laser is used to
trigger the Titania swilches. A section of the beam is split off
and sent via a multi-pass delay line through the Titania laser
cell. The 25ns 248nm pulse is measured at the output by means
of an rf-shielded photodiode. The input pulse is monitored by
splitting off around 10% of the input bearn by means of a quartz
flat.

TITANIA LASER

& h
IS
c
Quartz Flx
PHOTO DIODES L
a #N\ To triggeriog opticy
L B |
I |
| — |
|y ]
Delay ina R
1
LAMDA PHYSIK EMQ 150 LASER
Al points A w right mgied prisms

B & C arv 10m wnd Sm focasing optics respectiviy

Figure 5. Experimental apparatus used to measure the small-
signal gain.

The design specification' for the Titania laser vesse! indicates
that 20kJ of e-beam energy be deposited in the Ar/Kr mixture at
a cell pressure of 1350mbar. Measurements of e-beam energy
deposition have shown® that this is achieved at pressures of
1150mbar and above. In order to reduce the pressure loading
on the module, the cell is operated with 1200 mbar of
600/450/150 (Kr/Ar/He:F,).  The small-signal gain is
investigated as a function of:

1. Diode voltage (pressure jump)
2. Laser input energy.

Variation in Diode Voltage

The cell pressure is maintained constant at 1150 mbar whilst
the Marx charge voltage was varied in 5kV steps from 60 to
80kV. The input and output energies are recorded on-axis.
Figure 6 shows the variation of small-signal gain with Marx
voltage.
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Figure 6. Variation of small-signal gain with Marx charge
voltape (constant laser input energy)

At a Marx charge voltage of 60kV, the SSG is 35x,
corresponding to a net ASE-depumped SSG of 1.3%cm™. At
80kV, the figures are 6000x and 2.9%cm™. This is slightly
above the design value of 2.6%cm™.

Variation in Laser Input Energy

The cell pressure is maintained constant at 1150 mbar whilst
the laser input energy is progressively increased by two orders
of magnitude to ensure that operation is within the small-signal
regime. Figure 7 shows the variation of small-signal gain with
laser input energy for a Marx charge voltage of 80kV. The
straight horizontal line confirms that we are in the small-signal
region.
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Figure 7. Variation of small-signal gain with laser input
energy. Marx charge voltage 80kV. Eo is the input
energy used lo obtain the data in Figure 6.

A second technique to calculate the SSG is to measure the level
of amplified spontaneous emission (ASE) emitted by the
amplifier. The ASE intensity Iasg, together with a knowledge of
the static transmission of the laser cell, enables calculation of
the SSG by means of the equation:



' dQ
lp= I_WAexp((g” - a)2L)Z; 0

where A depends on linewidths and lifetimes and is typically
0.1°. The saturation fluence, I, is approximately 2.5MWcm?
under our conditions. Both single- (no back mirror) and
double-pass (back mirror installed) ASE have been measured.
Figure 8 shows the on-axis double-pass ASE fluences measured
with a 10cm diameter calorimeter at various Marx charge
voltages for a standard gas mix of 600/450/150 (Kr/Ar/He:F;).
The Marx charge voltage is varied from 60 to 80kV in 5kV
steps. The calorimeter is placed at a distance of 3.3m from the
Titania front window.
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Figure 8. Variation of double-pass ASE fluence with Marx
charge voltage 80kV at a distance of 3.3m from the
Titania front window.

Figure 9 shows the on-axis double-pass ASE fluences measured
at various distances form the Titania front window at a Marx
charge voltage of 80kV.
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Figure 9. Variation of double-pass ASE fluence with distance
from the Titania front window at a Marx charge
voltage of 80k V.

The ASE fluence at a distance of 3.3m from the front window at
80kV is 10.2mJem™®. Evacuating the cell and filling with pure
argon revealed a static transmission of 28%, implying some
etching of the windows has occurred. The calculated
transmission of the fluorine with the standard gas mix is also
28%, indicating a stalic transmission of 7.8%. Using equation
(1), we get an SSG of 3.0%cm™ at a Marx charge voltage of
80kV, which is consistent with the value reported above.

Conclusions

A maximum laser output energy of 845J has been achieved with
a non-optimised oscillator cavity and gas mix. Under standard

operating conditions - with 1200 mbar of 600/450/150
(Kr/As/He:F;) and a Marx charge voltage of 80kV - the net
ASE-depumped SSG is measured directly to be 6000x, or
2.9%cm™, A second method of calculating SSG using ASE
measurements gives an approximate value of 3.0%cm™. This
exceeds the design value of 2.6%cm™,
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DESIGN OF THE TITANIA OPTICAL SYSTEM

S Hancock and C J Hooker
Rutherford Appleton Laboratory
SUMMARY OF THE OPTICAL SYSTEM Back mirror: R =19.14 m concave
Output optic: F = -9.59 m CaFj lens

In its final configuration, the Titania system will provide four
Raman beams on target, with high brightness, very low
prepulse, a range of possible pulse lengths and near diffraction-
limited quality. A good-quality KrF CPA beam will also be
available, plus a second KrF beam for backlighting, broadband
irradiation and other specialized applications. The Raman chain
will consist of two new amplifiers, with lightguide apertures of
5 cm and 16 cm, which will be called RA4 and RAS to avoid
confusion with names in existing publications. Both will be
angularly multiplexed, with two extracting beams in RA4 and
four in RAS, and the KrF pump beams will camry trains of four
pulses, rather than single pulses as in the Sprite system. The
KrF chain will consist of Sprite and Titania only. Sprite will
have twelve angularly multiplexed beam channels, each of
which will drive two angularly multiplexed channels in Titania.
A full description of the optical system can be found in
Reference 1.

OPTICAL SYSTEM DESIGN

In the start-up configuration in April 1996, there will be a
single KrF beam in operation, carrying a chirped pulse of around
50ps duration. This will be amplified to around 5 joules in
Titania, and after attenuation and recompression by a grating
pair will give a pulse of 100-200 femtoseconds duration on
target.

The arrangement for multiplexing and demultiplexing the KrF
beams in Titania is the most complicated part of the optical
system, and imposes the severest constraints on the rest of the
layout. Most of the design work on the optical system in the
past year has therefore been devoted to laying out the mirrors
and beam paths so that the beams are unobstructed and all have
the correct optical paths. By using a 3-D CAD package in which
the beams are treated as solid objects, any interception of one
beam by mirrors handling other beams could be detected and
appropriate corrections made. After the positions of all the
Raman pump beams and mirrors were defined, the comparatively
simple CPA beam line was incorporated into the design.

The input and output optics of Sprite were changed as part of the
Raman upgrade last year, and do not need further modification.
The CPA beam will use the beam line closest to the axis of
Sprite in order to minimise aberrations, and will be timed so it
is the first pulse to be amplified. The optical configuration of
Sprite is shown in the following table:

1.8 cm diameter
F = 1.12 m silica lens

Input beam:
Input optic:

Output beam: 9 cm diameter

Following Sprite, the beam lines carrying the Raman amplifier
pump beams will be split and delayed to give twenty-two
equally-spaced groups of pulses into Titania. The CPA beam will
not be split, and will be the first beam to be amplified in
Titania, again using the beam line closest to the axis to

minimise aberrations.

The beams entering Titania will be expanded using convex
mirrors rather than lenses, and the output beams will be
recollimated in the same way. This reduces the number of
transmissive optics and 45-degree mirrors in the system, and
makes the best use of the space in the KrF optics bay. To
maximise the extracted volume in Titania, the beams will
expand to 42 cm diameter at the back mirror, leading to a loss of
around 7% of the total beam area from vignetting of off-axis
beams.

The use of convex mirrors inevitably involves off-axis
reflections, and will result in a few waves of aberration on the
pump beams; the calculated amount of aberration will not
degrade the operation of the Raman amplifiers in any way.
Because the CPA beam will be used directly on target, it must be
as close as possible to diffraction-limited, so a ray-tracing code
was used to study the effects of the off-axis reflections. When
the directions and angles of the off-axis reflections are chosen
correctly, the total geometrical aberration is around 1/3 of the
diffraction-limited beam divergence, so there should be only a
slight degradation of the focal spot from this cause. The ray-
trace also showed that the negative lenses in the Sprite beam
pipe introduce significant chromatic aberration, which if
uncorrected would result in poor cémpression of the pulses. To
compensate for this aberration, a non-achromatized spatial
filter was designed, to be placed in the beam before the input to
Sprite. The optical configuration of Titania is shown in the
following table:
Input beam: 9 cm diameter
Input optic: R =17.45 m convex mirror
Back mirror: R = 45.56 m concave
Output optic:
Output beam:

R =39.39 m convex mirror
16 cm diameter

The CPA beam is one of only two beams that suffers no
vignetting in the Titania cell. However, to ensure that the edge
of the beam is as clean as possible, it will be apodized at a point
between Sprite and Titania; this will eliminate any diffraction



fringes that might cause localizéd damage to the diffraction

gratings.

The layout of the Titania input/output array has been made as
compact as possible to fit into the KrF optics bay, which
occupies the northemn side of R2. A diagram of this army is
shown as an inset in Figure 1: the small beams are inputs and
the large beams outputs. The KrF bay will contain the input and
output beams for Sprite and Titania, the delay paths following
the 12-to-24 beam split and the demultiplexing paths for the
Raman pump beams. After demultiplexing, the pump beams will
be steered into RA4 and RAS5 by 45° mirrors opposite the
entrance to the Raman optics bay. A diagram of the pump array
is shown as a second inset in Figure 1, and the main figure is a
3-D schematic of the whole of the KrF system.

THE RAMAN OPTICS BAY

The Raman optics bay lies in the link building between R2 and
R7, and will contain the optical delay lines for the Raman

Layout of the
o |24-beam Titania
O |input/output array

Sprite
input beams

RAMAN OPTICS BAY

Figure 1. 3-D CAD image of the KrF beam layout in the Titania system. The Raman beams are not shown in this view, nor are any of

beams, vacuum spatial filters and the two main Raman
amplifiers. The pulse compressor for the CPA beam will occupy
a vacuum chamber in this bay, and the recompressed pulse will
propagate to the target chamber in an evacuated beam pipe.
Output beams from RAS will be propagated to the target area in
beam pipes filled with either argon or helium.

The design of the optical system for the CPA beam is complete,
and mechanical designs for the compression chamber and the
grating mounts are nearly complete. Following the gratings, a
telescope will reduce the beam diameter from 15 cm to 10 cm,
the same as on Sprite, to allow the use of existing target
chamber optics. The telescope will consist of one concave and
one convex mirror, placed five metres apart in the beam pipe.
Ray-tracing of the telescope optics has confirmed that no
significant aberration will be introduced by the off-axis

reflections involved.
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the mirror support framaworks. The two insets show the Titania I/O array and the tuming/pump mirror array for RAS in greater detail.
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A HIGH SENSITIVITY IMAGING FLAT-FIELD SPECTROMETER DESIGN.

D. Neely!, A. Damerell!, R. Parker! and M. Zepf®

). Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX
2). Clarendon Laboratory, Oxford University, Parks Road, Oxford, OX1 3PU

INTRODUCTION

X-ray emission spectroscopy is a widely used technique to determine
the temperature and density conditions present within a laser
generated plasma. It is also an essential dia%nostic to measure the
gain coefficient of a soft X-ray laser transition" or the efficiency with
which harmonics of the drive laser wavelength can be produced.
Typically, on experiments carried out on the VULCAN or SPRITE
high power lasers, a Rutherford designed spectrometer incorporating

an aperiodically ruled flat-field grating has been used to examine

emission in the 20 «> 300 A region. To facilitate new experimental
investigations an increase in the minimum detection sensitivity and
spectral range was required. This paper discusses the design and
benefits of a new spectrometer constructed to fulfil these needs.

STANDARD NON-IMAGING FLAT-FIELD

The standard flat-field spectrometer design used previously at
Rutherford did not use any collection optics but instead relied on
placing the entrance slit close to the plasma emission to obtain
sufficient photons for- detection. Typically, the entrance slit was
placed at 20 - 100 mm from the source but in some instances the
spectrometer was operated slitless and the plasma placed at the
location of the entrance slit plane. A Hitachi concave flat-field
diffraction grating was located at a distance of 237 + 0.5 mm from
the entrance slit and focused the emission from the entrance slit onto
the detector plane which was situated at 235 + 1.0 mm behind the
grating. A number of different options for the detector were available.
For time integrated results either films such as Kodak 10101, 10402
and Ilford Q-plates were used or, a soft X-ray Csl coated fibre optic
bundle vacuum face plate coupled to a Mullard 50/40 intensifier. For
time resolved results a Kentech streak camera was used.

The standard glancing angle setting for the flat-field gratings were 3.0
1 0.2 degrees for the 1200 lines/mim grating and 1.25% 0.1 for the
2400 lines/mm grating. To initially set-up the spectrometer a pre-
aligned telescope was used to define the spatial location of all the
components. Then, a collinear HeNe laser was injected through the
telescope to set the grating angle. The 1200 lines/mm grating shows a
slow fall off in higher order efficiency. This can greatly increase the
effort required to deconvolve the spectrum. To reduce this effect a
double parallel mirror soft X-ray reflection filter was installed
between the entrance slit and the grating”. The filter could be set to
efficiently transmit only emission longer than a cut-off wavelength
which was normally in the 40 <> 100 A region. The typical spectral
ranges studied were 30 <> 300 A using the 1200 lines/mm and 15
<100 A with the 2400 lines/mm grating.

IMAGING FLAT-FIELD SPECTROMETER

To increase the range of experimental investigations carried out at

Rutherford a spectrometer with much higher sensitivity in the 506>

500 A region was required. The main modifications implemented for

achieving this were :-

1) to increase the flux density at the detector plane by using an
additional cylindrical mirror with a surface orthogonal to the
flat-field grating to image the source in one dimension. By
using a variable focal length mirror it was also possible to
greatly increase the locational flexibility of the system.

) to use a micro-channel plate (MCP) permanently maintained
under high vacuum as the detector. MCP's are more sensitive
detectors than film, particularly in the longer wavelength
portion of the range.

3) to insert an additional limited aperture filter between the
grating and the detector, which efficiently discriminates
against fluorescent and scattered emission within the
spectrometer

As the initial diagnostic requirement was in the 503500 A region
this report will only consider a spectrometer design based on the 1200
lines/mm grating which is optimally blazed for this region.

The spectral resolution and imaging properties of this grating4 were
investigated using a geometrical ray tracing program which solved
equation (1).

-l
Sin [ﬁ/\g— mﬂ.p] =6 )

t

Where p is the groove density, A the wavelength, m the order being
examined, and 0 is the output angle. The geometry is as depicted in
Figure (1). Since the imaging mirror's surface is orthogonal to the
grating surface the spatial imaging of the mirror and spectral
imaging/dispersion of the grating can be considered separately and
combined at the final design stage. '

Output ray

Source x

Grating

Figure 1. Schematic diagram showing geometry used to ray trace
a flat-field grating.

For the 1200 lines per mm flat-field grating the groove density p is
given as

-1
p=po[l+%-x +%xz+%x3] V)

Where r = 5649 mm, p, = 1200 lines/ mm, b, =-20, b, =455.8 and
b, = -11840 and the grating surface is 50 mm long,

The ray tracing program followed a bundle of 21 rays (set to intercept
the grating across its full length, at equal intervals). It located the
focal plane for each wavelength by finding the location where the
distance between the centroid and the refracted rays in the output
bundle was smallest. The program examined the spectral focal planes
for a range of grating angles 2° ©» 6° and typical outputs are shown
in figures 2 and 3 for different source distances.
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Figure 2 Focal planes for a 1200 lines/mm flat-field grating and a
source to grating distance of 0.237 m.
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Figure 3 Focal plane for a source to grating distance of 0.62m

To obtain maximum sensitivity it is necessary to simultaneously
obtain optimum spatial and spectral resolution. This condition is
satisfied when both the grating and imaging mirror focal planes
overlap exactly. A relaxation of this condition occurs due to the
limited resolution p of the detector (p ~ 5 pum for film and p ~ 100 pm
for a double MCP), If ¢; and ¢ are the angular convergences of the
spectral and imaging ray bundles respectively, then this constraint can
be expressed as

2¢(,1)|G(,1)1(;.) <p for Ag <A <Apm Q)

Where G()) is the grating focal plane, I(A) is the imaging mirror's
focal plane and ¢(A) is the greater of the pair ¢, and ¢ for a given
wavelength. The image plane I(A) will be circular, of radius
r= u—|mg| where u is the image distance and lmgl is the distance
between the mirror and grating centres. Since most detectors are flat
then the condition expressed in equation 3 can only be satisfied over a
limited wavelength range. For the case where the source to grating
distance is 0.62 m as shown in figure 3, it is possible to adequately
image wavelengths both spectrally and spatially between 20063400
A by using the grating at 4.25 degrees and situating the detector
appropriately.
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Figure 4 Plot of geometrical focal spot size vs. wavelength.
EXPERIMENTAL

The imaging mirror substrate was a flat Au coated piece of BK7 glass
of size 160x10x1 mm with a surface roughness of less than 4 A. This
substrate was placed in a bending jig and adjusted to the required
radius. To reduce stray light and improve image quality a limiting
input aperture was situated so that only the central 80 mm were
illuminated. Using the variable radius obtainable with the bending jig,
the mirror could be utilised with a source distance of 0.2¢> 1.4 m.
The spectrometer (Figure 6) was tested with a source to mirror
distance of 230 mm, mirror glancing angle 4° and grating angle at 3.8
° giving a spatial magnification at the detector plane of 2.3. The solid
subtended by the spectrometer was 1.5 x 10 Sr and tests
demonstrated a spatial resolution of 30 pm.

CONCLUSION

The addition of a glancing angle mirror to image the source onto the
detector plane in a flat-field grating spectrometer greatly enhances the
detection sensitivity of the instrument. To increase dynamic range the
introduction of a low dispersion transmission grating orthogonal to
the flat-field is planned. Such a grating could also help in separating

aperiodic
1200 /mm
flac-ficld
grating

Figure 5 Schematic diagram showing the geometry of the imaging flat-field spectrometer.

The raytracing program was also used to examine the spectral
resolution at the output plane as a function of grating angle and
illuminated grating width. The resolution was found to be only a
weak function of grating angle, with greater angles and greater
wavelengths giving larger focal spots. The focal spot size was
observed to be an almost linear function of grating illumination length
as shown in figure 4. For the majority of this curve the resolution
obtained is significantly lower than the diffraction limit considering
the number of grooves illuminated. This result would tend to indicate

that the spectral resolution can be easily increased by at least a factor’

of x10 by limiting the length of grating illuminated.

the high order spectral overlap. It is also planned to further extend the
spectral range of the instrument with operation up to 500 nm
envisaged by the introduction of a second grating which intercepts the
zero order emission and disperses it onto a second detector.

D. Neely et al, Optics Communications, 87, 231-236 (1992)

S. Preston et al, this report

D. Neely Ph.D. Thesis, Queens University of Belfast (1992)
Part No. 001-0437 blank 30x50x10 mm Blaze angle 87 degrees.
T. Kitta, T. Harada, N. Nakano and H. Kuroda. Applied Optics,
22,4 (1983) p512-513.
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COMPARISON OF SOFT X-RAY DETECTORS

M.Zepfl, A.G. MacPheeZ, C.L.S. Lewis2, J.S.Wark!.

IClarendon Laboratory, Department of Physics, University of Oxford, Parks Road, Oxford OX1 3PU, UK,
2Department of Pure and Applied Physics, Queen's University, Belfast , BT7 INN, UK,

INTRODUCTION

Understanding the response of a detector and being able to
compare different types of detectors is of crucial importance for
the analysis and planning of experiments. Here two soft X-ray
detectors, a Microchannel Plate assembly (MCP) with two
microchannel plates in series and a CCD [1] coupled to a phosphor
coated fibre optic plate are compared in the range of 40 to 200
Angstroms.

The actual microchannel plates are two 500 pm thick glass plates
with 10 pm holes at a 12 pm pitch. These act like a mafrix of
electron multipliers, accelerating the electrons down the channels
and generating secondary electrons by collisions with the glass
walls. The amplified beam is then accelerated onto a phosphor
screen and the image is then stored on a CCD/computer data
acquisition system(Fig. 1). The MCP's tested here were uncoated.

microchannel plates amplified Fibreoptic
/ \ electron cou Pl er
beam

\

Fibreoptic
4:

' L ' | Phosphor
Ll | | i Screen
<2kV 3-5kvV

Fig 1: Schematic of MCP detector

The fibre optic system relies on the conversion of high energy
photons to visible light in the phosphor coating. The light is then
guided by the fibre optic plate onto the cooled CCD chip. (Fig 2)

Phosphor coating

Fibreoptic plate

- CCD camera

incident light
—_—

Fig. 2: Schematic of phosphor detector

The detectors were compared in terms of semsitivity, spatial
resolution and dynamic range. The results presented should be
valid over a far greater wavelength range as the relative response
of the phosphor (linear with photon enmergy) and the MCP
(essentially flat with a sharp cut-off at 1000 A) are known.

The MCP was also calibrated in terms of absolute photon nhumber
relative to the CCD + phosphor detector, which had previously
been calibrated against film.

THE EXPERIMENT

The source used for calibration was a Carbon plasma generated
from a rotating target with 1 J, 3 ns pulses from a 10 Hz,
frequency doubled Nd:YAG laser . The light was collected by a
flatfield spectrometer using a 1200 I/mm Hitachi grating [2]. The
spectrometer was used without a slit to maximise the collection
solid angle and the grating was reangled to keep the instrument in
focus. The incident light levels were adjusted by using Aluminium
filters in thicknesses between 0.4 pm and 4 pm. The detectors
were then mounted in the same position relative to the gratings.

Three different set-ups were tested. These were the 16 bit cooled
CCD + phosphor coated fibre optic, the MCP with the above CCD
camera and the MCP + Photonic Science "DarkStar" intensified
CCD camera. The first and the latter are the configurations which
have previously been used in experiments at the RAL [4,5]. The
second configuration was used to determine the dynamic range of
the MCP which was thought to be limited by the intensified CCD.
Also this gives a direct comparison of the spatial resolving power
of the MCP compared to the phosphor assembly.

SENSITIVITY

The sensitivity curve of the MCP was taken over as wide a range
of gain settings as was possible under the experimental conditions.
It was put onto an absolute scale by comparing the integrated
number of counts to the CCD + phosphor assembly which is known
to have a linear response with photon energy. The sensitivity of the
system had previously been calibrated to be 0.03
pholons/pmzlcount @ 182 A and 0.007 pholons/umzlooum @40A
[1,3]. Due to the pixel area of 27* 27 pm this corresponds to 22
photons/pixel/count

For a voltage of 1.1 kV this results in 3.21 at 40 A and 3.6
photons/count at 182 A, well within the observed 30% shot to shot
variation of the signal level. This is in agreement with the expected
flat response of the MCP.

Due to excitation of neighbouring channels one photon at high
gains will produce an image of around 400 pm“ on the CCD
coupled to the back of the MCP, corresponding to about 16 pixels
on the Photonic Science CCD camera. This explains the high
number of counts/photon on the calibration curve. At high gains,
one detected photon is enough to be clearly visible above
background. The quantum efficiency is quoted at around 5% to
10%.

o

This also allows an independent check on the consistency of
calibration: If one assumes the smallest spots on an image are due
to single photon events, then the integrated number of counts under
these spots should be predicted by the calibration curve. Indeed the
smallest spots were found to have 40 counts at 1.5 kV gain
compared to the predicted 50.
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Fig 3: Calibration curve of microchannel plate

The MCP assembly proved to be far more sensitive than the
phosphor system. It was possible to take single shot images with
any of the gain settings used on the MCP. The phosphor system
needed 50 shots to produce a well exposed spectrum. Single shot
data collection was only possible through integrating all counts in
one column of the CCD array.
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Fig. 4: Comparison of Carbon spectra taken with the MCP (bottom)
and CCD + phosphor (top)

The excitation of neighbouring channels mentioned above serves
to limit the MCP to about 200 pm spatial resolution. This results in
comparatively poor speciral resolution compared to other media
such as film or the CCD/phosphor system.

The phosphor system's spatial resolution by contrast is only limited
by the combination of fibre optic and CCD. Typical line widths

were around 2-3 pixels or 56 - 86 pm. Figure 4 shows a

comparison of a single shot MCP spectrum and a lineout of 50 shot
spectrum in the phosphor system. The difference in resolution is
quite clearly visible. The different line ratios are largely due to the
difference between the flat MCP response with photon energy
compared to the phosphor response favouring short wavelengths.

DYNAMIC RANGE

The dynamic range of the systems compared here is defined as the
ratio of the maximum number of counts and the average noise
level. These are effectively the number of greyscales which the
detector can reproduce.

The dynamic range of the phosphor system is determined by the
performance of the CCD detector. The scale on this system
stretches to 65000 counts while typical noise levels are of the order
of a few counts.

This results in a dynamic range of about 4 orders of magnitude.

The dynamic range of the MCP assembly was determined using the
low noise, cooled CCD from the phosphor system. In this set-up the
dynamic range is limited by the saturation of the MCP's and can
clearly be seen by the line ratios approaching unity. This effect
can distort relative line intensities when one approaches the
saturation of the MCP and affects the interpretation of the data.
The dynamic range of the MCP before the onset of a significant
change in the line ratios is about 1000.

The dynamic range of the MCP with the Photonic Science CCD
camera was limited to about 100 by the CCD camera.

CONCLUSION

In conclusion it can be said, that the MCP's advantage in sensitivity
will make it the choice for experiments where low light levels are
expected. Furthermore the relatively flat response from around
1400 A (1800 with Csl coating) to 0.1 A makes it a very versatile
detector, especially at long wavelengths. In the range from 600 A
to around 0.3 A the phosphor system, however, will produce
cleaner spectra with a higher dynamic range once the light levels
are sufficiently high and therefore be the detector of choice for
such experiments.
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F2.5 OPTICAL IMAGING SYSTEM.

R. Parker, K. Clifton, D. Neely, P. A Norreys and F. N. Walsh.
Rutherford Appleton Laboratory, Chilton, Oxon., 0X11 0QX, England

INTRODUCTION.

The optical emission generated when high intensity laser pulses are
focussed into pas-jet targets can give important information
concerning the size and location of the focal spot and any filamentary
structure. An important consideration when using a short pulse high
intensity CPA (Chirpgd Pulse Amplified) laser beam is the choice of
optics used for focussing the beam onto the target. The optical path
through transmissive .optics must be kept to a minimum in order to
conserve beam quality. At Rutherford, to minimise this problem, we
use a reflective off-axis parabola to focus the laser beam. In order to
reduce costs and ease construction, the off axis angle is kept to a
minimum, typically 12° — 14°. The folded nature of the beam path
in such a geometry precludes the use of small, short focal length
lenses for diagnostic .purposes, as the access to the target plane is
restricted. To overcome this, an imaging system using f2.5 aspheric
doublet lenses with a long focal length of 0.275 m, was designed.
Using these optics allowed the lenses and support brackets to be
mounted at the opposite side of the CPA beam from the target,
without obscuring any of the beam. The lenses used were originally
intended for focussing a drive laser beam to a near diffraction limited
point at the target plane. These high collection efficiency optics were
used due to the cost of new, long focal length lenses. Measurements
of the imaging properties of the system were made using a ray-tracing
package, Beam 4, which only included geometric effects. The system
was tested experimentally and produced excellent results. "

THE F2.5 DOUBLET

The 2.5 doublet consists of 2 plano-convex lenses, with one element
being asphericised to-give optimum focussing of a parallel beam to a
point.? Imaging using a single 2.5 aspheric doublet lens was
investigated, to establish the geometric source resolution at different
magnifications. The:results showed that the resolution was almost
constant at around 3 'um, at any magnification over x5. However, at
magnifications lower than x5 the resolution degraded considerably to
over 100 um at x2. To image at different wavelengths, it was
necessary to optimise:the separation of the elements in the doublet,
which ranged from 4.88 mm @ 1 pm, to 58 mm @ 0.25 pm. The
imaging system was ray-traced at 1 pm, 0.5 pm and 0.25 pm. It was
found that the optimum separation of the elements required to image
a point to a point was the same as that required to image a parallel
laser beam to a point.

The system was required to operate at very low magnifications, to
image a large field of view (~8 mm) onto a CCD camera. To
overcome the problem of low resolution at low magnifications, a
system was designed using a pair of doublets as described below.

IMAGING WITH TWO F2.5 DOUBLETS.

The imaging properties of a system consisting of two doublets placed
opposite each other in an infinite conjugate ratio were investigated.

Chamber Window

Plasma
(Point Source)

|

Pellick Beam Splitier

1.5 aspheric
Figure 1 Schematic of the twin doublet imaging system.

The imaging system (figure 1) was initially set up for operation at the
second harmonic (A=527 nm), and was ray-traced accordingly. When
the centres of the adjacent lens surfaces are the optimised 17.9 mm,
the calculated resolution is 3+2 pm. When the beam passes through
the chamber window shown in figures 1 and 2 it is parallel and no
noticeable effect is made upon the calculated resolution. The imaging

system was also required to be used at infra-red wavelength (A=1054
nm), and the ray-tracing showed that the element separation for this
wavelength was optimised at 4.88 mm. However, it was found that
there is no significant degradation in resolution (~ 6 pum) when
imaging at 1054 nm using the doublet separation optimised for 527
nm, although the image plane position increases by 14 mm. For a
given wavelength it is thus possible, using a combination of bandpass
filters and pellicle beam splitters, to image multiple wavelengths
simultaneously onto multiple CCD detectors. Figure 2 shows a
schematic of the location of the final imaging system with respect to
the laser beam.

2.5 optical
imaging system

CPA laser beam

Mirror

X-ray diagnostic

Figure 2 Schematic of imaging system position, within chamber.

As the wavelength of the light to be imaged changes, so does the focal
plane of the imaging system. Figure 3 shows the change in calculated
focal plane distance, relative to the rear surface of the second doublet.
A kink can be seen at 400 nm. This is attributed to the numerical
accuracy of the ray-tracing program.
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Figure 3 Plot showing the results obtained with the imaging system.

The refractive index, n, of the two fused quartz elements in the
doublets varies with wavelength, from 1.50079 at 264 nm to
1.44972 at 1054 nm. To a first order approximation, for small
changes in 1 caused by changes in wavelength, the change of the
focal plane position is proportional to (-1)>. This shows that the
wavelength bandwidth (the range of wavelengths which are brought
to a tight focus in the same plane) of the imaging system is narrower
at shorter wavelengths, because dn/dA is higher. The dependence of
refractive index on wavelength is not a great problem when studying
harmonic emissions as the intensity is such that it normally dominates
any other emissions.

CONCLUSION.

An imaging system using a pair of £2.5 doublets has been used
successfully in Target Area West several times and has achieved the
required resolution. There are plans to develop the system further, by
introducing a grating or prism between the two doublets, thereby
creating a 2D spectrometer.
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VULCAN OPERATION AND STATISTICS

DA Pepler and CN Danson

Rutherford Appleton Laboratory

Sixteen full experiments have been conducted this year, using all
four target areas, with a significant number of these experiments
being in the main target areas TAW and TAE. Both of these
areas have been used for chirped pulse amplification (CPA)
operation with TAE used in this mode for the high harmonic X-
ray laser experiment early in the year. TAW has been intensively
and continuously operated throughout the year with CPA with
extremely varied experimental requirements,

TA4 has continued to be productive providing for several short
experiments and due to the high level CPA programme TA2 was
used for a single experiment at the beginning of the year.

A total of 7792 laser shots were fired 3439 of which were to the
target areas. The statistics for the experimental programme are
given in Table I which indicates the total number of shots, target
shots and failed shots each individual experiment received. Due
to the increasing complexity of the experimental setups nearly
half the total number of these shots were required to diagnose the
experimental conditions. A total of 1886 shots were fired to target
for full data collection. The relative breakdown of these shots
into the four individual target areas is indicated in Chart I.

The failure rate of target shots continues to be low at ~3.5 %.

TA4 has had an upgrade this year with installations of new high-
reflectivity mimrors and an aspheric focusing lens. These
improvements have increased the energy throughput to target by a
factor of two and enable 20 J in a 6 ns pulse to be delivered. This
has substantially improved the images obtained from the X-ray
contact-microscopy work.

TAW
40%

TA2
8%

TA4
19%

TAE
33%

Chart I Relative number of target shots per area

A
EXPERIMENT
EXPERIMENTAL (Total number of shots - Target shots - Failures)
PERIOD 94 - 95 TAE TA2 TAW TA4
: Plasma collisions Recombination X-ray Facility development
28 Mar - 8 May (369 - 156 - 5) (88 - 88 - 4) (83-83-1)
16 May - 5 June High harmonic
X-ray laser Solid target CPA
(133-103-7) (122-82-3) s
6 June - 26 June Bl(cilgaglf:all;;n_agll)ng
Ge X-ray laser CPA gas jet
4 July - 31 July (90 -90-3) (198 -95 -2)
8 Aug - 28 Aug
Ni X-ray laser Plasma wakefield |
(424 - 61-3) (253-53-2) o .
29 Aug 17 Sept B e
Strain relaxation in brittle X-ray laser network
25 Sept - 5 Nov solids (180 - 92 - 4) (132 -132- 1)
Foil impact on foam targets Relativistic plasma wave Facility development
13 Nov - 24 Dec (480 - 146 - 8) (240 - 180 -3) (@6 - 46 - 0)
9 Jan - 29 Jan
Foam smoothing Solid target CPA
(200-138-4) (167 -107 - 4) . Lo
30 Jan 19 Feb Gas Je(lzgl'ia;aéctecl;l)satlon
e —
TOTAL NUMBER
OF SHOTS (1507 - 630 - 29) (369 - 156 - 5) (1200 - 737 - 19) (363-363-1)

Table I VULCAN statistics for the year to March 1995



SPRITE OPERATIONS

E J Divall, G J Hirst, J M D Lister and R Mathumo

Rutherford Appleton Laboratory

INTRODUCTION

This section summarises the experiments and laser development work
carried out using Sprite over the last year. More detailed descriptions
of each can be found elsewhere in this report.

SHOT STATISTICS

Over the last year 3321 shots have been fired on the Sprite system, of
which 2187 were target shots (i.e. were delivered to the Target Area
during scheduled external user experiments). The remainder were
used for laser testing/optimisation and development experiments.
These represent a record shot rate, as Figure 1. shows. The year
started with a recently upgraded laser which enabled more time to be
scheduled for user-experiments compared with 1993/94 (only a
minimal period being needed to convert between the Raman and CPA
configurations). This explains the increase in the number of shots.

SCHEDULED OPERATIONS

The last year saw a significant increase in experimental time with 34
weeks allocated for external user experiments (an increase of 13%
over the previous year). The remaining weeks were split between
development experiments (8 weeks), and periods of system
maintenance, reconfiguration and scheduled shutdown (10 weeks).

The external user experiments are summarised briefly in Table 1.
Further details can be found in the first Chapter of this Section of the
Report. The dates shown for each experiment include the standard
one or two-week set-up period, in which target shots are not usually
fired. The gain bandwidth experiment was slightly different in that it
concentrated on basic laser research as opposed to plasma physics and
was funded by the US Department of Energy via the Naval Research
Laboratory. The final experiment, carried out by staff from Friedrich
Schiller University in Jena (Germany), was the first Sprite experiment
funded by the E.U.’s Large Facilities Access Program.

We have continued to log unplanned shutdowns, with a total of 16
lost days (9" % of scheduled time) in this reporting year. Of these 7h
were lost in set-up weeks (16%: % of time) and 8% in experimental
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Figure 1. Annual numbers of Sprite test shots and target shots

weeks (7 % of time). Although the overall reliability has remained at
about 90% the lost experimental time has been reduced somewhat this
year.

HARDWARE

At the end of July the titanium foils surrounding the Sprite cell finally
gave way after 9700 shots, spanning 4 years of use. This is an
impressive lifetime, especially when compared to similar machines
whose foils typically last for only hundreds of shots. New foils were
fitted and have survived 2276 shots to date.

ACKNOWLEDGEMENTS

The hard work and dedication of CLF support staff has been crucial
to the smooth running of the Sprite system over the last 12 months.

Experiment Institution(s) Dates Laser Pulse Typical Target
(inc. Set-up) Configuration | Duration Energy Shots
Water-window XUV lasers Oxford-Belfast-RAL 1.4.94-15.494 Raman 60 ps, 8-10J 127
X-Ray Laser Consortium 25 ps
Ionisation of O VI Li-like ions. | Oxford 20.6.94 - 29.7.94 KrF-CPA 300 fs 0.2-0.3) 385
Optical guiding in plasmas. Imperial College 1.8.94 - 8.9.94 KrF-CPA 300 fs 0.2-03J 274
CPA pulses on solid targets Imperial College 11.9.94 - 13.10.95 KrF-CPA 300 fs 0.2-03J 261
Harmonic generation Oxford - RAL 23.10.94 - 24.11.94 KrF-CPA 300 fs 0.2-03] 283
2-Axis Thompson scattering Oxford - RAL 27.11.94-24.12.94 KrF-CPA 300 fs 02037 378
Gain bandwidth measurements | NRL - RAL 9.1.95 - 10.2.95 375
Short pulse absorption and | Jena 20.295-31.3.95 KrF-CPA 300 fs 02047 479
X-ray emission.

Table 1. Summary of external user experiments

(" These were data shots, since there was no target shooting in this experiment.)



LASER SUPPORT FACILITY PROGRAMME

A W Parker

INTRODUCTION

The pages that follow report on the many programmes of work
carried out this year using LSF lasers. Scientific topics range
from the use of laser plasma X-rays to the measurements of
rates of chemical reactions at 13 K.

Scientific highlights include:

The high repetition rate laser plasma X-ray source operating at
1 nm wavelength has been applied to the production of 180 nm
gates in transistors of high qualily essential for the development
of the next but one generation of computer systems. This work
has been done using 100 mWan X-rays average power. The
source has recently been upgraded to 1 Watt average power.

Time-resolved Raman spectroscopy (ps and ns) has been used
in studies ranging from the ps dynamics of hot electronically
excited molecules to the spectroscopy of biologically relevant
radicals. Vitamin E has been shown to quench aromatic
carbonyl triplet states by hydrogen atom transfer. This is
evidence that Vitamin E can prevent the formation of
potentially damaging intermediates in

addition to its established role in oxidative damage repair. As
part of the ongoing fs programme to investigate the interaction
of intense ultrafast pulses with matter, a novel interferometric
method has been developed in the fs laboratory which allows
ultrashort pulses to be shaped prior to focusing with an
achromatic ff2 lens which was especially designed and
constructed for the project.

Gas phase investigations include measurement of
unexpectedly fast reaction rates at low temperatures (13 K),
measuring the depolarisation dynamics of small molecules and
the first detection of dimethylgermylene. Jet spectroscopy
techniques (including ablation and entrainment) have been
applied to simple heavy metal halides/hydroxides,
organomelallic compounds and substituted aromatics.

A major reorganisation of the ps/fs laser laboratories has been
necessary to house the soon to be delivered laser for the
Ultrafast Spectroscopy Laboratory, the sub 50 fs laser for ultra
short pulse work and the time resolved (100 ps) confocal
Microscope. These reorganisations will increase the ability of
each laboratory to individually develop expertise for particular
programmes of work.
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ANTI-STOKES RESONANCE RAMAN SPECTRUM OF PHOTOEXCITED S TRANS-STILBENE

P Matousek!, D L Faria2, R E Hester?, J N Moore2, A W Parker!, W T Toner!, M Towriel

1Central Laser Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxfordshire, OX11 0QX, UK
2Department of Chemistry, University of York, Heslington, York, YOI 5DD, UK

INTRODUCTION

Mode-specific, solvent-dependent changes in the resonance Raman
spectrum of photoexcited 8) frans-stilbene, tS, occurring on a ¢.10 ps
timescale following photoexcitation have recently been reported by
ourselves and others!”>. Our earlier work? demonstrated that the
magnifude of the bandwidth and band position changes in the Stokes
spectrum on this timescale increased monotonically with the energy of
the exciting photon and that similar changes in the spectra could be
induced by an increase in the solvent bath temperature. Previous
attempts to measure the anti-Stokes (AS) spectrum of S tS have met
with difficulty, although the AS Raman band of § 1S at c. 285 om’!
and CARS of high lying modes have been observed246. We now
report detailed measurements of the AS spectrum of S1 tS up to the
band arising from the C=C olefinic stretching mode of tS at ¢.1600
om . A preliminary account of this work has been prsented7 and a

full paper is currently in presss.

EXPERIMENTAL

The apparatus has been described earlier’. Pulses of c.6 ps duration
(FWHM), cavity-dumped from a synchronously pumped, mode-
locked dye laser were amplified up to 2 pJ (probe) and 1 pJ (pump) at
446 kHz. All chemicals were of the highest purity available
commercially and used as received. The concentration of tS in all

solutions was 1 x 10™3 mol dm™3 .
RESULTS

AS resonance Raman spectra at 0 and 50 ps pump-probe time delays
are shown in Fig. 1 together with the Stokes spectrum for comparison.
A comparison of the two AS spectra shows that several bands which
are prominent at the early time delay decrease in relative intensity at
the later time; the notable features are at 1570, 1240, 1180, 980 and
720 cm’. Further data (see Fig. 2) were obtained using pump and
probe wavelengths of 295 and 590 nm respectively, which our earlier
work? showed would induce more casily measured time-dependent
band position shifts in the Stokes spectrum.

It is notable that, in general, the anti-Stokes to Stokes intensity ratios of
the high frequency S; bands are higher than predicted by the
Boltzmann factor [exp(hv/kT)]. By contrast, the solvent bands (which
are not resonance enhanced) gave anti-Stokes to Stokes intensity ratios
(c.0.001 for high wavenumber bands), consistent with Boltzmann

factor calculations.
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Figure 1 Anti-Stokes resonance Raman spectra of photoexcited Sy
trans-stilbene in n-hexane at (a) 0 ps and (b) 50 ps pump/probe time
delay; and (c), scaled Stokes spectrum at 10 ps time delay. The pump

and probe wavelengths were 305 and 610 nm, respectively, and the

temperature of the sample reservoir was 16 0C.

The time dependence of the four normalised AS band intensities are
shown in Fig. 2(a). The intensities are seen to decay with a
characteristic timescale of ¢.10 ps and relaxation is virtually complete
by 50 ps. The small differences in shape at very early times in the data
of Fig. 2(a) are not at present established, and deconvolutions are not
presented in this first analysis. Fig. 2(b) compares the time dependence
of the normalised intensity of the 1570 cm ~ AS band with the change
in the position of the Stokes band at 1570 cm  relative to that at 1180

cm . These time dependencies are clearly very similar.
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Figure 2 (a) Time dependence of selected AS band intensities (=
1570, 011240, #1180 and 01150 ¢m™1) normalised to the integrated
area of the ¢.1530 and ¢.1570 cm ~ Stokes bands. (b) Comparison of
the time dependencies of the normalised 1570 cm  AS band intensity
aniilfhe position of the Stokes band at 1570 em , relative to the 1180
cm  band. Pump/probe wavelengths were 295/590 nm for (a) and (b).
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Extensive studies of the sensitivity of our observations to pump and
probe intensity were made, including measurements at 800 kHz with 1
nJ and 7 nJ energies in pump and probe pulses, respectively. A
depletion of the S state was demonstrated for the Stokes signal at very
high probe intensities, but all of our main observations were
reproduced at low intensities, i.e, the shapes of the AS spectra at both
early and late time delay, their relative intensities, and the magnitudes
of the AS/S intensity ratios.

DISCUSSION

The AS spectra in Figure 1 indicate the formation of vibrationally hot
(v > 0) Sy tS at short pump-probe delay times. Fig. 2 shows that
relaxation to thermal equilibrium takes place on a ¢.10 ps timescale
and is complete by 50 ps. However, the populations of the excited
vibrational levels at early times cannot be deduced directly from the
changes in the AS/S intensity ratios between early and late times
because, as also recognised by oiherslo, the Raman excitation profiles

‘may change during the relaxation process. This may contribute to the

anomalous effect demonstrated in Fig. 1, where the 1570 cm  band is
not_observed in the AS spectrum at 50 ps bu'; {he neighbouring 1530
cm band and those at 1420 and 1330 cm  are clearly secen. We
estimate the AS/S intensity ratio of the 1530 cm  band at 50 ps to be
at least 150 times the Boltzmann factor. A detailed analysis of the
resonance enhancement factors, using the S; electronic absorption
band profile, will be required to reveal the origin of this unexpectedly
high AS/S intensity ratio.

Whatever its precise origin, the magnitude of the anti-Stokes signal and
its rapid change with time requires a re-examination of the mechanism
producing the changes in the Stokes spectrum reported earlier?. In the
case of modes having significant anharmonicity, band position and
bandwidth changes in the Stokes spectrum will result in part from the
superposition of time-dependent Stokes v =1 to v =2 hot bands which
might reasonably be supposed to have intensities similar to those of the
AS v =1 to v = 0 bands since both sets of bands arise from population
of the v =1 level. A study of the 1570 om region of the Stokes
spectrum suggests that a substantial part of the time dependent effects

seen previously may arise from this cause.

The results of a new Lorenlzian analysis of the 1500-1600 cm-1
region of the Stokes spectrum for time delays ranging from -10 to +50
ps showed this point. A good fit is obtained at long delay times (c. 50
ps) by using three components, in accord with earlier work on S 1§
11 and on Ty t8 12, both of which show three bands in this region.
The ¢. 1570 cm’! component is assigned to v-, the olefinic C =C,
stretch, and the 1528 em! component to vg, an aromatic ring
stretching mode2. The third component at 1565 oL s attributed to
vg, which is another mode of mainly aromatic ring stretching
character. We now find that fits at short delay times are improved by
adding a fourth band at 1554 em , which we attribute to the Co=Co
mode in the vibrationally hot state (v = 1) of 81 t8S. This grows into a
maximum at c. 5 ps and then decays rapidly; in parallel with this, the
1570 em component, which arises from the corresponding mode in
v = 0, grows in as the 1554 cm  band decays. The temperature-
dependent changes in the Stokes spectrum of S; tS reported
pmviously4 have not been fitted to this interpretation.

CONCLUSIONS

The anti-Stokes spectrum of photoexcited Sy trans-stilbene has been
observed at wavenumbers up to 1570 cm . Mode-specific, time-
dependent changes in band intensity on a ¢. 10 ps timescale parallel the
changes in the Stokes spectrum reported previously. The anti-Stokes to
Stokes intensity ratios of the high wavenumber S; bands are large
relative to the Boltzmann factor.
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INTRODUCTION

Naphthoxazine-spiro-indolino-(NOSI)  compounds
which are comprised of two heterocyclic moieties connected by
a tetrahedral linkage represent an important class of
photochromic compound having superior resistance to
prolonged UV irradiation compared with, for example, the
related spiro-pyran compoundsl. NOSI compounds undergo a
photoisomerisation from the spiro- form following irradiation
in the UV region of the spectrum, which causes a breaking of
the carbon-oxygen bond at the spiro- linkage (figure 1).

o res S

UV/vnsnble
light

Closed form Open merocyanine form

Figure 1: Photoisomerisation reaction in NOSI compounds

Subsequent rotation about the remaining carbon-carbon bond
forms a more planar transoid structure resembling that of a
merocyanine dye which absorbs strongly in the visible region of
the spectrum.

Prt:wously2 we have reported time resolved
resonance Raman spectra for one particular NOSI compound
(R; = methyl, Ry = piperidine) in 1-butanol and cyclohexane
solution. However, in these earlier studies although evolution
of the bands in the 1-butanol spectrum could clearly be seen,
the rate constants associated with this evolution could not be
estimated due to the conditions under which the experiments
were performed. In the current series of experiments the
conditions were adapted such that rate constants for spectral
evolution in both 1-butanol and cyclohexane could be

extracted, and compared with those determined using
femtosecond time resolved transient absorption
measurements>.

EXPERIMENTAL

The excitation source comprises a frequency doubled
mode locked Nd:YAG laser (Spectron) synchronously pumping
a cavity dumped rhodamine 6G dye laser (Spectra-Physics) to
give 6ps, 580nm pulses. These are amplified by six passes
through a dye cell pumped at 4.46 KHz by a copper vapour

laser. Pump pulses are produced by doubling the amplified

pulses in a BBO crystal. Resulting pump and probe powers
were 0.9 and 2 mW, respectively. Data acquisition in the
window 1100 to 1600 cm™! is with a cooled CCD camera with
accumulation times of 300 to 1200 seconds. The output power
of the laser system is stabilised by monitoring the output of the
copper vapour laser and adjusting this power with a variable
neutral density filter. Pump-probe overlap over the length of
the delay used was checked using the resonance Raman
emission from a solution of DMQ in dioxane.

Cyclohexane and 1-butanol were spectrophotometric
grade and were used as received. Cyclohexane solutions were
used at room temperature while 1-butanol solutions were
chilled to approximately 0°C in an ice bath to reduce the
equilibrium concentration of the merocyanine form. Solutions
were made to an absorbance of approximately 0.6 at 29%0nm
(corresponding with a solution concentration of approximately
10 molar), and were irradiated in a flowing jet.

RESULTS AND DISCUSSION

Kinetic data was obtained for the (R; = methyl, R,
= piperidine) NOSI compound in both cyclohexane and
1-butanol over the timescale 0 to 1500 ps. Analysis of the data
obtained in cyclohexane revealed that the absolute peak areas
of the bands in the spectrum all increase over a period of 80ps,
after which no spectral evolution can be detected. This time
duration compares very well with a rise time of 70ps for the
same compound in the same solvent determined using
femtosecond transient absorption spectroscopy analysing at
436nm. Hence this provides the first evidence that the
transients seen in the femtosecond transient absorption work
are involved in the evolution to the photomerocyanine.

In the work in 1-butanol, the absolute Raman band
intensities proved not to be diagnostic of the changes occuring
in the spectra, possibly as a result of small fluctuations in
temperature. However, as mentioned previously evolution of
the relative intensities of the Raman bands can clearly be seen
(figure 2), and consequently the ratio of peak areas was taken
as the parameter which should be diagnostic of the relative
rates of evolution.

Taking the relative intensities of the peaks at 1260
and l425cm'1, a plot of the ratio of these peak areas versus
time is shown in figure 3. this clearly demonstrates two time
components associated with the evolution of the spectrum.
Fitting of the data in figure 3 to a biexponential function yields

lifetimes associated with the two time components of 361 15ps

and 1.3i0.2ns, which compare favourably with those
determined  using femtosecond transient  absorption

spectroscopy analysing at 436nm, where lifetimes of 3012ps

and 1.410.1ns were associated with the observed transients.
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This correlation again provides evidence that the
transients observed at 436nm are in fact directly involved in the
photoisomerisation process.

Intenalty - >
g
2

Figure 2: Change in resonance Raman spectrum with time for
the (R; = methyl, R, = piperidine) substituted NOSI
compound in 1-butanol

Figure 3: Variation of the ratio of the peak at 1260 cm! to that
at 1425cm™1. The numbers near the points indicate the order in
which they were recorded.

Hence there are at least two time components
associated with the evolution to the final photomerocyanine
spectrum, which is identical with that determined for this
compound in 1-butanol using nanosecond resonance Raman

spectroscopy.
CONCLUSIONS

The kinetic data extracted from the time resolved
resonance Raman data presented here clearly demonstrate a
correlation between this and data recorded analysing at 436nm
femtosecond time resolved absorption
techniques. At least two metastable intermediates are evident
in 1-butanol in going from the naphthoxazine-spiro-indoline

using transient

form to the photomerocyanine. Both transient absorption and
resonance Raman data suggest a simpler picture in
cyclohexane.
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INTRODUCTION

Conjugated organic molecules have attracted much attention in recent
years for several reasons: i) for their nonlinear optical properties, ii) to
promote an understanding of conjugated m-electron systems, and iii)
as oligomers in photoconductive polymers. To date Raman
spectroscopy has been usefully employed to analyse the structure of
such molecules in their electronic ground states but the time-resolved
Raman technique has so far met with only limited success in studies of
excited electronic states of such systems. This is mainly due to
interference from strong fluorescence of the excited singlet states. The
ps—TR3 system is capable of recording the resonance Raman spectra
of the singlet excited states of a number of p-oligophenyls,
phenyloxadiazols (commonly used as UV/blue laser dyes) and a few
derivatives of stilbene. A full paper has been submitted for

. 1
publication .
EXPERIMENTAL

The ps-TR3 pump and probe pulse energies were 0.1 - 2 pJ and
accumulation times were 100 - 600 s. The compounds were
purchased from Aldrich, Exciton and Lambda Physik and used
without further purification. The concentration of solute in all
solutions was 1 x 10°3 mol dm™. The following abbreviations are
used:

p-terphenyl / PTP

quaterphenyl / QP

2-methyl-5-t-butyl-p-quaterphenyl / DMQ

4,4™-bis-(2-butyloctyloxy)-p-quaterphenyl / BBQ

Exalite 389 / E389

3,5,3™,5™-tetra-t-butyl-p-quinquephenyl / QUI

3,5,3™, 5™-tetra-t-butyl-p-sexiphenyl / TBS

Exalite 428 / E428

2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazol / PBD
2-(4-biphenylyl)-5-(4-t-butylphenyl)-1,3,4-oxadiazol / BPBD
2,5-bis-(4-biphenylyl)-1,3,4-oxadiazol / BBD
2-(4-biphenylyl)-6-phenylbenzoxazol-1,3 / PBBO

trans-stilbene / tS/Diox

4,4'-dimethoxystilbene / DMtS
trans-p,p™-diphenyl stilbene / DPtS

stilbene 1 / tS1
4,4'-diamino-stilbene-2,2'-disulfonic acid / DiSDA
1,2,3,4-tetraphenyl-1,3-cyclopentadiene / TPC

RESULTS AND DISCUSSION

Figures 1, 2 and 3 show the ps-TR3 spectra of several oligophenyl,
1

oxazols and stilbene derivatives in the 1100 the 1600 cm™ range.

Approximate scaling factors are -listed beside each spectrum and
molecular structures are given. The structure of E428 is similar to
that of 'Dye number 8' described by Seliskar et al. 2. The scaling

Intensity

2x aul

E428 i

1100 1300 1500 1700
wavenumber fem-1
Fig. 1 Ps-TR3 spectra of photoexcited oligophenyls. The spectra were
obtained at pump and probe wavelengths of 305 and 610 nm
respectively, from dioxane solutions with the exception of TBS which
was dissolved in THF.

intensity

1100 1300 1500 1700
wavenumber /em-1
Fig. 2 Ps-TR3 spectra of photoexcited oxazols. The spectra were
obtained at pump and probe wavelengths of 305 and 610 nm
respectively, from dioxane solutions.

factors are derived by normalising to BBQ but are not absolute since
at the pump and probe energies used the excitations were possibly in
saturation for some molecules and the laser power was controlled to
only £ 50%. The spectra were all taken with 20 ps delay between the
pump and probe laser pulses at 305 and 610 nm, respectively.
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Fig.3 Ps-TR3 spectra of photoexcited stilbene-like molecules. The
spectra were obtained at probe and pump wavelengths of 305 and 610
m respectively, from dioxane solutions with the exception of DISDA

which was dissolved in water (pH = 12).

The ps-TR3 spectra all were observed to decay on a timescale
characteristic of the excited state lifetimes. However, by using the
picosecond Raman technique we have observed more subtle
relaxation processes taking place on shorter timescales than the
excited state lifetime. We and others have observed such rapid and
subtle changes in the ps-TR3 spectra of S8 in solution and more
recently on DMtS and qu'mqui-phenyl3’ 156,78 These changes
occur on a timescale of a few picoseconds and manifest themselves as
shifts and broadening of Raman bands, in particular for vibrational
modes associated with the olefinic portions of the molecules. For the
oligophenyls and oxazols, where the ps-TR3 signal-to-noise ratio is
large, similar changes are observed. Fig. 4 shows the difference
between spectra taken at 5 and 50 ps for PBD. The ¢.1600 em! band
is shifted to higher wavenumber and gets narrower on going from 5 to
50 ps delay. The origin of this effect is not yet known.

PBD/SO ps

Intennity

FBD/S pa

différence spectrum

1100 1200 1300 1400 1500 16800 1700

wavenumbay fem-1

Fig. 4 Time dependence of PBD spectrum

The 5 and 50 ps difference spectra for QP (shown in Fig. 5) and TBS
show very different behaviour. Cancelling the ¢.1520 cm”! band in
the subtraction leaves structure which is associated with a short-lived
excited state or twisted configuration of the molecule. QP and TBS
are not unique; the quaterphenyls and QUI all show structural
differences of this type. This effect will be the subject of further

investigation.

5
1 QP/50 pa i
g
QP/5 pa

M 2x
differenca spectrum H
1100 1200 1300 1400 1500 1600 1700
wavenumber fem-1
Fig. 5 Time dependence of QP spectrum
SUMMARY

We have demonstrated ps-TR3 can be used to investigate the structure
and dynamics of several p-oligophenyls, phenyloxadiazols, and
derivatives of stilbene. This work demonstrates that even highly
fluorescent molecules can be studied using this technique. This
preliminary study shows the presence of fast structural changes of
short-lived, sub-50 ps, transients. Further work should attempt to
clarify whether this impairs the efficiency of the radiative processes of
the molecules. The technique has great potential for studies of electron
transfer and TICT states.
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INTRODUCTION

Carotenoids arc present.in the chloroplasts of green

planlsl'z, where they have at least two functions. One being
that of an accessory pigment in which light energy is
absorbed and transferred to chlorophyll and the other being
that of a protective species in which triplet states of
chlorophylf, are quenched, eliminating the produckion of
damaging singlet oxygen, or possibly by direct quenching of
singlet oxygen. It is thought that the primary process of
photosynthesis involves electron ejection from chlorophyll
and various oxidation/reduction reactions . Therefore, the
propertics of the radical cations of carotenoids (and
chlorophylls) are of importance. Indeed, it has been

rcponed3’4 that upon light excitation of chloroplasts
absorption changes due to the carotenoid radical cation have
been observed at reaction centres.

Carotenoid radical cations are also produced by the reaction

of carotenoids with many 0)(),’—radicals5 ©, such as CCl30y’,

NO7 and NOg’', yet little is known about the properties of
these radical cations.

Previous work using resonance Raman spectrscopy has
provided some structural information on excited singlet and

triplet states 18 of carotenoids. We now report the use of
this technique Lo study the radical cations of 7,7 dihydro B-
carotene (77DH) and septapreno B-carotene (SEPT), see
Figure 1, along with their respective ground state spectra. To
date, all work on carotenoid radical cations has been

performed using the technique of pulse radiolysis. For TR3
studies an essential first step was to develop an efficient
photochemical method for their generation. Our earlier
attempts involving two-photon ionisation of 77DH and the
addition of tetranitromethane acheived promising results but
we now report on an improved method using 1-
nitronaphthalene (NN).

LA LA LA A\ 5
7 v

7,7 DIHYDRO f§-CAROTENE

\3 N
N N NN N
SEPTAPRENO [}-CAROTENE

Figure 1. Carotenoid structures

RESULTS AND DISCUSSION

Carotenoids (2 x 10'5 M) were dissolved in methanol and 1-
nitronaphthalene (10'3M) was added and bubbled with
nitrogen. Laser flash photolysis (355nm) produces the triplet

state of NN (3NN) which then reacts with the carotenoid
(CAR) via electron transfer to produce the radical cation or
by energy transfer to produce the triplet carotenoid.

355nm_ 3
> INN > 3NN ¢))
3NN + CAR — NN~ +CAR't @)
3NN+ CAR —> NN+ 3CAR @)

In methanol we obtained 65% energy transfer and 35%
electron transfer. The carotenoid radical cations absorb in
the near infra-red region, Figures 2 and 3 whilst the triplets
absorb typically around 450nm.
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Figure 2. Transient absorbance spectrum of 7,7' dihydro f3-
carotene radical cation in methanol.
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Figure 3. Transient absorbance spectrum of septapreno -
carotene radical cation in methanol.

For the radical cation Raman spectra, the laser excitation

sources are described by Conn et al’ with the pump
wavelength at 388nm (1.5mJ /pulse at sample) and the probe
760nm (0.5mJ /pulse at sample). The delay between the
pump and probe was set at 2jis. The carotenoid solutions
were flowed through a quartz capillary tube and the Raman
light collected at 90°. The light detector was a back
illuminated liquid nitrogen cooled CCD camera with a
1024x1024 detector chip controlled by a model ST-130
controller interfaced to CSMA software. Ground state
Raman spectrum were obtained by c.w. excitation using an
argon ion laser at 457.6nm

The corrected TR3 spectra of ground state and radical cation
are shown in Figures 4 and 5 and the corresponding bands
are tabulated in Table 1.

Both ground state carotenoid spectra show the expected
similarities with ground state all-trans [i-carolene.9 The

mos! intense peaks observed at 1551cm™! and 1541cm™for
77DH and SEPT respectively are thus assigned to the C=C.
In the carotenoid radical cation this spectral region shows

changes. For the 77DH* spectrum the C=C band shifts to a
lower frequency at 1541cm™! and for the SEPT'+ spectrum
the C=C band shifis again to a lower frequency at 15 17cm L.
The strong ground state bands at 1162cm™! for 77DH and
1155cm™! SEPT are assigned to the C-C stretch and these

shift to higher frequencies of 1188cm™! and 1173em™!
respectively. These frequency shifts can be explained by
considering the conjugated structure of the carotenoid
molecule. In the ground state the molecule shows clear and
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regular bond alternation with the C-C bonds longer than the
C=C bonds. To form the radical cation, an electron is
removed from a 7t-bonding orbital to leave a positive charge
and to stabilise the system the molecule becomes
considerably more delocalised, lengthening the C=C bonds
and shortening the C-C bonds. This is reflected in the Raman
spectra with the C=C and C-C bands becoming closer
together in the radical cation spectra, as the molecule heads
towards a uniform bond structure.

Another spectral feature in the 77DH™ spectra is the
splitting of the C=C into three bands. A possible

explanation is that within the conjugated system there are

two C=C modes i) a methylated (trans C-CH=C(Me)-C) and
ii) an unmethylated (trans C-CH=CH-C). The third Raman
band is tentatively assigned to the C=C in the B-ionone
rings. Formation of the strongly delocalised radical cation
allows these modes to be resonantly enhanced.
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Figure 4. Resonance Raman spectra of ground state and
radical cation of 7,7' dihydro B-carotene in methanol.
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Figure 5. Resonance Raman spectra of ground state and
radical cation of septapreno B-carotene in methanol.

MeOH

C-Hstr| 1009 m| 1009m| 1008m 1008 s

C-Cstr| 1162s| 1188vs| 1155s 1173 s
1191 s

1514s 1517 s
C=Cstr| 1551vs 1541 s 1541s | 1536sh
1563 s

TX100

Hsir] 10I10m] 1005s] 1008m| 1007s

C.Cstr 1134s| 1162sh 1156s | 1132 sh
1162 w 1188 s 1192 m 1178 s

C=Cstr 1516 s - 1515s
1548 s 1537 s 1539s| 1538sh
1558 s

Table 1: TR frequencies for carotenoids.

To investigate the effect of environment on the carotenoid
radical cations we also obtained their TR3 spectra, along

with the corresponding ground states, in the neutral

"detergent Triton X-100 micelles (TX-100). Laser flash

photolysis stdies leads to the radical cations of 77DH and

SEPT at 770nm and 860nm respectively. Their TR3 spectra
are shown in Figure 6 and 7, with their frequency shifts in
Table 1, and show very similar characteristics to those
obtained in methanol with the exception of the intensity of

the C=C, 1560 cm'1 band. This band being more intense in
TX-100. This would tend to suggest that the carotenoid
radical cation spectrum may be sensitive to environmental

changes in contrast to triplet state carotenoids.’

radical caton

Raman Intenslty
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Figure 6. Resonance Raman spectra of ground state and
radical cation of 7,7' dihydro B-carotene in TX-100.
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Figure 7. Resonance Raman spectra of ground state and
radical cation of septapreno B-carotene in TX-100.
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A TIME RESOLVED RESONANCE RAMAN STUDY OF ENOLISED
1,3-DIKETONES USED AS UV-A SUNSCREENS
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INTRODUCTION

The aim of this study is to characterise the photoproduct
distribution of a range of enolised aromatic 1,3-diketones
which are currently used as UV-A sunscreens and
photostabilisers of polymers. These compounds exist almost
exclusively as the cyclic hydrogen bonded eno! form, (I), and
exhibit strong absorption bands in the UV-A region. The
parent compound dibenzoylmethane, DBM, has bands
extending to 370nm and this may be fine tuned by substitution
of the aromatic rings; for example the sunscreen Parsol 1789,
4-[butyl-4'-methoxydibenzoylmethanc, absorbs up to 410nm.
These enolised 1,3-diketones have facile relaxation pathways
available to their excited states, allowing them to absorb the
potentially damaging UV radiation and dissipate the energy
harmlessly as heat to the surroundings [1]; some of these
pathways are illustrated in figure 1. A range of possible
reactions may occur giving rise to a number of different
products and the relatively few studies reported have been
somewhat contradictory. For example it has been reported that
irradiation of DBM produces both an enol and keto form [2,3].
Flash photolysis studies by our groups have shown the
presence of a transient species absorbing at 290nm and the data
suggested that this was due to a non-H-bonded eno!l form [4].
However, because of similarities between the absorption
spectra of model compounds locked into the keto and enol
forms in the wavelength range <270nm this data is not
conclusive and further evidence was needed given the
ambiguity of the literature on the identity of the photoproducts.
The experiments reported here were carried out in order to
further characterise the transient species produced upon
irradiation of DBM and Parsol 1789 in non-polar solvents
using ns time-resolved resonance Raman spectroscopy, TR-.
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Figure 1 Possible pathways following irradiation of
dibenzoylmethane

RESULTS AND DISCUSSION

A solution of dibenzoylmethane in 1,1,2-trichloro
trifluoroethane was pumped at 355nm and the transient species
probed at 295nm. This gave Raman spectra showing a new
band at 1618cm™ with a shoulder at ca. 1583cm™"; no other
bands could be observed in the range 3500-1000cm™!. In order
to characterise this species we also obtained the resonance
Raman ground state spectra of model compounds that are
locked into the keto and enol forms by C and O-methylation

respectively. These clearly showed the presence of two bands
at 1602 and 1698cm™" for the keto form, assigned as a aromatic
C-C stretch and C=O stretch, whilst the enol has a closely
spaced, double band at 1574 and l602cm'1, assigned as an
aromatic C-C stretch. These spectra are illustrated in figure 2.
This, in conjunction with flash photolysis data, is compelling
evidence for the formation of a non-H-bonded enol isomer of
DBM following excitation in this solvent. Similar results were
also obtained when DBM was irradiated in cyclohexane and
also from samples of Parsol 1789.
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Figure 2 Resonance Raman spectra of transient species of
DBM and locked keto and enol model compounds. Probe
295nm, pump 355nm, delay 1ps (transient only)

CONCLUSIONS

Irradiation of the H-bonded enolised 1,3-diketones in non-polar
solvents produces a ring opened , non-H-bonded form and not
the keto form as has been reported by other groups. This is a
very significant finding since it is established that the keto
forms of these compounds are efficient sensitisers of singlet
oxygen, @~ 0.3, whilst the enol form does not generate

singlet oxygen.

However, at present it is not clear which isomer is formed, (IIa
or IIb), nor the pathway, although flash photolysis experiments
have demonstrated that the grow in of the species is rapid,
<50ns and unaffected by oxygen. It will also be necessary to
investigate the photochemistry of these compounds in polar
solvent systems, where it has been established by our group
that long term photolysis of DBM gives rise to the formation of
the diketone, (I1I).
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FLASH PHOTOLYSIS OF PHTHALOCYANINE SENSITISERS FOR PDT:
SULPHONATED ALUMINIUM PHTHALOCYANINES IN UNILAMELLAR VESICLES

S Dhami & D Phillips
Department of Chemistry, Imperial College of Science, Techaology & Medicine, South Kensington, London, SW7 2AY

Currently, there are two major groups of phthalocyanine
c(mpoundsundermvestlgahonformeuphotmsmmmthe
Photodynamic therapy (PDT) of tumours.: (i) water-soluble
compounds such as di-sulphonated aluminium phthalocyanine
(AlPcS;) and (ii) lipophilic sensitisers such as zinc
phthalocyanine. These sparingly water-soluble photosensitisers are
incorporated into compartmentalised systems, such as liposomes,
to facilitate direct injection into the bloodstream. Liposome-
associated photosensitisers are acmmula.led by experimental
mmourswnhahl@dcgreeofsclwuvny This selectivity is
genaaﬂyﬂ)ouglnwbegovanedbydwammonofthe
sensitiser and carrier with serum lipoproteins, particularly the low
density (LDL) and high density (HDL) fractions? during delivery
and are thought to accumulate mmmourumeaslhue)cpresm
an mcrea.sed mumber of LDL . On these bases, it

fmportamt to characterise the spectroscopic  and
photophys:cal properties of photosensitisers incorporated into
liposomal formulations.

There are two possible modes of photogemsitisation of water-
soluble sensitisers. The first is simple accumulation of the
sengitiser at the cell surface which will cause damage to the cell
membrnncupmirmdiation.'lhsoeondpmeeas.knownu

allows macromolecules which are too large and too
hydrwhlhcforsmtpledlﬂ'lmontogamemrymtotheoell In this
case, the sensitiser is concentrated in lysosomes located within the
cell which are damaged upon immadiation, thus releasing the
gensitiser and other cell-destroying lysosomal enzymes. Liposomes
or unilamellar vesicles provide good working models to mimic
lysosomal membranes.

In this study, the spectroscopic and photophysical properties of
aluminium phthalocyanines incorporated into unilamellar vesicles
of dlpahnnoylphosphadldylchohue (DPPC) have been elucidated
The cis di-sulphonated aluminium phthalocyanine (AlPcS,)
showed no aggregation when incorporated into the liposomal
dispersions. Consequently, only this system will be discussed here.

The liposome dispersions were prepared by the injection method of
Kremer et al’. This procedure allows the preparation of
unilamellar phospholipid vesicles of pre-determined sizes through
the injection of an ethanolic solution having different phospholipid
concentrations into an aqueous buffered solution ( 0.01 M Tris-
HCL 0.1 M NaCl : pH = 7.4). Small unilamellar vesi¢les (SUVs)
(radius, 26 nm, as estimated by electron microscopy™) and large
unilamellar vesicles (LUVs) (radius, 42 nm) of DPPC were
prepared using 9.5 mM or 32 mM phospholipid solutions in
absolute ethanol. The desired phthalocyanine concentrations in the
liposomes were obtained by adding suitable volumes of a stock (1
mM) pyridine solution of the semsitiser to the ethanolic solution of
DPPC. The injection was performed at S5 °C under magnetic
stirring and at a speed of 1 Wl ol Following injection, the system
was allowed to cool to room temperature and the solution was
passed through a 450 mm Millipore filter. The organic solvents
and any ‘free’ phthalocyanine were eliminated by dialysing the
liposome aqueous dispersion at 4 °C against 250 ml of the tris
buffer for 2 hours with one change of the buffer after the first hour.
Dialysis tubing was sterilised in EDTA / bicarbonate solutions
prior to use. After preparation, all solutions were stored in the dark
at 34 °C. The cis-isomer of AIPcS, used has both sulphonate
groups substituted to the same side of the molecule.

Triplet state studies were carried out using the nanoseoond laser
flash photolysis system developed by Beeby er al® A pump
wavelength of 670 nom was used which comresponds to the

maximum absorplion of AIPcS, and also minimises any light
scattering produced from the liposomes. The T-T absorption
maximum was found to occur at 450 nm, ing to the
value observed in homogeneous solutions’. Triplet quantum
yields were determined by the relative method using A.ch82 in
methanol (®; = 0.24, & = 36 000 Mlcm! at 490 um)” ‘and
ZaPcS, in methanol (@ = 0.46, & = 36 000 Mleml at 490
nm)’ as standards.

The variation of triplet quantum yield (®,) with AlPcS,
eormtrahonmLWsandSUVsmshownmmi)lel The triplet
quantum yields are seen to decrease with increasing concentration.
In the case of AIPcS2 in LUVs this decrease is linear with
concentration. In both cases, the decreass in triplet quantum yield
mirrors 8 decrease in the fluorescence quantum yield. The
devigtion of the plots from lincarity of @f and @ versus
concentration in SUVs indicates the possible formation of dimers
which are not evident in the absorption spectra. The triplet
lifetimes were found to be ~ 1000 £ 100 ps in SUVs and ~ 1200 £
100 ps in LUVs and did not vary significantly with sensitiser
concentration. The decrease in quantum yield is believed 1o be due
to self-quenching of the phthalocyanine excited state by ground
state molecules as a result of the increased endoliposomal
sensitiser concentration which will encourage the close approach
of two or more phthalocyanine miolecules without necessarily
inducing dimerisation. Similar results have boen observed for
AchSZmlwkameellstanendocytoucmechammof
cel]emrywnshypothmmed The resulis obtained from this study
along with other fluorescence work carried out at Imperial
reinforce this mechanism.

LUVs SUVs

Conc/uM @, (:0.05) Conc/uM @, (£0.05)
0.76 0.24 025 0.20
3.04 0.19 1.01 0.14
551 0.17 267 0.12
8.17 0.11 4.0 0.10
10.45 0.06 7.03 0.09
12.46 0.04

Table 1 Triplet Quantum yiclds of cis-AlPcS, in DPPC LUVs and
SUVs with varying sensitiser concentration.
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FLASH PHOTOLYSIS OF PHTHALOCY ANINE SENSITISERS FOR PDT:
THE EFFECT OF PH ON SOME PHOTOPHY SICAL MEASUREMENTS OF SULPHONATED
ALUMINIUM PHTHALOCYANINES

R.Ostler & D.Phillips
Department of Chemistry, Imperial College of Science, Technology & Medicine, South Kensington, London, SW7 2AY

"Clinical" di-sulphonated aluminium phthalocyanine is a
mixture of water soluble disulphonated isomers and is currently
undergoing medical trials for use in photo dynamic therapy.

Although the exact mechanism of phototoxicity is not known it
almost certainly involves the formation of cytotoxic singlet
oxygen ( 9N , produced as a result of energy transfer from the
excited tn'pl%t state of the photosensitiser to ground state triplet
oxygen. In order to optimise the quantity of singlet oxygen
produced it is necessary to maximise both the triplet quantum
yield.(®,) and triplet state lifetime (t;) of the phthalocyanine.

In the aqueous biological environment the photosensitiser may
be exposed to a range of pH values. The pH of homogenous
solutions affects the aggregation of disulphonated aluminium
phthalocyanine, lower pH leading to increased aggregation.
Aggregated phthalocyanine undergoes internal conversion as
the major deactivation pathway Darwent ef al”. 1t is therefore
of inferest to equate both the triplet state quantum yield and
triplet state lifetime to pH value. The aim of this study was to
investigate the changes in these parameters with pH.

The solutions used in this study were of constant ionic strength
(0.1) and freshly prepared using deionised water, the pH being
adjusted by the addition of HCl and NaOH with NaCl being
used to maintain ionic strength.  The solutions were
deoxygenated by argon bubbling and had absorbances less than
0.6 at the pump wavelength.

Photophysical data was collected using nanosecond flash
photolysis apparatus with a pump wavelength of 670 nm
corresponding to absorption in the phthalocyanine Q band and a
probe beam of 490 nm corresFonding to the T-T absorption
maximum? (g, = 48 000 M~ cm'l). Triplet state quantum
yields were obtained by the comparative method using
chlorophyll a in diethyl ether (®; =0.53, ) as a standard.

pH T O,
13 190 0.11
2.1 211 0.115
2.85 282 0.126
4.0 343 0.136
6.9 424 0.269
8.25% 387 -
1175 420 0.54
13.38 466 0.52

Table 1 Results obtained with a probe beam of 670 nm except
* obtained using 640 nm.
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photophysical parameters of clinical disulphonated aluminium
phthalocyanine as a function of pH. (Error bars are 10% of
measured value)

The decrease in the triplet quantum yield, as shown above, is
consistent with pH dependent aggregation. The proton
dependent quenching of the monomer ftriplet state is under
investigation at present.

The variation in the parameters elucidated emphasises the
importance of environment on photosensitiser efficacy. In this
study the photosenstiser, which is anionic at neutral pH,
aggregates at low pH undergoing a proton dependent quenching
process. This implies that the localisation of hydrophilic
photosensitisers in pH variant microenvironments is of major
importance in determining their efficiency as PDT agents. It
may be that in order to optimise the effect of photosensitisers in
PDT, a "cocktail" of hydrophilic anionic, cationic and
amphiphilic (e.g. cis-disulphonated aluminium phthalocyanine)
photosensitisers be adminisiered. Tumour localisation is of
course of the utmost importance in choosing an effective
photosensitiser, and although fumour selectivity has been
demonstrated in sulphonated phthalocyanines ’4, it has not
been demonstrated in cationic phthalocyanines”.
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CHARACTERISATION OF THE NORTH COAST SCIENTIFIC EO817-P GERMANIUM PHOTODIODE
AND OPTICAL FILTERS FOR AQUEOUS PHASE SINGLET OXYGEN STUDIES

TC Oldham and D Phillips
Department of Chemistry, Imperial College of Science, Technology and Medicine, London SW7 2AY

The mechanism of photodynamic therapy (PDT) of tumors
remains somewhat of a mystery. Indirect physiological studies on
living cells and direct photophysical measurements on model systems
have led most workers to accept the crucial intermediacy of singlet
oxygen (102) in the PDT mechanism. Recent studies on the
application of PDT sensitisers to the lethal photosensitisation of
microorgansims have done little to improve our knowledge of the dark
processes immediately following excitation of the sensitiser inside
cells.

In order to probe these processes directly and non-invasively,
spectroscoFic studies of the sensitisers and likely intermediates are
required. ~O7 has been detected by its emission at 1270 nm in the
buffer surrounding living cells in suspension and models of its
diffusion> and static quenching of triplet states“ await rigorous
investigation. To evaluate and extend this work, and to correlate it
with physiological studies, improved 102 detection is required. 102
luminescence decays are characterised by an intense, short lived pulse
coincident with the laser pulse. This is most intense in the case of red
emitting sensitisers such as aluminium disulphonated phthalocyanine
(AlS7Pc). This pulse distorts the early part of the 102 decay and
makes measuremenis in aqueous solution where 1A = 3.09 ps
extremely unreliable. Inside living cells, T4 is likely to be even shorter.

Given the short tp in systems of interest, accurate
characterisation of the response function of the EO817-P detector is
needed even if this spike is eliminated, since it will almost certainly
need to be deconvoluted from experimental decays. (Iu et al reported a
faster germanium detection system“ which we will also investigate.)

Figure 1 shows the response of the diode to a single 10 ns
pulse at 670 nm. In "L" mode, the rise time is slightly faster than in
"H" mode due to its lower sensitivity in the former mode. The "L"
mode is characterised by a fall time of 33044 ns. In "H" mode the
response function is characterised by FWHM = 296410 ns. The "H"
mode response also shows a significant undershoot which distorts the
early part of the decay (up to 1 ps) when the spike is present. Indeed,
when the fluorescence spike is very large, it can lead to saturation of
the diode and in such cases the diode may take up to 3 ms to retum to
its proper zero. The result is considerable distortion to at least the early
part of any decay when the spike is present. This renders studies in
aqueous solutions and cell suspensions very difficult to interpret. Even
if the less sensitive "L" mode is used, very high S/N ratios are needed
to enable the instrument response to be deconvolved.

In the past, the short lived pulse has been attributed to
residual fluorescence from the sensitisers at 1270 nm. This seems
rather unlikely given the observed steep wavelength dependence of this
emission in steady state studies and its displacement from the sensitiser
emission maximum. Recently, Scurlock et al* attributed this emission
to fluorescence from silicon and Schott glasses used in the bandpass
filters commonly used to isolate 1270 nm. This in turn is excited by
the sensitiser emission. Our present work supports this theory.

AlSoPc (synthesised in our group and characterised by HPLC
according to the method of Bishop4), zinc tetraphenylporphyrin
(ZnTPP), rose bengal (RB) and chlorophyll a (Chla) (all ex Sigma)
were used as fluorophores without further purification. Distilled water
and HPLC grade methanol (MeOH), ether (Et70) and toluene (Tol)
were used as solvents, Solutions with absorbance of 0.3-0.5 at 355 nin
were prepared. The North Coast Scientific EO817-P cooled
germanium photodiode was used in the arrangement previously
described.” It was cooled with liquid nitrogen such that the DC
voltage reading was -1.495+0.001 V throughout the experiment.
Samples were excited using 10 ns pulses at 355 nm. Using a scattering
suspension of Ludox in water and no filters it was shown that the
detector was not appreciably sensitive to the laser pulse. 1270 nm light
was isloated using various combinations of a 127042 nm narrow
bandpass filter (NBP), a 1135 nm longpass filter (LWP) and a 450-
750 nm cold mirror from Infrared Engineering Ltd. Care was taken to
ensure that light did not leak around the filters.

The height of the spike was measured at at least three
different laser powers for each fluorophore and found to be reasonably
linear in all cases, confirming that the diode was not satirating. The
emission spectrum of each fluorophore was recorded over the range
500-900 nm for a solution optically matched (+2.4%) to that used for

[ntensity/mV

the detector analysis using a SPEX FluoroMax spectrometer. No
correction was made for the spectrometer spectral response. Although
ths falls away in the near IR, the correction factors available appear to
overcorrect in this region. The spike height was normalised for laser
power, and the normalised value averaged. This averaged value was
then normalised by the integrated emission intensity. Figure 2 shows
the completely normalised spike height as a function of peak emission
wavelength for the NBP case. It also shows the excitation spectrum of
silicon and the emission spectra for silicon and a typical Schott glass.

The excellent correlation between our experimental points
and the silicon excitation spectrum tends to confinn the results of
Scurlock ef all. There is also a weaker comelation between the
normalised spike height and a spike in the tfransmission of the
bandpass filter at 772 nm. To ¢liminate the latter effect, we placed the
silicon free LWP filter before the NBP. The normalised spike heights
increased, confinning that the spike was due to filter emission rather
than filter transmission. In the case of the LWP, the emission was
attributed to the Schoft glass from which the substrate is made. Further
increases were observed when the cold mirror was placed in front of
the LWP. Final verification of the origin of the spike requires these
measurements to be repeated using a blue emitting sensitiser. We plan
to repeat the experiment using 9,10-dicyanonaphthalene in the near
future. It is clear that the choice of substrate for the filters used to
isolate 1270 nm emission can affect critically the sensitivity of the
detector, particularly for short singlet oxygen lifetimes.

We conclude that for detailed 102 studies in aqueous phases,
detector speed must be increased and non-IR emitting NBP's used. We
suggest sapphire as a possible alternative substrate for the latter. We
continue to work on both problems.

Figure 1 EO817-P response function.
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Figure 2 Correlation between completely normalised spike intensity
and Si excitation spectrum.
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SOLUTION PHOTOPHYSICS OF ETHYL 4-(N,N-DIETHYLAMINO)BENZOATE

Robert Clark and Robert G. Brown

Chemistry Department, University of Central Lancashire

INTRODUCTION

The fluorescence properties of 4-(N,N-dimethylamino)- and
4-(N,N-diethylamino)- benzoic acid, various of their esters and
their nitriles are anomalous in that at least two fluorescence bands
are observed. In one interpretation, the shorter wavelength band
is ascribed to "normal” fluorescence from the Franck-Condon
excited state whilst the longer wavelength emission is considered
to orilgina(e from a twisted intramolecular charge transfer (TICT)
state -3 Allernative]x', the latter fluorescence may be ascribed
to exciplex formation™” (with the short wavelength band arising
from a folded isomer of the Franck-Condon excited state) or to
excimer formation>. We have also found evidence for excip!

. plex
formation (in mixed solvent systems®) but have found
fluorescence properties of 4-(N,N-dimethylamino)-benzoic acid
and its methyl ester (M4DMAB) in polar solvents which are
suggestive of ground state complex formation’'®. The
photochemistry of these systems is clearly both complex and
controversial and we have therefore continued the work reported

last year6 by expanding the range of compounds and solvent
systems under study. Here we report some of the photophysical
properties of ethyl 4-(NV,N-diethylamino)benzoate (E4DEAB).

RESULTS AND DISCUSSION

Excitation of 10uM solutions of E4DEAB in hexane with UV
light in the wavelength region around 300 nm yields a single
emission band which decays exponentially with a lifetime of
1.740.1 ns - behaviour which is entirely analogous to that of

M4DMAB in hexane’. We find no evidence of dual
fluorescence in this solvent. In mixed solvents (hexane/toluene,
hexane/acetonitrile or hexane/N, N-dimethylformamide) or in the
pure solvents toluene, acetonitrile and N, N-dimethylformamide,
anomalous (dual) fluorescence is observed and the fluorescence
kinetics become multi-exponential, displaying both wavelength
and solvent dependence. The kinetic behaviour may be
exemplified by the data shown in the Table for

hexane/acetonitrile.
cetonitrile T (7)) ‘
Concentration
mol dm-3
0.000 1.70£0.1 -
0.020 200£0.10 0.6510.25
0.038 2.20+0.20 0.60+0.20
0.096 270+£0.15 035+0.10
0.192 310%£0.10 0.29+£0.05
0.287 3.25+0.05 0.2410.05
0.383 3.4010.05 0.22+0.05
0.479 330£0.05 021+0.04
0.574 3451010 0.1710.05
Pure 3.25+0.10 0.01£0.01

—_—

Table: Calculated lifetime values for E4ADEAB in hexane as a
function of added acetonitrile.

On addition of acetonitrile, the single exponential decay of
lifetime 1.740.1 ns in pure hexane becomes essentially
biexponential with the two derived lifetimes lying either side of
the original value of 1.7 ns. As the concentration of acetonitrile is
increased the shorter lifetime (t2) decreases in value whilst the
longer lifetime (T1) increases. Additionally, a third component of
very small amplitude is sometimes required to achieve acceptable
kinetic fits to the experimental data. The amplitude of 19
decreases as the emission wavelength increases and becomes
negative at wavelengths of 425 nm and above.

Analysis of this data has been undertaken on the basis of a
standard exciplex model? ie.

1. (EADEAB)* — E4DEAB + hv Fluorescence

2. (EADEAB)* — E4DEAB Non-radiative decay

3. (E4DEAB)* + Acetontrile — Exciplex Exciplex formation
4. Exciplex — (E4DEAB)* + Acetonitrile Exciplex break-up
5. Exciplex = E4DEAB + Acetonitrile Exciplex decay

These processes are assigned rate constants kf, kqp, ky, k_ and
(kf' +kp, ) repectively.
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Figure: Lifetime analysis using exciplex model. Filled points refer
to left hand scale.

Use of this model together with the appropriate plots of the
lifetime values versus acetonmitrile concentration (see Figure)
yields ky = 7.4 x 10% dm3 mol'l s, k_ = 1.2x 109 51 and (¢ +
kpr) =22 x 108 1. The latter two values indicate an exciplex
lifetime of the order of 700 ps. The formation of the exciplex is
close to diffusion-controlled but the reverse reaction 1s less
efficient than in exciplexes with benzene and toluene where k_>
k4. It is intereseting to note, however, that the sum of the rate
constants for the other exciplex decay processes is very similar to
those obtained for these processes for the other exciplexcs4. At
present we are subjecting these datasets to global analysis to
support the conclusions which we have drawn above. EADEAB
exhibits similar behaviour in the other solvent systems studied but
the data also awaits global analysis to (hopefully) yield rate
constant data simlar to that above.

Our pre]jmjna?' conclusions at least partially support those of de
Lange et al.™ in that exciplex formation is observed but
confirmation of the participation of a foldled E4ADEAB isomer
must await further experiment and analysis.

REFERENCES

1. W Rettig, Angew Chem Internat Ed Engl. 25. 971, 1986.

2. W Rettig in "Modern Models of Bonding and Delocalisation”
(Molecular Structure and Energelics, vol 6) eds J Liebman and A
Greenberg, VCH-Publishers, New York, 1988, s229.

3. M van der Auweraer, Z R Grabowski and W Rettig, I Phys
Chem, 95, 2083, 1991.

4. M C C de Lange, D Thora Leeson, K A B van Kuijk, A H
Huizer and C A G O Varma, Chem Phys, 174, 425, 1993.

5. R Howell, A C Jones, A G Taylor and D Phillips, Chem Phys
Lett, 163, 282, 1989.

6. R Clark and R G Brown, CLF Annual Report, 175, 1993.

7.3 AT Revill and R G Brown, Chem Phys Lett, 188, 433, 1992.
8.J A T Revill and R G Brown, J. Fluorescence, 2, 107, 1992

9. W. R. Ware, J. D. Holmes and D. R. Arnold, J. Amer. Chem.
Soc., 96, 7861, 1974,

136



137

PICOSECOND PROCESSES IN CYANINE DYES

RJ. James'. J.N. Chacon', AJ. McLean' and R.S. Sinclair'

AJ. Langley?, P.F. Taday? and W. Shaikh?

'University of Paisley, Paisley, Renfrewshire, PA1 2BE
?Rutherford-Appleton Laboratory, Chilton, Oxfordshire

INTRODUCTION

Cyanine dyes belong to the polymethine class of dyestuffs and
have practical applications as laser materials and mode-locking
absorbers, as well as sensitisers in photography (1).

Upon continuous and microsecond pulsed irradiation, cyanines
have been shown to undergo a reversible trans to cis
isomerisation (2,3), which occurs principally via the singlet
manifold (3). Fluorescence competes with isomerisation while
the quantum yield of intersystem crossing is low. An energy
model has been proposed (4) where the ground state all-trans
form is irradiated to an excited singlet state which then passes
through a twisted intermediate form cn the upper exciled surface.
before returning to the original ground state configuration, or
isomerising to produce a photoisomer. The retum of the
photoisomer to the original conformation is a thermal process
which occurs on the millisecond timescale (3).

For two carbocyanine dyes we have studied the photoprocesses
occurring upon excitation with 100 fs pulses in an attempt to
obtain transient information regarding the precursor to the long-
lived photoisomer. The compounds under study were
1,1'.3,3,3",3",-hexamethyl-indotricarbocyenine iodide (HITCI) and
3,3'-diethyl-4,4'5,5'-dibenzothiatricarbocyanine iodide (DDTTCI).
Both compounds possess three carbon-carbon double bonds in
their methine chains. °

RESULTS AND DISCUSSION

During the last year we have made use of the Tsunami
femtosecond titanium-sapphire laser pumped by a Spectra
Physics 171 argon-ion laser. The pump wavelength used was 740
nm (100 fs, 5 W) while the probe beam was focused into a 3
mm thick fused silica disc in order to generate a continuumn
between 400-700 nm as the analysing light.

The main ground state absorption bands of both HITCI and
DDTTCI lie on the long wavelength side of the visible spectrum
with a maximum wavelength of absorption (4.} al 740 nm and
800 nm respectively. Both compounds showed significant
absorption at 740 nm allowing direct excitation at the
fundamental of the titanium-sapphire laser.

Time resolved transient spectra, showing the decay of HITCI in
acetonitrile over the picosecond timescale, are illusirated in
Figure 1. The spectra were found to consist of two absorption
bands at 490 nm and 550 nm, an isobestic at 580 nm, with
evidence of ground state depletion from 580-700 nm. The
position of the absorption bands was unchanged when using
methanol and water as solvents. Transient spectra of DDTTCI in
methanol showed only a single absorption band centred at 540
nm.

The decay of the transient species, measured at the maximum
wavelength of absorption, followed first order kinetics. For all
the data there was some residual absorption which did not decay
on picosecond timescales and is assigned as the photoisomer.
First order lifetimes are displayed in Table 1.

Figure 1. The decay of the transient absorption spectrum of
HITCI in acetonitrile

Table 1. Transient First Order Decay Lifetimes of the
Compounds Under Study.

COMPOUND SOLVENT LIFETIME / ps
HITCI Methanol 579
HITCI Acetonitrile 530
HITCI Water 368

DDTTCI -Methanol 690

The transient absorption spectra of both HITCI and DDTTCI are
proposed to be due to a rwisted intermediate in the first excited
singlet state, which is the precursor to the photoisomer. The
transient absorption bands are blue-shifted relative to the ground
state spectra due to § loss of extended conjugation, and therefore
may consist of absorption which.is isolated on each part of the
twisted molecule. In the case¢ of DDTTCI, the single band
fransient spectrum suggests that the two parts of the twisted
molecule show near equivalent absorption properties. The two
bands observed in the transient spectrum of HITCI suggest non-
equivalent absorption from the 1wo parts of the rwisted molecule
and therefore an isomerisation around a different double bond in
the methine chain to that observed with DDTTCI. From this data
it has been possible to propose possible structures for the
photoisomer of each compound and this is in general agreement
with recent work on carbocyanine dyes with two double bonds
in the methine chain (5),(6).
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INTRODUCTION

Time-resolved laser photoelectron spectroscopy of an excited molecular
electronic state presents a new method of determining information on
intramolecular dynamics."*“ So far, researchers have concentrated on
attaining high energy resolution in the gholoe]ectron spectra, and in
particular the "ZEKE" threshold method” has been employed.”*“ In
these studies, photoelectron intensity is measured as a function of the
time delay Ar between the laser pulse that promotes the molecule to the
excited electronic state, and the laser pulse that performs the ionization
step. A neglected aspect of these studies is the evolution of the
alignment of the levels populated in the excited electronic state as a
function of Af. This alignment can only be probed by observing the
angle-resolved photoelectron intensity, and "ZEKE" type experiments
preclude the determination of such angular information.

Here, we report the first measurements of time- and angle-
resolved photoelectron flux from a molecule. We present the time
evolution of photoelectron flux at a fixed angle of emission for the
excitation-ionization process NO(X TIv _0 J =2.5)—
NO@2z+ v=0,7=1.5N=1)—2 s NOo*(x1z+ v+=0) m whlch the
ionizing beam is circularly polarized. In this process the alignment of J
in the intermediate state evolves as a result of coupling to the spin of the
nitrogen nucleus, and this depolarization manifests itself as oscillations
in the time- and angle-resolved photoelectron signal.™

EXPERIMENT

The overall experimental setup is very similar to that employed by
Leahy et al. in their measurements of photoelectron angular
distributions.” The photoelectron spectrometer consists of a diffusion
pumped stainless steel vacuum chamber inside which nitric oxide is
released through a hypodermic needle to give an operating pressure of =
10 Ptorr. The excitation and ionization laser beams counterpropagate
through quartz windows at the ends of two stainless steel arms, and
photoelectrons are generated at the intersection of the two laser beams
and the stream of nitric oxide. The photoelectrons travel 60cm
vertically through a mu metal shielded, field-free region, to a 25mm
diameter microchannel plate detector (Photek). The output from the
microchannel plate detector passes through a fast preamplifier (EG&G
Ortec) and discriminator to a computer-controlled fast oscilloscope (HP
54510A), trggered by a photodiode that monitors pulses from the
ionization beam. In this experiment, every time a photoelectron arrived
within +25ns of the flight time of interest, a hit was registered and
passed to the computer. In other words, no attempt was made to resolve
the internal energy states of the NO™ ion.

Laser systems in the Laser Support Facility at the Rutherford
Appleton Laboratory were used. The excitation beam was generated by
an excimer (Lumonics HE460) pumped dye laser (Lambda Physik
FL3002) operating with Coumarin 47, and subsequently doubled and
attenuated to produce around 1pJ light at =226nm. This light was
tuned to be resonant with the X I'I(v:O)—>A22+(v=0) transition
P1,(2.5), and was passed through a rotatable zero-order half waveplate
(Halbo Optics) before entering the chamber. The position of the half
waveplate controlled the detected angle of emission, ¢, of the
photoelectrons. The ionization beam was generated by a second
excimer (Lumonics HE460) pumped dye laser (L.ambda Physik
FL3002) operating with Coumarin 153, and subsequently doubled and
attenuated to produce around 100pJ light at 266nm. This beam was
passed through a zero-order quarter waveplate (Lambda Photometrics)
with its optic axes at 45° to the electric vector of the linearly polarized
incident beam in order to generate circularly polarized light, before
entering the chamber. Both lasers were unfocused, giving beam
diameters of acound 2mm in the chamber. The degree of polarization of
the laser beams following passage through the waveplates was not

measured, and will ‘cause a small uncertainty in the photoelectron
intensity. However, 'this uncertainty is expected to be well within that
produced by the jitter in the time delay (see later). The laser powers
were kept low in order to avoid the effects of saturation; this resulted in
a signal level of .around 1 photoelectron per 10 laser shots.
Photoelectrons resulting from excitation by the 226nm beam followed
by ionization with the 266nm beam have flight times of around 1.1ps,
and are well separated in time from photoelectrons resulting from one-
colour ionization. The FWHM pulsewidth of both doubled laser beams
was around Sms. Both lasers were triggered by an SRS digital
delay/pulse generator which was controlled by the computer. During
the course of an experimental run, the half waveplate was set to a given
angle, and the time delay between the laser pulses was scanned from
(nominally) Ar=—30ns to +90ns in steps of 5ns, accumulating 10 laser
pulses at each delay. This method was employed in order to compensate
for power fluctuations, and temporal drifts. Each experimental run
encompassed 65,000 shots, i.e., 2600 shots per delay, and several runs
per angle were performed.

RESULTS AND DISCUSSION

The excitation beam aligns J=1.5 in the AZ3* state at Ar=0. For A0,
this alignment depolarizes and repolarizes according to the equation:

A +DQF+) [ F 2)2
T3(An = Z( (;1)11)+ ){J ; 1} cos(® g ANTZ(0), (1)

where F is the total angular momentum quantum number, [ is the
nuclear spin quanlurn number (/=1 for the nitrogen nucleus), {:::} is a
Wigner 6-f syrnbol @gg- is the hyperfine splitting between the levels F

and F', and TQ (A?) represents the alignment at time As, with projection
Q. From Eq. (1) it is clear that in order to observe the maximum effect
it is necessary both to choose a low value of J, and a transition that
produces a high degree of alignment. In addition, it is important to find
a transition that is well resolved. These three criteria led to the choice of
the transition Py,(2.5) for the present study.

The angle-resolved photoelectron flux can be written as

1(0=2 ;A1) = exp(—2L Zﬂm(m)ng(e . ¥)

where the By (Ar) coefficients contain both the dynamical parameters
controlling the photoionization step and the alignment; they are given in
Ref. 4, Eq. (5). T represents the 1/e lifetime of the intermediate state,
and the Y;,(6,¢) are spherical harmonics. The use of circularly
polanized ionizing radiation ensures that 1(0,4;Af) is sepsilive to
intermediate state alignment even when the ion states are not resolved, 4
a twist that is peculiar to NO A2zt 69 Figure 1 shows photoelectron
counts with statistical error bars as a function of time delay, for a fixed
angle $=30°. There is also some error in the time measurement due to
the finite pulse widths of the lasers, and some "jitter" on these pulses
(order of 5ns). Itis possible to either fit the data for Ar>0 to the function
a(1+bcosmAt)exp(—-Ati) or to compare it with predictions. Figure 1
shows the result of the comparison with predictions (see later). Data for
other angles can be found in Ref. 10. The values of the parameters a,b
and o for each angle are shown in Table I. In principle, three oscillation
frequencies should appear; @y s5; 5, © 55 and @y s 5. However, we
are able to fit the data to only one frequency because the coefficient for
®g525 in Eq. (1) is very small, and @5, 5 produces an oscillation
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with a long period on the timescale of the experiment (see calculated
frequencies later). Thus we expect ©=®; 55 5.

800 | ﬁ }

photoelactron

counts

400 —

40 -20 0 20 40 60 80 100

time delay (ns)

Figure 1 Time evolution of photoelectron flux

[ o(MHz) a b 1(ns)
30° 42 770 2.6x1072 240
300° 42 1100 -1.8x1072 240
750 . 745 0.0 240

Table I Values of the parameters used in the fits of the data to
the function a1+ bcos @Ar)exp(—2L)

The solid lines in Fig. 1 represent the (normalized)
calculated photoelectron intensity from Eq. (2), using the dynamical
parameters reported by Leahy et al. for a slightly lower photoelectron
energy; hyperfine energies ®gsy5=13.6MHz and

©535=42.9MHz; initial T2(0)=0.097 and

Tiz2 (0)=—0.122; and 7=240ns. The hyperfine energies were calculated
by Western!1 using the nuclear and spin-rotation coupling constants
reported by Bushaw and coworkers for the v=1, N=3 level in
NO(AZZ+).12 The error bars on the frequencies required to fit our data
do not enable us to deduce any difference between the v=0 constants and
the v=1 constants. In previous work it has been found that the nuclear
quadrupole coupling constant eQqg=-7.2+0.5MHz in v=1.12 and
—6.77+0.17MHz in v=3.13 Either of these values would serve to fit the
data presented here, and in fact the value of ¢Qqg can only be determined
to within about $5MHz, due to the jitter in the laser pulses. The value
of T was chosen to best fit the data.

It is clear that the observed (and predicted) time evolutions
depend on the angle of photoelectron ejection. We note that if the angle-
integrated photoelectron signal were monitored no oscillations would be
observed. The most pronounced oscillation is observed for $=30° as
evidenced by the value of b in Table I. Photoelectrons ejected at this
angle are therefore most sensitive to the intermediate state alignment.
The oscillations at $=300° are smaller and oppositely signed to those at
6=30°, and no oscillations are observed for ¢=75°. Thus, we can think
of $=75° as being a "magic angle" for this experiment, where the value
this magic angle takes depends on the 3 1 o Parameters in Eq. (2).

alignments

As indicated above, the data presented in this paper is not of
sufficient quality to enable the hyperfine coupling constants of
NOMA2Z*) to be deduced accurately. In order to use this method as a
means of performing high resolution spectroscopy it would be necessary
to employ lasers with shorter and more stable pulses. It should be noted
that quantum beat spectroscopy is a good method of obtaining
information on hyperfine coupling from states of molecules that
fluoresce.”™ However, the point of this experiment was to illustrate a
new method of studying intramolecular depolarization mechanisms,
which is applicable to states that do not fluoresce, and should
complement time-resolved ZEKE experiments.

In future experiments, where systems are chosen for which
the cause of alignment evolution is unknown, it will be desirable to

extract the values of Té (Af) from the data in order to gain information

on the depolarization mechanism. McKoy and coworkers have shown
that it is possible to do this without knowledge of the photoionization
dynamics by measurigg the circular dichroism in the photoelectron
angular distributions. 1

CONCLUSIONS

We have reported the first observation of time- and angle- resolved
photoelectron flux for a molecule. The method has been applied to the
study of hyperfine depolarization in NO(A2X*, v=0, J=1.5, N=1), and
the data agrees well with Eredictions that use coupling constants
previously reported for v=1.12 we plan to apply the method to other
molecular depolarization mechanisms, and in particular to use it as a
means of assessing the degree of rotational coupling involved in
intramolecular vibrational redistribution.
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Introduction

The object of these experiments is to determine the
translational, rotational and vibrational energy
distributions of CO formed from carbonyls,
physisorbed on a surface, and to compare the results
with those obtained in gas-phase work.

For this purpose, we employ a dielectric surface of
single crystal MgF, which is highly transparent at the
wavelength of the photolysis laser. It also has phonon
modes far removed from the vibrational frequency of
CO. Since a large quantum of energy has to be
removed for the vibrational deactivation of CO, there
is a good chance that the molecules will not be
deactivated on the timescale of dissociation and
desorption. Such indeed has been found for the
dissociation of the alkyl nitrites and NO dimers [1,2].

We have now turned our attention to the carbonyls
which dissociate more slowly than the nitrites. We
have considered the molecules HNCO, acetone and
finally 3-cyclopentenone. All of these molecules
dissociate to give vibrationally excited CO, with 10 -
20 % population of (v=1).

All of these molecules produce rotationally excited
CO in the gas phase photolysis. Since the rotational
quanta are so much smaller than those of vibration,
there is a far higher chance that the desorbed
molecules will be rotationally relaxed even though
they are vibrationally excited. Detection of the
desorbed CO was by (2+1) resonance enhanced
multi-photon ionisation spectroscopy via the B state.

Experimental

The Ultra-High Vacuum apparatus is described
elsewhere [1]. The chamber is diffusion pumped,
with additional cryopumping provided by liquid
nitrogen- and helium-cooled shrouds elsewhere in the
chamber. The single crystal MgF, surface is held on
a transmissive probe which is liquid helium cooled.
In conjunction with a heater circuit, the temperature
of the crystal may be held between 20 and 300 K to
an accuracy of 1 K.

A Lambda Physik 10S5i excimer is used to initiate
desorption. The central, most uniform portion of the
beam is selected using an elliptical mask and is then
focused onto the crystal face to give a circular spot,
diameter 5 mm.

The excimer-pumped dye laser system provided at the
LSF was used to ionise the CO produced. The
second harmonic of the laser was focused using a 30
cm lens into a region 5 cm above the surface. The
ions formed were deflected onto the Gallileo micro-
channel plate by a grid and repeller plate system
based on the Wiley-McClaren design.

The detection of CO using REMPI is very sensitive.
We could obtain spectra with good signal to noise
down to partial pressures of CO of 2 x 10" Torr,
Figure 1. The spectra consist of an unresolved Q-
band. The spectra are analysed by fitting the signal
to a rotational temperature [3].

Results and Discussion

Unfortunately, HNCO was found to polymerize within
the metal preparation line used to admit gases to the
chamber.  Our investigations into acetone were
problematic: very high fluences were required to give
an adequate signal of CO, at which thermal pathways
were  dominant. We turned at last to
3-cyclopentenone which has been studied in the gas
phase under collision-free conditions by Jimenez et al.

(4].

Most importantly, the dissociation of the adsorbed
3-cyclopentenone gave CO in both (v=0) and (v=1),
Figure 2. This is surprising in the light of the longer
dissociation time of the carbonyl compound, and the
fact that acetone dissociated to give CO entirely in
(v=0).

A Boltzmann distribution of energies is observed with
characteristic temperatures in the range 200 to 700 K.
The rotational temperature has been found to depend
on fluence, surface temperature and kinetic energy of
the desorbed CO.

The dissociation resembles the gas phase photolysis in
many respects. The rotational energy increases with
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kinetic energy, and the ratio of (v=1) to (v=0) is
similar, around 20 %. However, much lower
rotational and translational energies are observed.
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i. INTRODUCTION

High temperatures arc required to produce sufficient
vapour pressure of involatile solids. Under these conditions
however, gas phase spectroscopy yields little information
because the spectrn sre broad and featurcless.

In our experiment, moleccules are formed in o heated alu- |

mina nozzle and are seeded into sn inert gas strenm (ususlly
argon or helium) at high pressurc. The nozzle will operate
up to 1000°C. The gos mixture undergoes a free jet ex-
pension through a small orifice (250pum in diometer) into
rapidly pumped vacuum chomber. As s result, the vibra-
tional and rotetional degrces of freedom are considerably
cooled, to nbout 100K and 10K respectively. The spectrum
recorded under these conditions is greatly simplified and its
analysis is normally much more straight forward.

To record the spectra, the focussed beamn from a norrow
band tunrble dye laser is used to excite molecules in the
jet end the resultant fluorescence is recorded (laser excita-
tion spectroscopy). We have made use of the JK Hyper
Nd:YAG and Spectron PDL2 dye laser combination from
the LSF loan pool. Near-UV wavelengths were obtained
by using the wavelength extension (WEX) accessory. The

measurements on InOH, In; O and CuCl; and their anolysis,

is described briefly below.

ii. INDIUM(I) HYDROXIDE, InOH

The first recording of the B — X system of InOH was
made at the RAL [1},[2]. The analogous systems of InOD
and In'? OH have now also been recorded [3], [4]. The spec-
trum consists of transitions to three excited states, denoted
&3A’, B3A" and F3A’. An extensive band system, domi-
nated by o bending progression with separations of about
800cm ™!, was observed [or nll three components. Calcula-
tions performed by C.J. Whitham suggest that thesc states
arise from an extremely strong Renner-Teller splitting of an
excited state which would be a 31T in the linear limit. These
assignments are supported by the relative intensities of the
component systems (,B- and 5 bends are similar in inten-
sity since both are derived from the II; spin-orbit stete)
and lifetime measurements (which are in agreement with a
triplet «singlet transition).

Scveral of the key bands in these systems hove been
recorded at rotational resolution. The individual P and
R lines in cach branch were observed but for the strongest
bonds (corresponding to the transition moment perpendic-
ular to the a-axis) the very intense Q branch remained un-
resolved. A typicol band in the A system of InOD is shown
in figure 1. The rotational constonts of InOH ond its iso-
topomers were determined from e least squares analysis of
these transition wavenumbers.” Figure 2 shows the geome-
try of InOH in jts ground ond the A excited state deduced
from these constants. The large reduction in bondlength
on excitation is in agreement with the strong bending pro-
gression observed in the excitation spectrum. The In-0 and
O-H bondlengths in the excited states are close to those
expected by comparison with similar molecules. The O-H
bondlength in the ground state is however unusually short.

This results from the ground state of InOH bcing very
floppy or guasilinear; the O-H bondlength represents the

average over the arc of a large amplitude bending motion.
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Figure 1: LIF cxcitation spectra of the § 182933
J, =1+ 0 of InOD
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Figure 2! the geometry of InOH in its ground and the
/3 excited state

Ground Stole

To investigate the quasilinearity of the ground stete, the
fluorescence from seversl of the bands was dispersed us-
ing o monochromator. This provides information sbout the
vibrational intervals in the ground state. Figure 3 shows
the bands rccorded by dispersing the Q branch of the bond
shown in figure 1. The lorge number of bands hes been
explained by collision-induced transitions in the free jet ex-
ponsion. The lowest bendinglevels resemble those in o bent
molecule; however as the bending 'ladder’ is ascended the
separations become more similar to those in the linear lim-
iting cese. The vibrational intervals measured were used to
determine on opproximate bending potential surface which
is shown in figure 4. This diagrom shows the relative posi-
tions of the levels on this surface and demonstrates the ex-
ccllent agreement between the experimentslly determined
bending potential and that obtained by ab initio calcula-
tions.
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Figure4: ‘Bending’ intervals and potential function for

InOH in its ground state.

iii. CuCl; MEASUREMENTS"

The survey spectrum of CuCly wes extended to cover
the region from 646-660 nm. In addition, we were also able
to re-record the spectrum from 620-645 nm under better
signal-to-noise ratios. ’

Copper dichloride was prepared in the gas phase by heat-
ing copper powder to 850°C. A mixture of 2 % Cl; in argon
carrier gas was passed over this at a backing pressure of 2.6
atm. Subsequent cooling to rotational temperatures of 6-10

K was achieved by a free jet expansion through a 250 mm .

orifice into a high vacuum region.

We were able to identify the band-origin of the 21'1‘.—21'1',
system (the Og bands) at 643nm. This was initially assigned -
on the basis of there being no bands of appreciable intensity -
to longer wavelength. Other bands in the region 626-642nm °
have been assigned as the 1} and 23 bands of the same
electronic transition. The assignments were later confirmed .
by studying the bands under rotational resolution using a
single-modering-dye laser [6]. In addition we were also able

“to identify two other bands in this region, labelled the A

and the B bands. We believe these are transitions from the
v!"=(000) vibrational level of the 2II; ground state to other -
excited electronic configurations. The spectrum of this re- '
gion is shown in figure 5 along with the assignments.
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Figure 5: Part of the survey spectrum of C-uClz between 626-644nm

Once the 03 bands had been identified, the spectrum
from 640-660nm was recorded under warmer conditions by
reducing the backing pressure to 1 atm. The effect of
this was for some of the very weak bands in this region
to gain intensity relative to the Og bands. They were, for
the most part, situated from 365-370 cm™! to lower en-
ergy of the bands assigned as originating from the 1=(000)
level. This value agrees with that obtained for the ground
state symmetric stretching wavenumber of CuCl; [6]. Hence
they have been assigned as hot-bands, originating from the
v'"=(100) level of the ground electronic state. As yet we
have identified the 1'1), 1}., 1?23 and I[I’A hot-bands.

Finally, we were also able to record the lifetimes of several

" of the bands at the shorter wavelength end of the absorp-
tion system, from 560-566 nm. An average measurement of
278(20) ns was obtained.
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LASER-INDUCED FLUORESCENCE SPECTROSCOPY OF JET-COOLED LASER-DESORBED
MOLECULES
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INTRODUCTION

The use of supersonic molecular beams in spectroscopy has
revolutionised the study of the electronic spectra of large
polyatomic molecules. Until recently, supersonic jet spectroscopy
could only be applied to thermally stable polyatomic species,
because of the need to heat the sample to elevated temperatures
(typically 100-300°C) to produce sufficient vapour pressure to
seed the expansion. However, with the development of pulsed
infrared laser desorption [1], thermally labile molecules can now
be vaporised as intact neutrals. Such molecules are now
accessible, therefore, to investigation under jet-cooled conditions.
Although laser desorption is becoming a well-established
technique in mass spectrometry, there has been litfle work to date
on the spectroscopy of laser-desorbed molecules, because of the
difficulty of achieving stable desorption conditions. Of the few
spectroscopic studies which have been reported, almost all have
been extensions of mass spectrometric measurements, using
mass-resolved resonant 2-photon ionisation (R2PI)

We report here on the use of laser-induced fluorescence (LIF) to
investigate the jet spectroscopy of laser-desorbed molecules. In a
previous study of the LIF of laser-desorbed dipeptides, Levy et al
[2] reported considerable interference from scattered laser light
which was attributed to the presence of particulate matter
produced in the desorption process. They found it necessary to
detect the fluorescence through a monochromator in order to
discriminate against the scattered light. In our experiments, using
the desorption/entrainment method described below, we have
encountered no problems with scattered light.

EXPERIMENTAL

The successful use of laser desorption as a source:of molecules
for jet spectroscopy requires the production of a stable supply of
sample vapour pulses at a reasonably high repetition rate (
10Hz) for extended periods of time (hours rather than minutes).
Furthermore, in order to produce sufficient jet-cooling to give
well resolved vibronic spectra, the desorbed molecules must be
efficiently entrained in the high pressure throat of a pulsed
supersonic expansion. These conditions can be achieved using a
desorption nozzle assembly of the form shown schematically in
Figure 1.

= desorption nozzle

CO;, laser

rotating/translating
beam

sample holder

Figure 1. Schematic cross sectional diagram of the desorption
nozzle assembly.

The desorption nozzle assembly consists of a pulsed supersonic
valve (General Valve Corporation Series 9) fitted with an
extension block into which the desorbed molecules are released

and then entrained into the supersonic expansion. The nozzle
assembly is mounted on an Xyz translator to enable accurate
positioning relative to the desorption laser beam and excitation
laser beam. The desorption sample holder consists of a stepper
motor-driven rotating disc (30mm diameter) mounted on a motor-
driven translation stage, enabling the sample to be rotated and
translated relative to the desorption laser beam. The sample is
prepared in the form of 25 mm diameter pressed solid disc (using
a hydraulic press) and mounted on the sample holder with double
sided tape. The sample is moved continuously relative to the
desorption laser beam during the experiment; desorption can be
carried out continuously from the same sample for several hours.

Desorption was achieved using a pulsed TEA CO, laser (Alltec
854MS) which outputs up to 300mJ of 10.6pum radiation in a
100ns pulse. The desorbed molecules were entrained in a
supersonic beam produced by expansion of 7bar of helium
through a 0.5mm diameter nozzle. Fluorescence was excited
using a Nd:YAG-pumped dye laser system JK HY750 Nd:YAG/
Quanta Ray PDL2 dye laser with WEX UV accessory). The
excitation laser beam crossed the expansion 5-10mm downstream
of the desorption nozzle. Undispersed fluorescence was collected
by a 50mm focal length f/1 lens and detected by a Hamamatsu
R928 photomultiplier tube. The signal was processed by a SRS
SR250 gated integrator and stored on a2 PC. The experiment was
carried out at a repetition rate of 10Hz and the signal was
averaged over 30 laser shots. The relative timing of the pulsed
valve, desorption laser and excitation laser was controlled by a
SRS DG535 digital delay generator.

LIF OF JET-COOLED LASER-DESORBED PARA-AMINO
BENZOIC ACID AND BENZOIC ACID

Para-amino benzoic acid (PABA) is a hi%hly involatile
compound, with a vapour pressure of only 10 'mbar at room
temperature, and is thus difficult to vaporise using conventional
techniques. It can, however, be easily vaporised using laser
desorption. Meijer et al [3] have reported the mass-selected R2PI
spectrum of jet-cooled laser-desorbed PABA and have observed
both monomer and dimer species. We have investigated the laser-
induced fluorescence.

Figure 2 shows the low energy region of the LIF excitation
spectrum of jet-cooled laser-desorbed PABA. The spectrum
consists of the superposition of two spectra, due the presence of
both PABA monomer and hydrogen-bonded dimer species in the
expansion. The dimer 0-0 transition at 34214cm™ and associated
vibronic transitions at 231cm” and 25icm” are indicated by
asterisks. Low frequency vibronic transitions of the dimer, due to
intermolecular hydrogen bond vibrations, are shown in the inset.
The dimer 0-0 is blue-shifted some 40cm™ from that of the
monomer which lies at 34173cm™". The ability to generate a high
relative concentration of dimers in the expansion demonstrates
that efficient cooling of the laser-desorbed molecules can be
achieved.

On the basis of the critical dependence of the 2-colour photoion
signal on the temporal overlap of the two laser pulses, Meijer et
al [3] estimated the lifetime S, state of PABA to be only a few
hundreds of picoseconds, due to the occurrence of efficient
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intersystem crossing. However, the high intensity of the
fluorescence signal in our experiments indicates that both the
monomer and the dimer have rather large fluorescence quantum
yields, which would not be consistent with such a short lifetime.
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Figure 2. LIF excitation spectrum of jet-cooled laser-desorbed
p-amino benzoic acid. * indicates bands due to the dimer.
Low frequency transitions of the dimer are shown in the inset.

The structure of the PABA dimer is thought to be analogous to
that of the well-known benzoic acid dimer. Condensed phase
studies [4,5] have shown that at low temperatures, in accordance
with thermodynamic predictions [6], benzoic acid exists as a
dimer in which the two monomer units are doubly hydrogen-
bonded through the -COOH groups.

Benzoic acid is. much more volatile than PABA and has been
studied using conventional LIF jet spectroscopy [7]. Under
normal conditions of jet-cooling, benzoic acid exists almost
exclusively as the dimer, and the monomer was not observed in
the latter study. However, Meijer et al [8] have shown that laser
desorption jet cooling can produce a molecular beam with a
relatively large benzoic acid monomer concentration and they
have recorded the mass-selected two-colour R2PI spectra of both
dimer and monomer.

Figure 3 shows the LIF excitation spectrum of jet-cooled laser-
desorbed benzoic acid. The spectrum corresponds to that of the
dimer [8]. We observed no spectrum due to the monomer,
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Figure 3 LIF excitation spectrum of jet-cooled laser-desorbed
benzoic acid.

although there should have been a considerable monomer
concentration present in the beam under our experimental
conditions. This indicates that the fluorescence quantum yield of
the benzoic acid monomer is much smaller than that of the dimer.
The benzoic acid monomer has been predicted to have a very low
fluorescence quantum yield [9] due to the near degeneracy of the
S| state with a 3(n,1:.) state, which results in very efficient
intersystem crossing. The much higher quantum yield of the
dimer can be accounted for by a decrease in the rate of
intersystem crossing as a result of an increased energy separation
between these two states. In contrast, in the case of PABA, we
have found that both the monomer and the dimer show intense
fluorescence. This suggests that in neither the PABA dimer nor
the PABA monomer is there a particularly efficient route for
intersystem crossing.
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INTRODUCTION

The highly reactive methylidene radical (CH) is found in an
unusually wide variety of environments,' with temperatures ranging
from an ultra-low 10-50 K in dense interstellar clouds to 1000 K and
above in flames. The kinetics of its reactions are of interest in
combustion syste-ms,2 where its reaction with N, is crucial in the
formation of ‘prompt’ NO.* Reactions of CH are also important in
the chemistry of planetary atmospheres, especially in the nitrogen-
and hydrocarbon-rich atmosphere of Titan' as well as in the
chemistry of interstellar clouds.® Knowledge of reaction rates over as
wide a temperature range as possible is therefore very desirable.

As a result of the interest in CH radical kinetics in such a wide range
of environments, and in order to better understand its high reactivity,
we have launched a programme of experiments to determine the rates
of a number of elementary reactions of CH covering a temperature
range from about 13 K to 600 K. In the experiments described here,
the CRESU (Cinétique de Réaction en Ecoulement Supersonique
Uniforme) technique has been used to achieve temperatures below
300 K, in conjunction with the PLP-LIF (pulsed laser photolysis -
laser induced fluorescence) technique for the production and
detection of radical species in the gas phase. We have already applied
these techniques to a range of CN radical® and OH radical” reactions.

In this article we report results for reactions of the CH radical with O,
and NO. The reaction of CH with NO has a number of energetically
accessible reaction channels:®

CH+NO — CO+NH AH" = -105 kJ mo! 68}
- CN+OH AH" = 45 kJ mol"! @
—5HCN+0 AH®=-72 kJ mol™ 3)
> HCO+N AH® = 44 1J mol! )
—-NCO+H AH’=1? o)

The NH product of channel (1) has been observed by UV
chemiluminescence,™!® and on the evidence of the vibrational and
rotational product state distributions,'® it is thought that this channel
proceeds via a direct four-centre mechanism. However, there is
considerable disagreement in the literature regarding the products of
this reaction, and measurements of product branching ratios are
urgently needed.

The reaction of CH with O, has again a number of energetically
accessible channels:®

CH+0, - CO+OH =-159 kJ mol (6)
- CO;+H = -184 kJ mol )
—»CO+H+O0 =-56 kJ mol! ®)
- HCO+0 =.75 kJ mol"! 6]
- CO@EIM)+0OH  =-19 kJmol’ (10)
- CO+O0H(A’E) =-56 kI mol" an

Calculations suggest that the CH + O; reaction proceeds to the
formation of H+ CO; and OH + CO via the HOCO intermediate: "’
again, we await the results of product branching measurements.

EXPERIMENTAL

to pumps

Figure 1 Schematic diagarm of the combined PLP-LIF/CRESU
technique for the study of CH reactions at ultra-low temperatures

The CRESU technique and its adaptation to the study of neutral-
neutral reactions (in particular those of the CN radical) by means of
the PLP-LIF technique has been described in detail elsewhere.5®
Here, we will give a brief summary of the method as applied to
measurements at ultra-low temperatures on the reaction kinetics of
CH radicals. A schematic diagram of the experimental apparatus is
displayed in Figure 1.

The CRESU technique provides, via the isentropic expansion of gas
through a Laval nozzle, a ‘collimated’ flow of ultra-cold gas which is
uniform in temperature, density and velocity. The expansion and
subsequent cooling are rapid enough that heavily supersaturated
conditions may prevail, avoiding the major problem of condensation
associated with the use of cryogenically-cooled cells. However, in
contrast to free jet expansions and molecular beams where the
concept of temperature is not really valid, the relatively high gas
density (10'*—10"7 molecule cm™) in the uniform supersonic flow
ensures that frequent collisions take place during the expansion and
subsequent flow, maintaining thermal equilibrium at all times.
Several nozzles were employed in the present work, each providing a
particular temperature and density for the selected carrier gas. Flow
conditions have been verified previously by impact-pressure
measurements, as well as by independent determination of the
temperature via spectroscopic measurements on the (0,0) band of the
(B’Z"-X%") system of CN.®

CH radicals were generated by the sequential multiphoton photolysis
of CHBr at 266 nm, and detected by off-resonance LIF, exciting the
(0,0) band of the CH(A?A-XIT) system at ~ 430 nm, and detecting
off-resonance fluorescence from the (0,1) band at ~ 490 nm. Kinetic
data were pgathered using the strongest available rotational line,
usually the Raye(1) line at 430.03 nm.
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RESULTS AND DISCUSSION
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Figure 2 Rate constants obtained in the CRESU apparatus for the reactions CH + O, and CH + NO, in different carrier gases as indicated

The results obtained in the CRESU apparatus for the kinetics of the
reactions of CH with O, and NO are displayed in Figure 2. As can be
seen, both reactions are fast at room temperature, and are in good
agreement with the literature values.®*!® Only a mild negative
temperature dependence is observed, in contrast for example to the
reaction of the CN radical with O,, which shows a strong T
dependence of its rate contant on temperature.® This could be due to
what may be termed a ‘saturation’ effect, whereby CH already reacts
on virtually every collision at room temperature, leaving it very little
possibility for further increase at low temperatures.

Both reactions display extremely rapid rates of greater than 10™*° cm®
molecule” sec™ at temperatures of interstellar interest (10-50 K), and
these results serve to reinforce the conviction that neutral-neutral
reactions play a crucial role in the chemistry of dense interstellar

- clouds at ultra-low temperatures."'
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INTRODUCTION

Dimethylgermylene, GeMe,, may be reasonably expected to play
an important role in the breakdown of organogermanium
compounds!+2. Experimental studies, mainly in the liquid phase,
indicate that germylenes behave rather like silylenes in their
reactions: they insert into Ge-H and O-H bonds and add to the
#-bonds of dienes and alkynes, although apparently not to alkene
w-bonds.

While most of the available information about germylene reactions
has come from end-product analyses, recently, time-resolved
kinetic studies by the groups of Mochida® and Gnspar4 have
supplied the first directly measured rate constants for their
reactions. These studies, carried out in cyclohexane solution,
suggest that while GeMe, has a similar pattern of reactivity to
SiMe,, it is a much less reactive species. Our knowledge and
understanding of the mechanisms of silylene reactions has been
greatly increased in the last ten years by the application of such
time-resolved studies, particularly in the gas-phase®. Accounts of
some of these studies, carried out using lasers supplied by the LSF,
have appeared in previous annual reponsﬁ. We therefore decided
to extend this technique to the investigation of germylenes such as
GeMe, in the gas-phase.

EXPERIMENTAL

The apparatus and equipment for these studies have been described
in detail previouslyj. Only essential and brief details are therefore
included here. The larget reactive transient was produced by flash
photolysis of appropriate precursor molecules (see below) using an
Oxford Lasers KX2 exciplex laser operating at 193nm (ArF fill).
Transient absorptions were monitored in real time by means of the
LSF Spectra Physics 2025 Argon Ion laser. For species characteris-
ation all 9 available lines of the probe laser were used, but for the
kinetic studies the argon ion laser was operated at 479nm.
Experiments were carried out in a spectrosil quartz cell with
demountable windows. The photolysis beam (4cm x lem cross-
section) entered the centre of the cell laterally, while the probe
beam was multipassed along the axis of the cell up to 32 times
giving a total path length of ca 1.2 m. Photolysis laser pulse
energies were typically 60-70 mJ. Light signals were measured by
a dual photodiode/differential amplifier combinalion, and signal
decays were stored in a transient recorder (Datalab DL 910)
interfaced to a BBC microcomputer. This was used to average the
decays of 5 or 10 photolysis laser shots (at a rep rate of 1 - 2 Hz).
Gas mixtures for photolysis were made up containing 100 mTorr
of the transient precursor, variable pressures of reactive substrates
with total pressures made up to between 1 and 100 Torr with inert
diluent (SFg). Pressures were measured with capacitance
manometers (MKS Baratron). Most measurements were made at
294 + 2 K. The organogermanium materials used in this work
were synthesised by literature methods’. Gas chromatography was
used to check for end product formation.

RESULTS

GeMe, precursors

Pentamethyldigermane (PMDG), shows a strong UV absorption
(Amax = 202 nm, ext. coeflt. = 2.5 x 10? dm® mol"! cm!) making
it suited to photolysis studies at 193nm. End product -analyses
reveal that MeyGeH is the major (stable) phoiolysis product,
although other small peaks are present on the gas chromatogram.
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Under time-resolved conditions strong absorptions were obtained
in the 450 - 510 nm region. Although the extinction coefficient of
GeMe, is not known, transient decay traces exhibiting good signal
to noise ratios could be obtained with 100 mTorr of PMDG with
averaging over 5 shots. Although as much as 10% of the transient
precursor may be decomposed per laser shot, only ca 5% of the
total vessel volume was irradiated. Thus the precursor pressure in
the photolysed volume was repleniched by diffusion between shots.

1,1-Dimethyl-1-germacyclopent-3-ene (DMGCP) also shows a
strong UV absorption (A, = 190 nm, ext. coefft. = 2.1 x 10?
dm® mol'! em’!). End product analyses show 1,3-butadiene to be
the major (stable) decomposition product, although photolysis was
often accompanied by concommiltent dust formation, making
DMGCP difficult to work with for time resolved studies.
Nevertheless strong absorption signals were observed in the 450 -
510 nm region under these conditions. With care reagonable decay
traces could be obtained. Under the same experimental conditions
(precursor concentration and total pressure) transient signals were
about 67% of those obtained from PMDG.

The GeMe, visible absorption spectrum

The transient absorption spectrum was obtained by monitoring the
zero lime absorbance (obtained by computer fitting of an
exponential decay curve) at each of the nine available wavelengths
of the argon ion probe laser. In these experiments 100 mTorr of
precursor was photolysed in the presence of SFg at a total pressure
of 10 Torr, at a photolysis laser energy of 65 + 5 mJ/pulse. Both
precursors were used for this purpose, although only five
wavelengths were used for the transients from DMGCP. The
results are shown in fig. 1. The values for the absorptions from
DMGCP were scaled by a common factor of 1.49 to match the
signal magnitude from PMDG. The satisfactory agreement between
the spectral absorptions at different wavelengths from both
precursors provides good support for a common species. That this
should be GeMe, is reinforced by the comparison with the known
absorption spectrum obtained in an argon matix®. Although not
shown in the figure there are several reports of the condensed
phase spectrum with a peak maximum at 420 -430 nm*. A gas
phase red shift is usually expected, although the magnitude here is
slightly larger than that found previously (ca 10 nm) for Si]\/lezg.
A point worth noting is that the decay constants (see below) for
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Figure 1. Absorption spectrum of GeMe,
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signals from each precursor, although different from one another,
were independent of the wavelength for a given precursor, again
indicative of a common species. In sum, the wavelength location
of this spectrum, the use of rational chemical precursors, and
agreement between two different sources provide strong evidence
that this is indeed the visible spectrum of GeMe,-

Gas-phase rate constants for reactions of GeMe,

For kinetic studies, PMDG was used as the GeMe, precursor and
the transient was monitored at 479nm, near ils absorption
maximum. Decay traces (5 shot averages) were found to fit
exponential forms consistent with first order kinetics. Linear least
squares filling over ca 70 - 90% of each decay trace was used to
obtain the first order rate constant, k_, . Rate constants were found
to be independent of excimer laser energy (within a range 40-80
mJ/pulse) and also the number of laser shots (up to 20 shots). At
a given substrate pressure the reproducibility of k. values was
within + 10% of the mean (maximum spread 20%), although often
better than this.

Substrates were chosen to cover a selection of potential reaction
types. No reactions were found with C3Hg (33 Torr), Me5SiH (112
Torr) or MesGeH (3 Torr). Reactions were however found with
oxygen, ethylene, 3,3-dimethylbutene-1(CgH,,) and 1,3-butadiene.
In these sludies, the partial pressure of reactive substrate was
varied in a systematic way to test the dependence of k.. These
experiments yielded reasonable linear plots as expected for second
order kinetics. Examples of such plots are shown in fig. 2, for the
reaction with C;H,. As can be seen in this case, the slopes of the
second order plots varied with total pressure, thus showing the
reaction rate constants to be pressure dependent. Such overall
pressure dependencies were not investigated in other cases except
for CgH |5, where rate constants were found to be the same at 10
and 30 Torr (SFg), but a slightly lower value was found at 3 Torr.
The second order rate constants, found from the slopes of these
plots are collected in table [. Apart from these, one other substrate
viz. C,H, was studied, but the scatter in the data was rather higher
than for the other molecules. Reaction clearly took place rapidly (k
of ca 1.3 + 0.3 x 101! cm3 molecule™! 1) but the scatter was too
great to determine whether this reaction showed any pressure
dependence (3 - 30 Torr pressure range).

DISCUSSION

The measurements reported here represent the first experimentally
determined gas-phase rate constants for GeMe,. Two features of
the data are apparent from the table. GeMe, does not insert into C-
H, Si-H or Ge-H bonds on the time scale of these experiments. It
does however add readily to the 7-bonds of alkenes, dienes and
alkynes. By contrast, SiMe, not only adds to x-bonds with similar

Figure 2 Second order plots for GeMe, + C,H, (in SFy)

Table 1. Rate constants for GeMe, at 294 K

Substrate k/cm? molecule! 57!

0, 4.6 x 101

CH, 9.1x1013 (3 Torr SFy)
1.7x 10712 am - )
4.5 x 1012 @ " )
7.0x 10712 o " )

H,C=CHCMe, 9.8 x 1012 10,30 " )

1,3-CH, 1.2x 1071

C,Hg no reaction

Me,SiH "

Me,GeH "

facility, but also inserts readily in Si-H bonds (SiMe, does not
however insert in C-H bonds, and its reaction with Ge-H bonds has
not yet been studied). We do not epeculate here on the reasons for
these differences since these are likely to become more evident
when we have extended these measurements to other reactive
substrates . and higher temperatures. The pressure dependent
addition reaction to ethylene almost certainly indicates that it
produces the weakly bound germirane ring product as follows:

Me,Ge + C;H, # I,l-dimethylgermirane

This pressure dependence is characteristic of a third body assisted
combination process and indicative of the weakly bound nature of
the product. Evidence that germirane rings are highly strained
comes from the fact that they they have only recently been
synthesised despile many efforts10. ’
A word of caution should be entered that these results are in some
contrast to the findings of Mochide® and Gaspﬂr4 in their solution
studies. Both sets of investigators find no reaction of GeMe, with
alkenes (or alkynes), and rate constants with dienes that are ca 1
slower than those reported here. Only the reaction with O, is faster
than our measurements. The only obvious difference here is the
nature of the reaction medium. If the ground state germylene is
complexed in solution then it might become less reactive. The
solvent however is the non-polar cyclohexane. The explanation for
these differences may become more evident on further
investigation.

The findings here are necessarily preliminary and we hope to throw
more light on the reactivity and behaviour of GeMe, and other
germylenes in fulure work. A more extended account of current
findings is in preparati0n7.
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DYNAMICS OF HETEROGENEOUS STRATOSPHERIC PROCESSES
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INTRODUCTION

The oxides of nitrogen all feature in the chemistry of the atmosphere.

All have a bearing on the NOy cycle” and, recently, there has been
renewed concern in the direct deposition of NxOy molecules in the

atmosphere from increased numbers of high flying jet aircraft 2.
There is some uncertainty about the uptake and subsequent reaction of
species such as NO7 on water-based ices and we recognise the need to
study these molecules in a controlled high vacuum environment at
rather lower temperatures. In addition, the photochemistry of
atmospheric species is the adsorbed state has received little attention to
date. This acknowledges the fact that most of the products formed
heterogeneously on PSCs depart into the gas-phase to await photolysis
or further reaction. However, some consideration should be given to
modifications of the gas-phase chemistry and photochemistry of these
molecules which may occur in the adsorbed state, not least, to establish
their significance in cases where heterogeneous reactions are rate

limiting (e.g. on sulphate aerosols where rate coefficients are lower 2).
The presence of a surface, even in weakly adsorbed systems has been
shown to radically change both the dynamics and the reaction

pathways which follow photodissocialiona'4. Finally, our recent FTIR
study of N9O4 adsorbed on ice shows that the molecules in the

overlayer are oriented on the su:faces: a dynamics study should reveal
the consequences of this orientation on the photodissociation.

EXPERIMENTAL

Experiments were conducted using a high vacuum (HV) apparatus in
conjunction with a Quanta-Ray Nd:YAG laser (RAL Laser Loan Pool).
The HV system was a low volume vessel (~ 5 litres) constructed of
stainless steel and pumped by two liquid nitrogen trapped 2" diffusion
pumps to an ultimate pressure of 109 torr, as measured by an ion
gauge. A differentially pumped quadrupole mass-spectrometer (VG
Micromass PC) permitted residual gas analysis and monitoring of the
temporal evolution of neutral species from a pre-prepared sample
surface. A copper single crystal mounted on lungsten wire between
current carrying copper rods beneath a liquid nitrogen cooled dewar
provided a means for condensing thin layers of water at the desired
temperature. Unfocused and unpolarised radiation at 355 nm was
incident on the centre of the sample, in the plane of the detector and
sample normal.

RESULTS AND DISCUSSION

Figure 1 shows a typical single-shot time-of-flight spectrum of
photodetached NO; (as probed at m/z=30, NO*) following photolysis
of N2O4, deposited approximately as a monolayer film on the surface

of ice. After 4-5 shots no further signal was evident - indicating
complete photodepletion of the monolayer. The TOF spectrum is well
described by a Maxwell-Boltzmann with a superimposed stream
velocity. The most probable energy of the nascent NO3 is ~ 0.1 eV or
equivalent to a Boltzmann “temperature” of ~1200 K. Considering that
the surface temperature is around 100 K, the photodissociation is
clearly direct in nature with little accommodation at the surface. This
is consistent with, yet distinct from, the gas phase photofragmentation at

this wavelength which has an available energy of ~1.10 eV6. There is
obviously some quenching of the product energy to the ice surface.
The angular distribution of the nascent NO; appears to be strongly
peaked at the surface normal and drops beneath the limit of detection
at 45° to the normal. This observation is consistent with the adsorbate

geometry as determined by RAIRS5 and the repulsive force of the
photolysis being directed along the breaking N-N bond and hence
parallel to the surface normal.

In summary, the photolysis of N2O4 and other oxides of nitrogen is
mediated by adsorption on an ice surface. In cases where the
desorption temperature is low this will be of little consequence to
current atmospheric models, but in cases where adsorbed species have
a significant lifetime modifications to the photodissociation energies
and pathways may need to be taken into account.
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THE DYNAMICS OF ELEMENTARY OXYGEN ATOM + HYDROCARBON REACTIONS

Gillian M. Sweeney and Kenneth G. McKendrick

Department of Chemistry, The University of Edinburgh

INTRODUCTION

The technique of laser photolysis to produce 'hot atoms' for the
investigation of the dynamics of elementary chemical processes is
now well established. The approach may be represented
schematically by a generic reaction scheme

hv
AR —> A + R ¢Y)
A + BC > AB + C 2

where a precursor molecule, AR, is photolysed to produce a
reactive fragment, A, which then subsequently collides and reacts
with a molecular reagent, BC. The AB product of the reaction is
typically observed spectroscopically using an independent laser
source. We are exploiting this method with the intention of
studying the dynamics of the reactions of oxygen atoms in the
ground (O3P) and first excited (O1D) states with hydrocarbon
molecules. Such reactions are not only of considerable fundamental
interest but also have practical significance in combustion and
atmospheric processes.

EXPERIMENTAL

The CLF has provided a high power excimer laser (Questek Series
2000), which acts as the photolysis source in step (1). A second
tunable dye laser system produces pulses which are used to detect
the products of the reaction either by laser-induced fluorescence
(LIF) ar by resonance-enhanced multiphoton ionisation (REMPI).
The delay between photolysis and probe pulses is kept sufficiently
short to ensure that the nascent product state distributions are not
modified by suhsequent inelastic collisions.

RESULTS

This report is being prepared approximately midway fhrough a six
month loan period. Some success has already been achieved. with
further experiments planned.

0(3P) Reactions

Ground state oxygen atomas have been generated by KrF excimer
laser photolysis of NO; at 248 nm. This has allowed us to extend
our own earlier studies using longer photolysis wavelengtl'ns2 by
providing 0GP atoms with higher translational energies.3 We
have successfully detected by LIF the OH products of the reactions
of these translationally hot atoms with a variety of hydrocarbons, as
illustrated in Fig. 1. The results generally confirm that very little of
the availahle energy is partitioned as product rotation, as observed
at:lower collision energies.2'4 It-has been inferred that the reactions
therefore: exhibiv a very strong preféerence for a collinear C--H--O
geometry. Furthér- details of the partitioning between vibrational
and fine structure states of the OH are under investigation.

We aiso intend to extend these studies to include reaction with
'CHY,- which so’ far ‘has not’ received attention because of the
relatively high activation barrier associated with the stronger C-H
bond. In this case, we will also attempt to detect the nascent CHj

‘coproduct of the reaction by REMPL. Preliminary one-colour

experiments iivolving photolysis of CH3l have demonstrated the
Viability of g [2+1] REMPI'scheme for CHy with our apparatus.>-

O(ID) Reactions

We intend to complement the studies of ground state oxygen atom
reactions by generating the first excited state, 0(l D). by operating
the excimer laser on ArF at 193 nm and photolysing N>O. The
highly intemnally excited OH product state distributions from O(l D)
+ hydrocarbon reactions are well established® but only very
recently has any information appeared on the CHj product state
partitioning from the reactions with CH; and H6-7 The
contrasting dynamics of the reactions of O(ID) and O(°P) with the
same partners provide a very interesting test of theoretical
predictions of low-lying singlet and triplet potential energy surfaces
for relatively simple systems involving light atoms.
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Figu_re_l LIF Excitation spectium of the A-X (1,0) band of OH
produced in the reaction of 0'(3P) with isobutane. The 0(3P) was
gencrated by 248 nm photolysis of NO,.
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LASER SPECTROSCOPY OF ORGANOMETALLIC INTERMEDIATES

A.].Bezant, G. K. Corlett, S. J. Pooley, and A. M. Ellis
Department of Chemistry, University of Leicester, Leicester LE1 7RH

INTRODUCTION

This work was a continuation of a project described in the 1994
Annual Report in which organometallic radicals, prepared in a
supersonic jet using pulsed electrical discharge methods, were
investigated via laser spectroscopy. Electrical discharge methods
were employed because of their low cost relative to more
expensive methods of gas-phase radical production such as laser
photolysis. ~'We have experimented with two methods for
producing organometallics consisting of a single metal atom
bound to a single organic ligand:

(1) Fragmentation of a volatile organometallic precursor in a
discharge.

(2) Synthesis by metal + ligand reactions in a discharge.

Both were demonstrated to be feasible in our previous report.
Since then we have extended our studies using method (1) and
made further experimental modifications with respect to method

).

EXPERIMENTAL

Our simplest discharge nozzle, employed for direct fragmentation
of organometallics, is based on a design by Bondybey and co-
workers [1], and provides a DC discharge between metal
electrodes prior to pulsed gaseous expansion. In this simple
arrangement, a voltage of up to 1500 V is applied between the
electrodes and a discharge is automatically initiated when the
pulsed valve is opened and gas is fed into the inter-electrode
region. A more significant development is the introduction of a
dual-discharge system, illustrated in Figure 1, which is employed
for method (2) above. Metal atoms are produced by cathode
sputtering by positive ions in the discharge, but if this is performed
in the presence of an organic ligand precursor, rapid coating of the
electrode surface by a carbon film soon depletes the metal atom
concentration. To solve this problem, we employ two discharges,
one to produce metal atoms in a clean (inert gas) environment, and
the other to fragment the precursor to obtain the desired organic
ligands. The gas flows are combined, reaction takes place, and the
mixture is then expanded into vacuum where it is probed using
laser-induced fluorescence spectroscopy.
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Figure 1 Schematic diagram of dual-discharge nozzle

RESULTS AND DISCUSSION

A. Dispersed fluorescence spectroscopy of zinc monoethyl

We recently recorded and published the first spectrum of the zinc
monoethyl radical [2]. The laser excitation spectrum was obtained
following discharge fragmentation of zinc diethyl but, apart from
identifying the carrier, no firm assignments of any vibrational
structure in the spectrum could be made. We have now collected
dispersed fluorescence spectra of this molecule by laser exciting a
number of vibronic tramsitions and recording the subsequent
emission spectra. One such spectrum is shown in Figure 2. Using
this data, we have been able to assign some of the vibrational
structure arising in the laser excitation spectrum, including firm
identification of the Zn-C stretching and Zn-C-C bending
vibrational frequencies. There is still more work to be done,
notably deuterium substitution experiments, but a full assignment
is anticipated shortly.
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Figure 2 Dispersed fluorescence spectra of ZnC,Hy pumpingZ\ -X 0; transitions

B. Synthesis of ZnCH, using dual-discharge sputtering approach

Our new discharge method has been tested by synthesising the zinc
monomethyl radical using AIl(CH,), as the methyl precursor.
ZnCH, has a strong LIF spectrum and so is an ideal molecule for
testing the sputtering method. Figure 3 shows the excitation
spectrum in the region of the A - X electronic origin; a strong
ZnCH, spectrum is obtained, much stronger than observed
previously using a single discharge sputtering synthesis (1994
report). This highly successful test demonstrates that the dual-
discharge method has great potential for the production of a varicty
of metal-containing intermediates for spectroscopic studies. In the
case of ZnCH,, the observed radicals are vibrationally hot, as
evidenced by the broadening of the origin band by sequence
structure. Attempts to improve the vibrational cooling will be one
target of future work.

ZnCH,
A%, -X°A, O

L 1 N 1 ] J
23600 23800 24000
WAVENUMBER/em -

Figure 3 Laser excitation spectrum of A -X origin region of

ZnCH, obtained using dual discharge nozzle
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INTRODUCTION

Tryptophan and related radicals are important intermediates in many
biochemical processes, occurring as enzyme radicals in the catalytic
activities of cytochrome ¢ peroxidase [1] and DNA photolyase [2],
after photo- and radiation damage to proteins [3] and during the action
of indole derivatives having antioxidant properties [4,5]. In many
previous studies, the tryptophanyl radical cation has been identified by
its characteristic UV-visible absorplion spectrum, and shown [6] to
have a pK, of 4.3:-

Ht

—_——

pKa=4.3

The only reported resonance Raman spectrum of a tryptophanyl
radical is that obtained by Johnson, Ludwig and Asher [7] using a
focused 235 nm laser pulse as a simultaneous pump and probe beam.
Since this is likely to create both excited states and radical species,
there must be some ambiguity about the species studied by Johnson et
al.. For biochemical studies the use of such a short wavelength probe
pulse is impractical due to the multiplicity of other chromophores
absorbing in the far UV. In the present study we have employed a
probe laser pulse in the long wavelength tryptophanyl radical
absorption band at 580 nm (radical cation) or 520 nm (neutral radical)
and have used triplet duroquinone as a reliable method for generating
the radicals by hydrogen atom abstraction.

RESULTS

The indole radicals were generated in the present experiment by
sensitised photooxidation with triplet duroquinone *DQ). The
UV/visible spectra of the product radicals confirmed their identity.
This is demonstrated for L-tryptophan in Figure 1, which shows the
characteristic long wavelength absorptions of the radical cation (A
580) in acidic solution and of the neutral radical (A, 520 nm) in

0.08
Yoos A
g / pH7
004 1A~
2 y \ -~ ipH2
2002 |- ,f'< A
0 \-/ \
350 400 450 500 550 600 650
Wavelength (nm)

FIGURE 1 - Tryptophanyl radical spectra from laser flash
photolysis (360 nm, 5 mJ) of acidic arld neutral solutions of
tryptophan (0.8 mM) and duroquinone (2 mM) in ethanol-water
(50:50 v/v).ethanol/water (50/50 v/v) solutions.

neutral solution., superimposed on the shorter wavelength absorption
bands of the duroquinone radicals (A__ 410-440 nm). The rate of
oxidation of tryptophan by triplet duroquinone was found to be
(1.440.1)x10° M" 5™ at pH 7. A similar value was obtained for
oxidation of acetaminophen by *DQ.

Time-resolved resonance Raman spectra obtained in aqueous ethanol
solutions at pH 7 containing both duroquinone and tryptophan shown
in Figure 2 indicate the decay of the® DQ band at 1549 cm™ and the
subsequent formation of a number of other weaker bands which are
ascribed to the neutral tryptophanyl radical. Similar TR spectra were
obtained for a number of other indoles. Figure 3 shows the TR®
spectra of the radical cation from tryptophan and the neutral radical
from tryptamine. It is demonstrated that the resonance Raman spectra
clearly distinguish between the neutral radical and radical cation.
Figure 2 also shows the spectrum of the radical cation from
1-methyltryptophan, which cannot deprotonate. This is very similar to
the spectrum obtained tryptophan under acidic conditions, and helps to
confirm the assignment of the latter to the radical cation. However, in
addition the l-methyltryptophan radical spectrum contains an
additional band at 1247 cm™ which might be assigned to the N-C
(methyl) stretching vibration.
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FIGURE 2 ~ Time-resolved resonance Raman spectra from
ethanol-water (50:50 v/v) solutions of duroquinone (5 mM)
and tryptophan (2 mM). The delay between pump (360 nm)
and probe (520 nm) pulses was 10, 100, 250, 500 and 2000 ns
from top to bottom.

Since the indole ring lacks a high degree of symmetry, vibrational
assignments are difficultand have only recently been considered in
detail [8). The band at about 1590 em™ in the spectrum of the neutral
indolyl radical (1609 cm™ in the radical cation) appears to be related
to the 1621 cm" band in the resonance Raman (260 nm excitation)
spectrum of tryptophan [9]. Johnson et al {7] reported a similar band
at 1593 cm™ which we may assign to a ring C-C stretching mode. The
lower frequencies of the bands in the radical spectra are consistent
with the weaker bonds in the molecule following removal of a bonding
= electron on oxidation, whilst the lower frequency of the neutral
radical compared with the radical cation indicates more extensive
radical site delocalisation in the former species. Although several
similarities exist between the spectra of the neutral tryptophan radical
reported here and by Johnson et al, the latter also report additional
bands at 1522 and 1646 cm™ which we have been
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unable to observe. It is possible that whilst these are strongly
resonantly enhanced on excitation at 235 nm, they are absent from the
spectrum excited at 520 nm. This would be similar to the 1591 cm™
band of the phenoxyl radical which is present in the resonance Raman
spectrum probed at 245 nm (7], but not when probed at 410 nm [10].
Altematively, these additional bands may represent another transient

- species, such as tryptophan singlet and triplet states with lifetimes of

about 2 ns and 2 ps respectively, and which would therefore be sensed
in the experiment of Johnson et al using a single 4 ns pulse as both
pump and probe. It is known that the quantum yields for
monophotonic ionisation of tryptophan are substantially less than

unity [3].
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FIGURE 3 - Resonance Raman spectra of indolyl radicals.

A:- neutral radical from tryptamine (2 mM) and duroquinone (5
mM) in ethanol/water (50:50 v/v) probed at 520 nm; B:- radical
cation from L-tryptophan (2 mM) , duroquinone (5 mM) and
HCI (5 mM) in acetonitrile-water (80:20 v/v), probed at 580 nm;
C:- radical cation from N-methyltryptophan (2 mM) and
duroquinone (5 mM) in acetonitrile-water (80:20 v/v) probed at
580 nm.

TR® spectra from radicals formed on one-electron oxidation of
6-hydroxy- and 5-hydroxy-indole are shown in Figure 4. In both cases
one-clectron oxidation of these compounds is suggested [5, 11] to lead
to indoloxyl radicals with the radical site predominantly located at the
exo oxygen atom. Assignment of bands in these spectra requires
further work using isotopically labelled compounds. The 5-indoloxyl

radical undergoes deprotonation with a pK of 12.2 [5] and the
spectrum A in Figure 4 measured in the presence of 50 mM sodium
hydroxide should therefore correspond to the S5-indoloxyl radical
anion. For comparison, TR® from the radicals derived from
acetaminophen (N-acetyl-4-aminophenol) are shown in Figure 5. The
neutral acetaminophen radical has a pK of 11.1 [12] and the spectrum
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FIGURE 4 — Resonance Raman spectra of hydroxy-indolyl
radicals. A:- Radical from oxidation of 5-hydroxyindole by
triplet duroquinone in ethanol-water (50:50 v/v) and 50 mM
NaOH, pump 355 nm, probe 520 nm delayed by 1 ps; B:- as
in A but without alkali, pump 355 nm, probe 425 nm
delayed by 1 ps, after subtraction of durosemiquinone
radical anion spectrum; C:- radical from oxidation of
6-hydroxyindole by triplet duroquinone in ethanol, pump
360 nm, probe 500 nm delayed by 500 ns.
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FIGURE 5 —~ Time-resolved resonance Raman spectra of
radicals from one-electron oxidation of acetaminophen.
Lower spectrum - the neutral semi-iminoquinone radical in
ethanol-water (50:50 v/v), pump 355 nm, probe 425 nm
(after subtraction of durosemiquinone radical anion
spectrum); upper spectrum - the semi-iminoquinone radical
anion in ethanol-water + 102 M NaOH, pump 360 nm,

recorded in the presence of 107 M sodium hydroxide represents the
radical anion. These acetaminophen radicals may be regarded as
prototypes for the S-indoloxyl radicals, and indeed the two radical
anion spectra are very similar.
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MIGRATION -OF OXIDATIVE DAMAGE IN DNA.
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INTRODUCTION

The various biological effects of ionising radiation and UV light such
as cellular inaclivation, transformation and radiation mutagenesis are
thought to be as a consequence of chemical modifications to DNA.
Of all the lesions, non repairable DNA double strand breaks (ds%
have been implicated in cellular inactivation by ionising radiation.
The initial chemical events occurring in DNA following ionising
radiation arise by the interaction of water radicals, namely the
hydroxyl radical, with DNA, and the direct deposition of energy
within DNA (direct effects). The damage produced upon interaction
of the OH :{adical with DNA and model systems has been well
documented~ whereas much less is known about the chemical events
following direct energy deposition in DNA.

It is difficult to study the species produced upon direct
energy deposition in DNA by ionising radiation in an aqueous
environment due o the overwhelming yield of water radicals. The
majority of the information about the radicals formed from the direct
effects of ionising radiation comes from esr studies™ on DNA
irradiated at 77K. Two types of species are produced namely electron
loss and electron gain centres which are localised upon the base
moieties. With the advent of lasers which produce light at < 200nm,
photolysis is an altemative approach. Ionisation of DNA §md model
compounds by 193nm light has been shown, Tom
spectrophotometric studies of transient species, to be an 1mponam
photochemical process. Migration of this oxidative damage to the
most easily oxidised base, 7guanine, is predicted from their oxidation
potentials, T9C—>A—G." Although DNA acts as a good matrix
for photo-induced glea.mn transfer between intercalated donor and
acceptor molecules®, definitive evidence for migration of the radical
cations of nucleic aC|d bases in aqueous solutions of DNA or model
systems (i.e. oligodeoxynucleotides) has not been reported.

The following studies were done to assess the role of
charge migration in DNA following photolysis with 193nm light and
to determine the sequence-specificity of strand breakage. Although
photo-ionisation produces isolated radicals and does not. produce
clustered events as with ionising radiation, the intention of these
studies is to identify potential precursors to DNA damage induction
through direct ionisation events.

MIGRATION OF OXIDATIVE DAMAGE IN DNA.

Transient absorption spectra, obtained by laser flash photolysis by
193nm light, of a series of single stranded oligonucleotides, were
assessed for the migration of oxidalive damage. The
oligodeoxynucleotides (1,2,3.4,5, see Table) were synthesised as well
as three nonamers containing either guanine (G9Y), adenine (A9) or
cylosine (C9). The initial distributions of photo-induced radical
cations formed at each of the nucleic acid base species can be
estimated from the extinction coefficients (193nm) and the quantum
yields of photo-ionisation of the monomeric nucleic acid bases® and
are shown in the Table. Optical absorption spectra obtained Sus after
photolysis with 193nm light of single stranded oligodeoxynucleotides
and the nonamers in oxygenated, aqueous solution (293K,
pH=7+0.5) are displayed in Figures 1-3. The extinction coefficients
shown were determined by reference 1o lhe abs 3orbance of the
hydrated electron at 650nm (gg5 =15800 M ldam ) for identica g
solutions of these ohgodeoxynucleoudes but saturated with argon.
The quantum yield for photo-ionisation of the oligodeoxynucleotides
studied are in the range 0.043-0.110. Evidence for migration is
obtained by comparison of the transient opiical spectra obtained for
1,2,3,4 or § with that obtained for the nonamer containing the most
easily oxidised base.

The first group of oligodeoxynucleotides (1,2 & 3)
contains two nucleobases, whereby the less easily oxidised base is in
excess. The absorption specira for 1 and 2, following photolysis,
were remarkably similar to that obtained for G9 (figure 1). It is
estimated that migration of the radical cation from either adenine or
cytosine to guanine occurs by a significant degree (>80% migration
with <10% contribution from the radicals of adenine and cytosine).
In contrast, migration of the oxidative damage from cytosine to

Leicester University.

adenine is not significant (<10% migration); the transient spectrum
obtained from photo-jonisation of 3 (figure 2) is a composite
spectrum containing components for A9 and C9 (identified by major
optical absortpion bands at 330 and 290nm respectively) reflecting
the distribution shown in the Table. An interpretation of this result is
that altemative chemical pathways for loss of the oxidising cytosine
radical compete with electron transfer.

Calculated Mole Fraction of Radical Cations formed byr photo-
ionisation.

Oligodeoxynucleotide G A C

AGAAGAAGA (1) 0.68 |0.32 -
ICGCCGCCGC (2) 0.74 - 0.26
CACCACCAC (3) - 040 [0.60
CAACGCAACGCAAC(¥) 044 1032 |0.22
CAACCGCCAAC (5) 033 (032 1035

Figure 1. Transient UV spectra (5s) for G9 (filed circles and solid
line), 1 (filed triangles and dashed line), 2 (open circles and dashed
line), by laser flash photolysis (193nm).
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Figure 2. Transient UV spectra (Sps) for A9 (filed circles and dashed

" line), C9(open circles and solid line), 3 (inset spectrum, filed circles

and solid line), by laser flash photolysis (193nm).
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Oligodeoxynucleotides (4 & 5) containing adenine, guanine and
cytosine were used to determine whether oxidative damage formed at
adenine could be transfered to guanine via a linking chain of either
one or two cytosine molecules. Based on the evidence above with 1,2
and 3, radical cations of cytosine are predicted to transfer to guanine
only. The most obvious spectral difference between the transient
species of 4, 5 and G9 (figure 3) is in the spectral region, 350 -
420nm. The oxidation products of the guanine moiety absorb
strongly in this region, whereas those of adenine and cytosine do not
(see figure 2 for comparison). The dissimilarily of transient photo-
ionisation spectra of 4 and 5 with that for G9 indicates that there is
incomplete migration of the oxidative damage to guanine. The
magnitude of the spectral absorption bands of 4 and 5 between 350 -
420nm is consistent with that predicied for insignificant migration of
the oxidising radical from adenine to guanine via the cytosine moiety.
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Figure 3. Transient UV spectra (Sps) for G9 (filed circles and solid
line), 4 (filed triangles and dashed line), 5(open circles and dashed
line), by laser flash photolysis (193nm).
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These results indicate that migration of oxidative damage
in single stranded oligodeoxynucleotides occurs between certain
neighbouring nucleic acid bases and is severely hindered when
separaied by a third, less easily oxidised base, e.g. cytosine as shown
in these models. Migration of oxidative damage through the ordered
double stranded helix of DNA, although as yet unstudied, is predicted
to be less hindered.

CHARACTERISATION OF SINGLE STRAND BREAKS IN DNA
CAUSED BY 193NM LIGHT

To determine whether 193 nm photolysis yields DNA strand breaks
and whether the sites of cleavage are sile specific, a known double
stranded DNA sequence was 5' end-labelled on one strand, photolysed
and resolved by denaturing sequencing gel electrophoresis. Under
aerobic conditions a non-random cleavage of the DNA was observed
as depicted in the autoradiograph shown in Figure 4 (lane 2). Hot
alkali treatment increased the electrophoretic mobilities of single
stranded fragments by ~1 nucleotide (Figure 4, lanes 2 and 3). From
comparison of the fragmentation pattem observed after hot alkali
treatment (Figure 4, lane 3) with that of the Maxam and Gilbert G& A
chemical sequencing products (Figure 4, lanes 1 and 4), the breaks
occur preferentially at guanine. From the effect of hot alkali
(compare lanes 2 and 3 of Figure 4), it is inferred that the strand
breaks occur 3'- to the guanine and that the alkali treatment removes
a residual sugar remnant to leave a fragment with an electrophoretic
mobility similar to that produced by the M & G chemical sequencing
reaction. The intensity of the bands in lanes 2 and 3 of Figure 4
cannot be directly compared due to differences in the treatment of the
samples. However, our data do not preclude the possibility that other
damaged guanine residues are converted into additional sirand breaks
upon treatment with hot alkali. A similar fragmentation scheme to
explain the specificity of strand break following biphotonic excitation
of DNA by 248nm light has been reported.

From closer inspection of the sequencing gel of the 193nm
photolysed DNA (Figure 4, lane 2), some breakage also occurs at
non-guanine residues but at a very much reduced frequency. The
efficiency of strand breakage arising from the other bases is estimated
o be at least an order of magnitude less than that from guanine.
More strikingly, the photo-induced cleavage associated with guanine
shows a selectivity as shown on the densitomelric analysis of the
autoradiograph.  For instance, neighbouring guanines generally
result in bands of high intensity whereas the bands for guanine with a
neighbouring 3'- thymine are less intense

Photolysis of DNA in aqueous solution with 193nm light
has been shown to induce frank’ ssb in DNA with a ¢ of 4x10
which represents an efficiency of 2% when related to ¢PI' The ¢y,
for DNA with 193nm light is essentially independent of the presence
of oxygen indicating a minor role for ssb induction by superoxide or
singlet oxygen. From our findings, it is inferred that strand breakage
induced by 193nm light in double stranded DNA occurs preferential
by strand scission 3' to the guanine moiety and the hot piperidine
treatment removes a residual sugar remnant on the 5'- terminus. This
cleavage, predominantly at guanine, is consistent with the migration
and localisation of the hole at guanine. Furthermore, it is inferred
that strand breakage of the complementary strand opposite these
guanine cleavage sites does not occur. Therefore, double strand

breaks would not be expected to arise from single photon events with
193nm light.

Figure 4. Base specificity
of ssb induced in the
DNA fragment of known
sequence by 193nm laser
light as resolved with
denaruring sequence gel
clectrophoresis. Lanes 1
and 4 Maxim Gilbent
(G/A) cleavage producis;
lane 2, laser induced
cleavage products from
irmadiated DNA; lane 3,
laser induced cleavage
products  from DNA
following a hot piperidine
treatment.
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RESONANCE RAMAN SPECTROSCOPY OF THE FREE RADICAL INTERMEDIATE IN COPPER
AMINE OXIDASE
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INTRODUCTION

Copper amine oxidases from a variety of sources, including
Arthobacter, E.coli, Pisum savitum and pig kidney, have been shown
to contain the quinone form of trihydroxyphenylalanine (TOPA
quinone) in the active site'” . In the aerobic oxidation of amines to
aldehydes and hydrogen peroxide catalysed by this enzyme, the
TOPA quinone is transiently reduced to a free radical intermediate
which has been detected and studied by electron spin resonance
techniques’. The mechanism appears to involve adduct formation
between the amine substrate and TOPA quinone cofactor of the
enzyme, followed by reduction of the Cu(ll) ion to the cupric state
and formation of a semiiminoquinone radical’. This mechanism of
TOPA quinone is summarised in Scheme 1. However the actual
substitution positions of nitrogen and oxygen atoms in the ring are
unknown. Accordingly, the precise structure of the radical species is
also uncertain.

Protaln Protain
) t’ o
+ RCHpNHp —» ~ . * RCHO
(o] NH
oH CO o
TOPA
quinons SCHEME 1

The most recent investigation of the structure of the radical using
electron spin resonance techniques suggest a radical dianion structure
with only the nitrogen atom carrying a covalently bonded hydrogen
atom’. The formation and decay of the radical and other intermediates
have been observed by stopped flow techniques with visible
absorption spectroscopy’. The radical site in several copper amine
oxidases is stabilised in the presence of cyanide’. In the pea seedling
amine oxidase (PSAQ) addition of amine substrate in a closed cuvette
leads to rapid anaerobia and formation of the radical absorption (A,
464 nm)® which we have found to be stable for several hours. We
have therefore been able to study the radical in PSAO by resonance
Raman speciroscopy. In addition, we are developing "caged" amines
which will release amine substrates on photolysis and which will
permit time-resolved spectroscopic studies of the catalytic cycle.

RESULTS

Resonance Raman spectrum of the free radical in PSAO

PSAO was isolated from sprouting pea seedlings using ammonium
sulphate precipitation, ion exchange and gel chromatography®. The
isolated protein was pink due to the visible absorption of the TOPA
quinone cofactor (A, 500 nm, Figure 1). On addition of
benzylamine the solution tumned green due to the formation of the
radical with A__ 464 nm. The cw resonance Raman spectrum of the
radical at pH 7 was probed using the 457.9 nm line of the Coherent
Innova 90 Ar” laser, and is shown in Figure 2. The spectrum may be
compared with those of radicals formed on one-electron oxidation of
hydroquinone, 4-aminophenol and 1,2,4-benzenetriol reported by
Tripathi, Schuler and coworkers’. The resonance Raman spectrum of

the PSAO radical contains a strong band at 1649 cm™ assigned to the
Wilson v,, C=C ring stretching vibration. A medium intensity band
at 1490 cm™ is similarly assigned by comparison with the

FIGURE | -- Absorption specira of pea seedling amine oxidase
before (a) and after (b) addition of benzylamine.
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other species as being associated with the Wilson v,, C-O (C-N)
stretching mode. The spectrum contains several weaker bands
including one at about 1220 cm” attributed to the v,, C-H bending
mode. The relative intensity of these two strongest bands and the
known pK, values of the 1,2,4-benzenetriol radicals suggest that the
radical species observed in PSAO is the radical monoanion. The
principle bands in the 1,2,4,-benzenetriol radical monoanion have
been reported to occur at 1625 cm™ and 1530 cm™ . These two bands
are more separated in the PSAO radical spectrum with the frequency
of the v,, C=C stretching mode being higher also than in the
p-benzosemiquinone radical (1620 cm™ ) and more similar to that in
the p-aminophenol radical (1636 cm™ ). The PSAO spectrum
therefore strongly supports the identity of the radical as a
semi-iminoquinone rather than as a semiquinone. The wider

500 00 1000 1200 1400 1600 1800 2000
wrvemmmber /e !

FIGURE 2 —~ Resonance Raman spectrum of the radical site
in pea seedling amine oxidase obtained on
excitation at 457.9 nm.
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separation of the two major bands is consistert with the lower
electronegativity of nitrogen compared with oxygen, resulting in a
weaker C-X (X=0, N) bond and higher electron density in the
benzene ring of the semi-iminoquinone. Comsequently in the
semi-iminoquinone the weaker C-X bond has a band shifted to lower
frequency whilst the stronger ring C=C bonds have a band at higher
frequency.

Release of amine substrates from "caged” adducts.

"Caged" compounds have now been quite widely developed® with the

_ nitrophenyl group as one of the most commonly employed caging

groups. Adducts of benzylamine and phenethylamine with
2-nitrobenzaldehyde have been synthesised. These have been shown
to release the corresponding amines on photolysis with a 308 nm
pulse from an excimer laser (scheme II). '

NO, NO )
@Ecu,-m-(cui)n_@ :w%m’ @cm‘ @(c“z)n—NH:

SCHEME Il

Spectra from laser flash photolysis of aqueous solutions of caged
phenethylamine are shown in Figure 3. The increase in absorbance
between 300 - 420 nm in the spectrum measured 36 ps after the laser
pulse is ascribed to the aci-nitro intermediate. The spectrum at 300
s is identical to that of the observed permanent
2-nitrosobenzaldehyde product. Decay of the aci-nitro intermediate
is usually taken to indicate the rate of uncaging of the substrate. At
25°C this took place with rate constants of 6x10° s* (t = 160 ps)
and 4x10° s (t =250 ps) for caged phenethylamine and
benzylamine respectively. The Arrhenius plots in Figure 4 show an
activation energy of 4012 kJ mol” in each case. Further work is
under way synthesise a wider range of caged amines and to measure
quantum yields for photochemical uncaging.

___3(!),1:

400 450 500
Wavelength (nm)

FIGURE 3 — Spectra from laser flash photolysis (308 nm) of
caged phenethylamine at pH 7 and 45 C.

This work shows that photochemical uncaging of amine substrates
provides superior time resolution to conventional stopped-flow
mixing techniques and will permit time-resolved spectroscopy of
transient intermediates in the catalytic cycle of amine oxidases using
pump-probe techniques.
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FIGURE 4 -~ Arrhenius plots for decay of the aci-nitro
intermediate after laser flash photolysis of
caged benzylamine and phenethylamine.
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THE KINETICS AND MECHANISMS OF REPAIR OF UV AND SOFT X-RAY
INDUCED DNA DAMAGE IN MAMMALIAN CELLS

R.Meldrum, ' S.Ward,' E.Turcu,”> C.Wharton'

'School of Biochemistry, University of Birmingham, Edgbaston, Birmingham B15 2TT
*Central Laser Facility, Rutherford Appleton Laboratory, Chilton, Didcot

INTRODUCTION

Time resolved measurements of DNA repair synthesis following
248 nm UV laser induced DNA damage in HL60 cells showed an
unexpected transient in the first 60 seconds after damage and this
was followed by a more steady state of DNA synthesis (1). Use
of inhibitors of DNA polymerase indicated that a polymerase with
an associated nuclease was active in the first few seconds
following DNA damage by UV laser imradiation and that newly
incorporated bases were being rapidly excised.

VERIFICATION OF THE EXCISION OF NEWLY
INCORPORATED BASES

To test for excision of the newly incorporated bases, a kinetic
model of the reactions was derived using a computer modelling
program.

The reaction scheme which describes the profiles of DNA

synthesis in the first 120 seconds following UV damage to DNA is
as follows.

ki

Damaged DNA -

ka
Incised DNA + ANTP ->Erroneous DNA + PPi

ks
Ermoneous DNA - Excised DNA

k4
Excised DNA + dNTP - Correct DNA+ PPi

Incised DNA

Gamma 33p-TTP (Amersham, custom made) and o**P-TTP (or
‘H-TTP) were introduced into HL60 cells and kinetic
experiments carried out as described in reference 2 and previous
CLF annual reports. In this case an EDTA solution in buffer was
used as a quench rather than sodium hydroxide. The cells were
washed and the DNA was extracted with TCA. The remaining
'cytosol' fraction was analysed by HPLC for radiolabelled PPi and
TMP. This was repeated in order to obtain sets of data on several
populations of cells. Figure | shows experimental data projected
upon two computer derived models

The time profiles of the synthesis of DNA following damage are
repeatable on the same cell population but if different populations
are used (ie. experiments performed on different days) the
magnitude and acuteness of the transient may vary. The general
forms of the time profiles, however, remain consistent. Relative
rate constants for the reaction scheme are estimated from the
experimental data for the incorporation of radiolabel into DNA.
The corresponding rate constants for the two models are shown.
Both profiles show a reasonable fit of the experimental points of
TMP to the predicted profiles of release and this provides
evidence of excision of newly incorporated nucleotides. The
radiolabelled PPi release also corresponds well to the predicted
release during the transient and steady state phases of DNA
synthesis.

Experiments were perforrned where the radiolabelled nucleotide
was prevented from incorporating in the DNA by the caging
group (a-1-(2-nitrophenyl)ethyl ester) for 30 seconds after
damage, whence it was photoactivated (by a 351 nm UV laser
pulse) and allowed to incorporate in the cellular DNA for various
times thereafter. These time profiles began with a distinct lag
phase followed by a steady state phase of DNA synthesis. When
projected with the time profiles which begin 5 seconds after
damage, the lag phase coincides with the period in which excision

ki= 10a-1
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k3=168-1
K4=0.028-1
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of nucleotides appears to take place and the onset of the steady
state of DNA synthesis is also matched in the two different time
courses. These 'staggered time courses' can therefore form a
very useful method of verifying and extending the analysis of the
nature of enzyme activity in the cells at different times.

KINETICS OF REPAIR OF X-RAY DAMAGE TO CELLULAR
DNA.

Transient incorporation of radiolabelled nucleotide into the DNA
of V79 fibroblast cells is also seen following damage by 1.2KeV
Cu L-shell soft x-rays. The cells used in these experiments are
grown as monolayers on mylar membranes and the monolayers
are electroporated by a series of platinum electrodes (3). This
common transient response to x-ray and 248 nm UV laser
induced DNA damage suggests that it is a repair response to a
common form of damage. We have found that DNA breaks may
be induced by biphotonic absorption of 248 nm UV laser
irradiation and these breaks are likely to be similar to a
component of x-ray damage (4).

The kinetic profiles of repair of x-ray damage are generally
more complex than those of 248 nm UV laser induced damage
and computer modelling of these is more difficult. The time
resolved studies of early repair of x-ray damage to cell DNA
have, however, revealed two significant findings. The first of
these is that bases which have been newly incorporated at
replication sites are almost immediately excised when damage to
the DNA is inflicted by x-rays (ie loss of bases incorporated by
normal DNA replication is seen as early as 1 second following x-
ray damage). Secondly, early DNA repair activity is greatly
stimulated in cells which have received a non-lethal dose of
irradiation 2 hours previous to a second non-lethal or lethal dose.
The functions and kinetics of synthesis of proteins which are
involved in the regulation of DNA repair are being studied in
relation to these findings of the DNA repair kinetics. The
synthesis of poly(ADP-ribose) from NAD is an immediate stress
response in mammalian cells exposed to ionising radiation (5).
The function of poly(ADP-ribose) synthesis is particularly
accessible to study in relation to the fast kinetics of DNA reg)air
since the poly(ADP-ribose) polymerase may be labelled with *2P-
NAD in synchrony with *H-TTP labelling of the DNA and co-
precipitated with TCA. Synthesis of poly(ADP-ribose) in the
early stages following 248 nm UV laser induced DNA damage
has been detected in this manner and this adds to the evidence
that x-ray like damage may be induced by the 248 nm laser
irradiation
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INTRODUCTION

Rhodopsin consists of 11-cis-retinal bound to the protein opsin
(41kDa) present in mammalian photoreceptors. Following
photoabsorption by rhodopsin the 11-cis-retinal isomerises to the
all trans form. Within ~ 10 ps further conformational changes
occur eventually forming the activated state (Metarhodopsin II)
where the retinal and the opsin dissociate and visual transduction
is initiated.

Bacteriorhodopsin is composed of an all-trans retinal (vitamin A)
aftached to a 26kDa protein. The chromophore isomerises to the
13-cis state following photoactivation. This system undergoes a
cyclical series of reactions returning to its initial state after several
ms. The reactions of particular interest were the formation of
components K, within 3 ps, KL, within 4 ns, and then L within
1.5 us.

Recently free radicals have been implicated in the actiology of
visual abnormalities. This preliminary study has been carried out
in order to determine whether TR® can be used to monitor the
effects of free radical damage on these photochemical systems
and their photoproducts. ’

The primary aim of this study was to determine the extent to
which free radical damage affects the photochemistry of
rhodopsin and to study the possible sites of damage. This
approach may provide an insight into the role played by oxidative
processes in abnormal visual transduction.

MATERIALS AND METHODS.

Bacteriorhodopsin (Sigma) was reconstituted in water, and
regenerated bovine rhodopsin was isolated from fresh cow eyes
and stored in phosphate buffer pH 7.4. All samples were kept in
the dark on ice prior to analysis. In the TR? experiments, samples
(10 cm® at 1-2 absorbance units) were spun in a rotating solution
cell at a speed of approximately 100 revolutions per minute.

The TR’ spectroscopy was performed at the Laser Support
Facility, Rutherford Appleton Laboratory on a picosecond TR?
set-up. The following experiments were conducted

a) Pump and probe at the same wavelength covering 550-570
nm and collecting the resonance Raman scattering in the Stokes
region.

b) Pump/Probe at 570nm and observing resonance Raman
scattering in the anti-Stokes region 520-565 nm.

¢) Pump/probe both at a wavelength of 51lnm using the Cu
vapour laser only by-passing the amplification cell, and then
attenuating the beam.

d)  The cavity dumped laser was run at different pulse repetition
rates to obtain data on transient species with lifetimes in the ns-ps
range.

Hydroxyl radicals were produced in nitrogen purged samples' by
irradiation with a ®Co source at the MRC Laboratory Harwell.
Exposure times were calculated to give doses of 800,1200,1800
and 3600 Gy The extent of the damage caused was measured by
recording an optical spectrum (250-800 nm) before and after
irradiation.

RESUITS
For bacteriorhodopsin, following high and then low pump
intensities subtraction revealed the presence of transient species
having lifetimes in different time domains. Three species were
detected; one with a lifetime in the order of psec, another with a
lifetime of nsec and the third with a [ifetime of psec (as shown by
antistokes data in Fig. 1). These species seem to correspond with
K, KL and L as previously described.
Attempts were made to obtain Raman spectra with bovine
rhodopsin. However it was not possible to get a clean signal from
our rhodopsin samples due to a combination of possible factors.
a) Using this laser configuration, 550nm is not optimal for
rhodopsin excitation.
b) A high level of fluorescence was emitted from our sample.
¢) There was insufficient volume of sample available. Bovine
rhodopsin is not self regenerating and thus was rapidly being
bleached on exposure to the laser
Optical spectra are shown before and after hydroxyl free radical
damage of bacteriorhodopsin and bovine rhodopsin. There were
obvious differences at both the absorption maximum for each of
the photopigments (550 and 490 nm respectively) and also in the
protein absorbing region at around 280 nm corresponding to
damage of aromatic amino acid residues.

SUMMARY

The data indicate the presence of fransient species in
bacteriorhodopsin, one with a lifetime in the order of psec (K),
another with a lifetime of ns (KL) and a third with a long lived
lifetime of ps (L). Further experiments are to be carried out in
order to determine whether the spectral changes associated with
hydroxyl radical damage are related to changes in
bacteriorhodopsin or its transients.

For future TR® spectroscopic studies using bovine rhodopsin, it
would be of interest to probe the protein using UV excitation in
the region of 280 nm. This would provide detailed information
on the effects of hydroxyl radical damage on the opsin protein
structure. It would also be beneficial to be able to carry out
Raman studies in conjunction with pulse radiolysis.
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Fig 1. Antistokes Raman spectrum using an excitation
wavelength of 570 nm
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STUDIES OF DAMAGE TO PLASMID DNA USING 248nm LASER PULSES
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INTRODUCTION

Understanding the effectiveness of radiation tracks as they cross
cellular DNA requires a fundamental understanding of the
distribution and size of energy events on the DNA and action
spectra for lesion production. There is little good experimental
data for the energy dependence of strand breakage on DNA but
recent studies using VUV from the Daresbury Synchrotron have
provided action spectra for dry plasmid DNA systems (1,2). These
studies have shown that previous estimates of the threshold
energies for DNA single-strand breaks (ssb) and double-strand
breaks (dsb) production of 17.5¢V and 50eV respectively need to
be revised as dsb are produced efficiently down to energies of less
than 10eV and ssb to energies below 7eV. Work with synchrotron
light is problematic due to low photon fluxes and the need to work
under vacuum for most studies to attain appreciable exposure of
samples. An alternative approach at the low energy region of <7eV
is to use high intensity pulsed laser sources. These allow
measurement of the effectiveness of low energy photons in both
hydrated DNA systems and even in cellular systems (3). In this
study we have camried out preliminary measurements of the
effectiveness of 248nm (5eV) laser light at inducing ssb and dsb in
plasmid DNA under conditions where the DNA was dried under
vacuum or fully hydrated in solution.

MATERIALS AND METHODS

Plasmid pMSG-CAT (8300bp) purified from E.coli HB101 was
resuspended at a concentration of 0.25pg/pl in 0.068mM EDTA
(pH7.0). For hydrated studies 1pl of plasmid solution was spread
over a 5 x 5Smm area on a glass coverslip which had been
precoated with a 1:5000 dilution of Tween detergent. For
evacuated samples the glass coverslip was placed in a vacuum
chamber consisting of a quartz window and evacuated to 10°mbar
prior to irradiation. After irradiation samples were rehydrated in
TE buffer and subjected to electrophoresis on 1% (w/v) agarose
gels at 16 volts for 16 hours. DNA was stained with ethidium
bromide and analysed using a PC-based image capture system.
The fractions of relaxed linear and supercoiled plasmid DNA were
quantified and DNA ssb and DNA dsb yields calculated.

RESULTS AND DISCUSSION

Figure 1 shows a comparison of DNA ssb and dsb yields for
samples of plasmid DNA irradiated under fully hydrated or under
vacuum with similar intensity laser pulses. For DNA ssb
production, measured as a loss of intact supercoiled plasmid DNA
moving from dry to hydrated DNA leads to a 6-fold reduction in
the yield of ssb per pulse (upper panel). A similar reduction in
DNA damage is also observed with the induction of dsb (lower
panel). Also, the yield of dsb changes from a linear response with
dry DNA to a quadratic response in the hydrated system. This is
indicative of a change in the mechanism of dsb formation from
one of direct production of dsb from 248nm laser light to dsb
production via two ssb’s being formed close together. This
indicates an important role for the presence of water in the energy
ransfer mechanisms involved in damage induction at these
energies. Further studies are now continuing with a view to
understanding the relationship between laser intensity and damage
efficiency under conditions of dry or hydrated DNA.

100 T T T T T T J
DNA SSB ]
[:_ 1
: | |
2 of
8 3 . E
% F o ]
e f o Dry DNA 552kJ.m”? per puise o ]
| e hydraiedDNASOQkJ.m'zperpdse
1 - . ] 1L 1 L 1 1 B 1 L
0 2 4 6 8 10 12
20— : —
<
2
P i
| .
[v}
(1]
£ i
2
12
Dose / kJ.m?
REFERENCES

1. K Hieda. DNA damage induced by vacuum and soft X-ray
photons from synchrotron radiation. Int.J.Radiat.Biol., 66. 561
(1994)

2. B D Michael, K M Prise, M Folkard, B Vojnovic, B
Brocklehurst, I H Munro, and A Hopkirk. Action spectra for
single- and double-strand break induction in plasmid DNA: studies
using synchrotron radiation. Int.J.Radiat.Biol., 66, 569 (1994)

3. R Meldrum, W Meaking and C Wharton. The kinetics and
mechanism of repair of UV induced DNA damage in mammalian
cells. The use of 'caged' nucleotides and electroporation to study
short timecourse events in DNA repair. Nucl. Acid Res., 22, 1234
(1994).



TIME RESOLVED FLUORESCENCE MEASUREMENTS OF FIREFLY LUCIFERIN
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INTRODUCTION

Firefly bioluminescence is produced by catalysis of the oxidation
of the substrate luciferin to an excited state of the product
oxyluciferin by the enzyme luciferase, in the presence of ATP and
02.

Light emission occurs as the product relaxes to its ground state by
emitting a photon. To explain the bioluminescence mechanism a
knowledge of the electronic states of luciferin will be necessary.
The LSF time-resolved single photon counting apparatus was used
to characterise the fluorescence component amplitudes and
lifetimes of luciferin and several of its analogs excited at a
wavelength of 330nm, across a range of emission wavelengths in a
variety of conditions. This continues on from preliminary work !
which showed several deviations from the predictions of the
luciferin fluorescence model proposed by Morton 2

RESULTS AND DISCUSSION

As predicted by Morton, luciferin fluorescence at pH10.4 was
observed to be mono-exponential. This emission from the
phenolate form of luciferin peaks at 510nm, with a characteristic
lifetime of 4.9ns which is independent of emission wavelength.
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Fluorescence of phenol luciferin is bi-exponential at pH7.8, with a
fast component of lifetime of approximately 120 ps at its peak of
435nm, and a slower component with a lifetime of 4.8ns peaking
at 510nm (Fig.1). Only the lifetime of the faster component varied
with emission wavelength, increasing to an apparent value of
350ps at 510nm. A similar variation of fast component lifetime
with wavelength was observed at all acidic pH values examined.
The 4.8ns component is assigned to fluorescence from the excited
phenolate state, as it has been estimated that the excited state
phenol — phenolate pK*= -0.5, compared to pK=8.6 for the
ground state °. In addition the peak wavelength and spectral
distribution of this component remains constant across the range
pH 2-12, with only the magnitude of the lifetime changing (Fig.2).
The faster component is attributed to the phenol form. This is in
conflict with Morton’s model, which predicts the phenol lifetime
should be slower than the phenolate.

The fluorescence of luciferin remains bi-exponential down to
approximately pH4, at which point the fluorescence starts to
become inadequately described by sums of exponentials. The best
fit exponential for the lifetime of the phenolate component was
also observed to sharply decrease in this region (Fig.2). This is
attributed to self-quenching of the phenolate form by its geminate

proton at low pH in a manner analogous to that described for 1-
naphthol 4 leading to a non-exponential decay.

Figure 2. Acldity Dependence of Luctferin Slow Component
Lifetime in Water and Deuterlum Oxide
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The fast component lifetime, as measured at 435nm, was observed
to remain constant within the limits of experimental error.
Examination of luciferin fluorescence in D,0 shows similar
wavelength and pD dependence as determined for H,O (Fig.2).
The lifetime of the slow component was observed to increase by a
factor of 1.18.

Luciferin fluorescence in solvents of ethanol and in 98%
dioxane:2% H,O has also been investigated. In ethanol the
observed lifetime was a bi-exponential and faster than in aqueous
solution. Results of the dioxane solution show that, as has been
implied by the theoretical calculations of Wada *, reducing the
relative permittivity of the solvent increases the phenolate lifetime
(to 5.3 ns in alkali conditions) by stabilising the excited state.

In addition the fluorescence characteristics of luciferin analogs
cyano 6-methoxy-benzothiazole, methoxy-luciferin and cyano 6-
hydroxy-benzathiazole (CHBT) were examined in ethanol, H,O
and D,O over a range of acidities. CHBT had very similar
lifetimes, pH and solvent dependencies to luciferin, whilst the
fluorescence characteristics of the other analogs was dissimilar.
This implies that the fluorescence characteristics of luciferin are
predominantly determined by the hydroxy-benzathiazole group.
Ongoing analysis is examining the fitting of a grow-in time for the
acidic phenolate fluorescence, to account for the phenol —
phenolate proton loss lifetime. It is believed this may account for
the apparent variation of the fast component lifetime with
wavelength. Also the non-exponential decays observed at low pH
will be fitted, thus examining the self-quenching mechanism. It is
planned this data will then be used to form a more complete model
of luciferin fluorescence than currently exists.
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INTRODUCTION

It is becoming increasingly clear that successful
materials for third order optical applications must have
intense near infra red absorption to enhance the response
at the frequency of the preferred telecommunications
window at 1.5um. Knowledge of the dynamics of the real
excitations that cause NLO enhancement is vital to an
understanding of the speed of device response.
Understanding of the spectroscopy of excited states, is
important to the minimisation of device losses.

In this study, we examine the excitation dynamics of a
new conjugated porphyrin polymer. This material has a
number, n, of Zn porphyrin macrocycles edge linked
through conjugated butadiyne moieties - see Figure 1. The
polymer (n estimated to be greater than 10, by nmr and ir
of acetylene end groups (none detected) and preliminary
neutron scattering) shows a strongly red-shifted Q-band
which has a large oscillator strength enhancement -
Figure 2. Electo-optic measurements on this material
show a very large response with a nonlinear
susceptibility 3-10 times larger than reported for any
quasi-1-D conjugated polymer.[1,2]
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Figure 1 Porphyrin Structures

EXPERIMENTAL

Samples of porphyrin dimer and polymer were dissolved
in 10%pyridine/90%chloroform solution and had optical
densities in the lcm cuvettes used for experiments
ranging from 0.2-1 at the laser excitation wavelength.

The excitation source was a Titanium-Sapphire laser
operating at 740nm (SpectraPhysics) amplified in a dye
laser pumped by second harmonic Nd:YAG at 10Hz.

Femtosecond pump excitation with ~100fs pulses at 740
nm excited the Q-band of both dimer and polymer
samples.(Figure 2)

We probed the ground state bleach kinetics at the
wavelengths of both Q- and Soret bands, using continuum
generated light near 800nm and 500nm respectively.
The probe beam was split: one beam probed the pumped
region of the sample and the other acted as reference.
The two probe beams were imaged, displaced from one
another, on to a slit of a 270M SPEX imaging
spectrograph with a Peltier cooled Wrights Instruments
CCD camera. Transient difference spectra over a probe
range of 140nm were computer generated. Kinetic traces
were generated by stepping the pump-probe delay line
and recording multiple transient spectra. Ultimate time
resolution was ~300fs.
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Figure 2 Absorption Spectra

RESULTS AND DISCUSSION

Steady state fluorescence spectra indicate that in transient
absorption experiments we are observing excited state
dynamies within the excited singlet manifold. There is no
evidence for any triplets or charge transfer states in these
materials. The lifetimes are ~1.5ns for the monomer,
~800ps for the dimer and ~400ps for the polymer in
solution[3].The small Stokes shift in the dimer and the
absence of vibronic structure indicates weak electron-

- phonon coupling. There is little phonon sideband



phonon coupling. There is little phonon sideband
structure in absorption and emission in dimer and
polymer.

We observe excited state bleach lifetimes as shown in
Figure 3.

The dimer has a lifetime of ~800 ps in agreement with
the excited state lifetime obtained from time correlated
single photon counting fluorescence . In contrast, the
polymer displays sub picosecond excitation dynamics,
which are the subject of the remainder of this discussion.
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Figure 3 Transient bleaching kinetics

Photodecomposition of the polymer in solution leads to
a shift of the Q band to the blue upon strong irradiance,
from a maximum at ~850nm to a maximum at ~800nm.
This photolysis did not occur to any appreciable extent
during the transient experiments described here.

The bleaching maximum wavelength of the polymer in
transient absorption shifts slowly to the red ( by 15-
20nm) during the lifetime of the excited state. (Figure 5)

The fluorescence maximum of the polymer is Stokes
shifted by 25-30nm from the absorption maximum,
whereas there is very little Stokes shift in the dimer.

All the above facts point to the polymer being
inhomogeneous. Excitation of high energy states leads
to a time dependent population of lower energy states
which eventually emit. Strong irradiation destroys these
lower energy states (perhaps by breaking long chains
into shorter segments or partially destroying their
conjugation).

ULTRAFAST DYNAMICS :

Figure 4 shows the femtosecond bleach recovery at
500nm in the porphyrin polymer upon excitation at
740nm. Upon excitation the polymer ground state is
immediately bleached: this is seen both at Q and Soret
absorption frequencies. On a subpicosecond timescale the
excitation relaxes to emitting states near 850nm. There
is a rapid bleach recovery process at both Q and Soret
bands occuring on a 500fs timescale. This process
appears laser power dependent which we believe to be
evidence of exciton annihilation. Annihilation on a
500fs timescale has been observed in phthalocyanine
aggregates[4]. In our case, the timescale for the process
appears to be the same in solution and thin film.

Excitation densities are large in these experiments
estimated at about one photon for every three macrocycle
chromophores at the highest levels used (I=ly), although
the transient strength was still linearly dependent upon
laser power below this level.
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Figure 4 Laser Power dependence of transient bleach
kinetics (Triangles 1=ly, circles I=[/4)

Figure 5 demonstrates that slower relaxation processes
are also occurring in the polymer on a timescale of tens
of picoseconds. This is most easily interpreted as the
exciton transferring to the lowest energy states of a
disordered polymer. This spectral diffusion process may
well involve spatial diffusion of the excitation along the
chain until it locates a chain segment of lowest energy.
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Figure 5: Polymer Spectral diffusion: bleach spectrum
1ps and 30ps after 740nm excitation.

Bxcited state absorption at high laser powers must
correspond to biexciton creation- that is a second
excitation will almost certainly be in the immediate
vicinity of the first on a single polymer chain.

Phase space filling appears to be occuring in
the polymer at high laser intensities. In figure 6, we
observe that excitation of the polymer at 740 nm leads
to a bleach that is maximal at 850nm after 1ps at high
intensity but is red shifted in comparison when we use
lower laser power. It is clear in the former case that states
absorbing near 800nm remain bleached: in the latter case
these states are able to relax to unpopulated lower energy
levels.
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CONCLUSIONS:

We have observed a wide variety of excitation dynamics
in the novel edge linked porphyrin polymer in solution
in the femtosecond and picosecond time regimes. Our
experiments are consistent with a picture of highly
mobile excitations moving along a disordered chain.
Further experiments are in progress.
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ELECTRON TUNNELLING IN CDTE/CDMNTE DOUBLE BARRIER STRUCTURES
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INTRODUCTION

The quantum mechanical tunnelling of camiers through barriers in
ultrathin semiconductor heterostructures is of fundamental interest
and also of practical importance in devices. For example, the
tunnelling of injected electrons from one well to another may be the
principal factor which limits the switching speed of quantum well
lasers. In recent years dynamical aspects of camrier tunnelling have
been examined both experimentally” and theorefically” in IV
GaAs/AlGaAs systems. We investigate the phenomenon in the I-VI
CdTe/CdMnTe system using a pump-probe technique with
femntosecond resolution. Our theoretical model treats the camier
transfer between wells as an intersubband relaxation process between
two subbands each of which is localised in a different well.

EXPERIMENT

The CdTe/CdMnTe double barrier sample was grown by MBE on an
InSb substrate. It contained a series of five double barrers of
configuration 120 A CdTe/ 60 A CdgggMngo4Te /60 A
Cdp.goMng.| 1 Te / 60 A Cdg.9gMng 04Te / 120 A CdTe separated
by 180 A Cdp ggMng.1 1 Te barriers. The sample was excited using
amplified -pulses of 300 fs duration from a mode-locked Titanium-
sapphire laser. A spectral continuum generated by focusing a fraction
of the pump beam onto a rotating glass slide was used as the probe
beam. On transmission through the sample the probe was dispersed by
a monochromator and detected using a CCD camera. The
experiments were carried out at 10 K.

EXPERIMENTAL RESULTS

The sample was pumped at the energy of the exciton resonance of the
Cdo.96Mng_04Te well. The pump induced changes in transmission
of the probe beam (=AT/T) were measured as a function of
wavelength about the fundamental electron-heavy -hole (el-hhl) and
electron-light hole (el-l1h1) exciton resonances of the CdTe wells and
as a function of the delay between pump and probe.
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Figure 1 .
Spectrum of pump induced changes in transmission of probe beam
for various delays. An excilation density of | x 1013 cm2 was used
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Figure 1 shows a set of typical differential transmission spectra
obtained using an excitation density of 1 x 1013 cm2 and for time
delays of 200 fs, 660 fs and 28 ps.The spectra show exciton bleaching
or a pump-induced increase of transmission about the el-hhl exciton
transition at 770 mm and the el-lhl transition at 766 nm. At eady
times, an increase in absorption at longer wavelengths is also
observed. The magnitude of exciton bleaching increases with time up
to about 30 ps after the pump pulse and then decays with the
characteristic life-time of the exciton. There are three different
mechanisms which may contribute to the observed carrier-induced
exciton nonlinearities. Phase space filling, the filling of states from
which excitons are created, reduces the oscillator strength of the
exciton resonance and hence increases its transmission. At high
camrier densities, exchange interactions renormalise the single camier
and exciton states and so reduce the oscillator strength of the exciton.
Exchange interactions may also give a carrier density dependent shift
in the energy of the exciton transition. Such an energy shift is not
observed in our experiments but this may be due fo insufficient
spectral resolution. Coulombic screening may also lead to bandgap
renormalisation but it is a long range interaction with a small effect in
quantum well syslernsj). At high camier densities the Coulombic
interaction may also broaden the exciton absorption line because of a
reduction in the coherence time due to carmrier-carrier scattering.
Calculations are in progress to verify wheiher this mechanism is
responsible for the observed photo-induced increase of absorption at
the low energy side of the exciton peak.

Integrated AT/T

Time (ps)

Figure 2
Time dependence of spectrally integrated pump induced changes in
transmission of probe beam for a carrier density of 1 x 1013 cm2.

The reduction of oscillator strength (ROS) of the exciton may be
measured independently of exciton line broadening by integrating the
photo-induced transmission changes over the spectral width of the
exciton transition). Changes in the ROS can be used as a measure of
population changes of the el and h! subbands of the CdTe well since,
as will be shown below, the contribution to the ROS by carmrier
cooling is negligible. Figure 2 shows the temporal evolution of the
ROS obtained via integrated AT/T for a camier density of | x 1013
an 2. A large ROS immediately after the pump pulse is followed by
a slower change. The sample was pumped at the energy of the exciton
resonance of the Cdg 96MnQ 04Te well. By inspestion of the linear
absorption spectrum of the sample we find that 40% of camiers are
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injected into the Cdp9eMng,04Te well and 60% into the CdTe
wells. Taking the injected carrier distribution into account, the time
dependence of the ROS is fitted to the sum of two exponentials. Rise
times of 300 fs and 8 ps are found. Previous experiments show that
carrier relaxation in a well occurs within a timescale of 300 £°). The
longer time is then a measure of the tunnelling time from the
Cdg.96Mng 04 Te well to the CdTe wells.

THEORY

A Monte-Carlo method was used to simulate electron tunnelling
between the wells and electron relaxation in the wells of the double
bamier system. Figure 3 shows the energy profile of the conduction
band and the envelope wavefunctions of the three lowest electron
subbands. Subbands el and e2 are primarily localised in the CdTe
wells whereas subband e3 is localised in the Cdg 96Mng,04Te well.
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Figure 3
Energy profile of the conduction band showing the Cd 96Mn( 04Te
well separated by 60 A barriers from the two CdTe wells. The
envelope wavefunctions of the three lowest electron subbands are also
shown.

In the model the scattering of 2-dimensional confined electrons with
3-D CdTe like longitudinal optical (LO) phonons is calculated using
Fermi’s golden rule. The scattering rate of an electron of energy E
and momentum in the xy plane pp into any other possible state of
energy E' and momentum py’ is given by

T(pp=Y Z 5(P| py +hB)S(E’ — E+11(D)|G(Bz)| M

where B, with p?= B> + .2, is the wave vector of the phonon and w,
its energy. The § functions in equation (1) represent momentum and
energy conservation respectively. Y is a constant describing the
Frohlich interaction and the form factor

G@B,) = repif,zyy'dz @

is an overlap integral of the phonon wavefunclion and the
wavefunctions y and y’ of the initial and final states of the ¢lectron.
Using equation (1) the probabilities of various transitions between the
€3 and el or €2 subbands can be evaluated. Taking into account these
probabilities random numbers are used (o determine which route the
process will take. The simulation is repeated a number of times so
that the avemge scattering rate is a good approximation of the
behaviour of the real system. We found that 80% of electrons excited

in the 3 subband transferred to the el or €2 subbands by means of
LO phonon emission within 10 ps. Intrasubband relaxation and
intersubband transfer between the el and €2 subbands both occur by
means of LO phonon emission within a time of 200 fs. These
numbers compare well with the measured tunnelling time of 8 ps and
relaxation time of <300 fs.

Electron-acoustic phonon scattering was also calculated to consider
the timescale of camier cooling to the botftomn of the el subband. the
transition rate for acoustic deformation potential is given by

T(py) =x 2B (pj -y + hB)3(E - E+ho,)|GE,)[ ()
,P|

where x is a constant including the acouslic deformation potential and
P the phonon wavevector is related to its energy with @, = v, where
v, is the velocity of sound in the solid. Elastic scattering is assumed to
simplify the integration and the Monte-Carlo method calculates an
average intrasubband relaxation time of 120 ps.

The good agreement between experimental results and the numerical
simulations involving LO phonons suggests that tunnelling between
the Cdp.9gMng 04Te well and the CdTe wells occurs by means of
electron-LO phonon scattering. The time evolution of the ROS is not
affected by carrier cooling via acoustic phonon scattering. This is not
surprising because of the high carrier densities used in the experiment.
However other scattering mechanisms must also be accounted for.
The confribution of carrier-carrier scattering and hole-LO phonon
scattering to the observed tunnelling process is currently being
investigated. At low carrier demsities the tunnelling rate of heavy
holes is significantly smaller than that of electrons because of the
greater mass of the former. High camrier demnsities were used in the
experiment so that heavy-hole light-hole mixing, which enhances the
hole tuncnelling rate, is expected.

CONCLUSIONS

Nonlinear changes in the absorption spectrum of a CdTe/CdMnTe
double barrier systern are used to investigate camrier tunnelling
between the central Cdg.96Mn( 04 Te well and the outer CdTe wells.
A tunnelling time of 8 ps is measured when an injected camier
density of | x 10 13 em2 is used. Monte Carlo simulations show that
the timescale of runnel]mg via electron-LO phonon scattering is 10
ps. Intrasubband relaxation with the emission of LO phonons is
calculated to occur in 200 fs in agreement with experimental results.
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State-Specific Electron Diffraction
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INTRODUCTION
Electron diffraction has long been an important tool for
determining the structure of relatively complex molecules
containing up to approximately fifty atoms. Past studies,
however, have been confined to neutral molecules with vapour
pressures (> 1 Torr), where the resulting structural data is
averaged over the ensemble of quantum states populated at the
relatively high temperatures required to achieve the necessary
vapour pressure.

A new clectron diffraction apparatus has been
constructed which takes full advantage of several new
experimental techniques.

(a) A telefocus electron gun which enables very intense and low
divergence electron beams (close to the space charge limit) to be
produced.

(b) A cooled molecular target beam formed by a high Mach
number (M>80) supersonic expansion from a source at stagnation
temperatures yielding the required vapour pressure. This
technique produces very high densities in the molecule-electron
collision zone (up to 10%° molecules m® and with a relative
translational temperature < 1 K. The rotational and internal
molecular modes are also very substantially cooled.

(¢) A position sensitive detection system, based on hot
microchannel plates, capable of counting individual electrons at
a rate up to 10 MHz in each counting channel. The present
detector has an active diameter of 75 mm with 127 discrete
channels [1,2,3,4]

These techniques when combined should yield an improvement
in sensitivity over conventional electron diffraction methods of
approximately 10*. The apparatus constructed is shown in figure
1 and incorporates several stages of differential pumping for the
electron gun (@), the nozzle expansion chamber (b), the detector
(c), collsion zone and flight path (d) and the beam dump and mass
spectrometer monitor (e).
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Figurel Schenmatic of electron diffraction appartus

OBIJECTIVES

The immediate objectives of this project were:

(a) To optimise and fully characterise the supersonic molecular
beam with particular refewrence to the rotational and internal
cooling and the influence of the detailed expansion conditions on
the achievable distribution of quantum states.

(b) To design, construct and install suitable optics, signal
collection and processing systems to allow internal state
distributions in the fully expanded molecular beam to be explored
and optimised. Thisa system was also expected to provide the
prototype for use (with a suitable laser system ) in actual state
specific electron diffraction measurements on optically puinped
target beams.

(c) To explore the feasability of studying positive ion structures
formed by REMPI.

DEVELOPMENT OF. OPTICAL & SIGNAL COLLECTION
SYSTEMS

As indicated it is intended to develop.this apparatus so as to
permit transient electronically excited species to be studied.
These species will be produced by laser excitation of the fully
expanded and cooled beam. Several modifications to the
molecular and electron beam components were required as well
as the development of the necessary laser hardware and software.

Beam Line Components

The metal tube (beam tube) is the critical component in defining
the beam paths and locating the collision zone. This component,
which also provided both differential pumping and magnetic
shielding, was modified to allow the laser beam to interscct the
collision zone. This was achieved by incorporating two opposed
extension arms into the beam tube immediately adjacent to the
collision zone. Brewster angle windows mounted at the end of
each arm then maintained the vacuum integrity but allowed entry
and exit of the laser beam. A primary focussing lens was
mounted off the beam tube support on a 1 dimensional translator
to allow basic adjustment of the laser focussing. This was
combined with a secondary of much longer focal length mounted
outside the vacuum chamber on a vertical rail which allowed for
much finer adjustments of the laser focus.

A
lens <
e Vacuurn chamber wall
Av
=l
lens
Target beam Hi
B ’.I':" T
MPI plates L
e-beam ,ZZ%
(into plane) Y

Figure 2 Schematic of modified beam tube and vacuum chamber modifications
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Data Collection Hardware

The ions from the REMPI process were collected on parrallel
plates with an electric field of 400 ¢m™ approximately 25 mm
downstream of the collision zone and the current fed into a Grant
differential amplifier. The amplified signal was then passed to a
boxcar integrator (Stanford Research Systems SR250), via an
optional preamp (Stanford Research Systems SR240 ), and on to
a data acquistion board ( National Instruments AT-MIO-16
housed in a PC-AT. The signal was read using one of the ADC
convertors on the AT-MIO-16 with the digital output facility on
the same board being used to trigger the laser flashlamps. All
other timing signals were taken from the YAG laser's Q-switch
synch output. A fast laser pulse monitor (Molectron J3-09) was

-used to measure the laser power on a shot by shot basis for the

pupose of power normalisation. The signal from the Molectron
was integrated using a second boxcar integrator and sampled by
a second ADC channe! on the AT-MIO-16.

Data Collection Software

All software was written in house using the National Instruments
driver libraries to control the AT-MIO-16 board. The software
allowed a prescribed number of shots to be summed at each
wavelength before moving the laser to the next rrequired data
point. This allowed some control over the signal to noise ratio in
the resulting spectrum. All data were stored in plain text format
to ease subsequent data analysis.

TARGET BEAM CHARACTERISATION

Ultimately it is intended that this new apparatus will enable
structural studies of specific,transient electronically excited, or
ionised, species using laser based optical pumping. To this end
a laser was obtained on loan from the Rutherford-Appleton
Laboratory to enable a number of diagnostic experiments to be
performed. These included evaluation of the rotational and
vibrational temperatures within the molecular target beam (of
great importance, in conjunction with the laser line width, in
determing the efficiency of the pump process) and of the
achievable ion yields from a range of paradigm species.

An appropriate technique for this diagnostic work was the
Resonance-Enhanced-Multi-Photon-Ionisation spectroscopy, a
well developed technique [5] [ 6] providing high sensitivity and
probably the best route to molecular ions. The loan laser
configuration used comprised a Quanta-Ray PDL3 pumped by a
GCR-3 Nd:YAG laser. The dye laser output was first doubled
and then mixed with the Nd:YAG fundamental to give tuncable
light in the 220 nm to 250 nm region. Several problems were
encounterd while using this system. Firstly, due to missing optics
( arotator for the YAG fundamental ) the resulting power in the uv
was much lower than expected . This combined with the erratic
behaviour of one of the tracking modules in the WEX mixing unit
made it very difficult to maintain a steady uv output with
sufficient power for experimental purposes.

It was not anticipated that the total time averaged ion yield would
be sufficient to carry out electron diffraction measurements on the
ionic species since the duty factor of the loan system was only
107, Initial work centered on the A’%+ <- X1 transition of the NO
molecule as extensive data is already available [7-10]. A 1+1
REMPI scheme was employed to produce ionisation and the laser
calibration and signal collection system checked by experiments
using a gas cell containing a partial pressure of NO. Large
amplitude signals with the expected spectrum were observed.
This species was then introduced into the beam target in a 5% NO
95% He mixture at stagnation pressures from 10 - 40 bar and
could be run as either a continuous or pulsed beam. Beam
intensities corresponding to target densities of 10 - 102molecules
m* were observed using the mass spectrometer beam monitor.
However, no signals corresponding to NO ionisartion were seen
under any conditions despite several attempts. This problem was
unfortunately traced to the fitting of incorrect op-amp chips (741
instead of 3410) ijn the locally constructed Grant amplifier used.
These two chips have similar gains at low bandwidths but the 741
gain drops rapidly at high speed. The expected gains for the two
chips as a function of pulse width are shown in the figure. It can

be seen that the 1-2 us pulses observed in our gas cell are readily
detectable but the much faster pulses expected in the collision free
beam measurements fall below the useful gain envelope.
Unfortunately by this point there was insufficient laser loan time
remaining to correct the amplifier fault and continue the
experiment.
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Figure 3 Plot showing gain of the 741 and 3410 op-amps as a function
oflog 1o pulse/us The expected pulse widths for the molecular beam

and gas cell experiments are shown
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THIN FILM DEPOSITION OF CERAMICS USING A HIGH-POWER PICOSECOND KRF LASER
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INTRODUCTION

Titanium Diboride is a refractory compound with certain unusual
semimmetallic ceramic properties [1} such as high hardness, chemical
and thermal stability, high elecirical electrical and thermal
conductivity. These characteristics make it a promising candidate as a
protective coating on steels in order to increase their wear resistance
under extreme chemical, thermal and mechanical conditions and as a
diffusion barrier on Silicon in microelectronics applications. Until
now, films of TiB, have been deposited by conventional techniques
such as chemical vapour deposition and physical vapour deposition
which require substrate temperature above 500°C. These
temperatures can cause property changes and/or thermal damages in
certain substrates.

Pulsed Laser Deposition (PLD) is a film deposition process in which a
[aser beam is incident on a target and induces explosive evaporation
of the material. The high energetic particles travel under vacuum and
are deposited on the parallel oriented substrate. This technique offers
a number of advantages over conventional growth methods. Among
these advantages are the potential for congruent target evaporation,
the capability of obtaining stoichiometric films of polycomponent
materials [2], the simplicity of the process and the potential for film
growth at lower substrate temperatures.

The aim of this work was to investigate the use of the high power
short-pulse-train excimer laser of the Laser Support Facility for thin
film deposition of TiB, on D2 tool steel and silicon substrates.
Theoretical and experimental studies [4, 5] of the PLD process have
shown that it is possible to establish a direct relation between
experimental conditions (plasma density, energy particle) and some
film properties (thickness, adhesion, structure, stoichiometry). The
plasma parameters can be controllably varied over a wide range by
varrying the energetic and spectral parameters of the laser radiation.
In this instance time-resolved imaging of the ejected material in a
nanosecond scale would facilitate the evaluation of its time and space
evolution.

This work is part of a comparative study of the deposition process of
ceramic materials conceming the influence of laser parameters
(energy, pulse duration) on the film quality. The motivation was to
overcome problems encountered during PLD experiments using
standard excimer lasers with nanosecond pulse durations such as poor
adheston of the film and presence of particulates.

EXPERIMENTAL PROCESS AND RESULTS

A schematic diagram of the experimental set-up is presented in
figure 1. The system consists of a deposition chamber evacuated by
means of a turbomolecular pumping system down to 4x10™ mbar.
TiB, targets are irradiated at an angle of 50° by the excimer laser
beam and are rotated between each laser shot using motors. Two
types of TiB; material were used in the experiments: commercially
available pellets (GOODFELLOW d=4.52 g/om’) and pellets
prepared by hot pressing sintering at 2000°C under controlled
atmosphere (CERECO d=4.35g/cm’). The substrates were D2 tool
steel specimens pround to 600 grid with SiC paper, and Silicon
specimens.
The KrF laser system [3] delivers pulse trains of 30ns overall
duration. Each train consists of 15 pulses of 2-10ps duration and
15mJ energy. The beam was focused to a 3ImmxSmm spot size at the
target using a plano-convex lens with focal length 1m. Several
" experimental parameters were examined as outlined bellow:

Energy density: 0.5-2 J/om®

Distance Target-Substrate: 35 - 50 mm

Laser Pulse Repetition rate: 20-50 Hz

Total Irradiation time : 10-40min
The morphology of the films were examined by Scanning Electron
Microscopy, whereas the microstructure and the composition by
Energy Dispersive X-Ray microanalysis, X-Ray Diffractometer and
Transmission Electron Microscopy. Thickness measurements were

performed by stylus profilometer. The coating characterization,
performed at FORTH/IESL, is still in progress.

The SEM/EDX analysis showed the presence of coherent coating
consisting of titanjum, boron and oxygen The thickness of the
deposition was between 200nm and 1pm. The deposition rate varied
between 0.1 A/pulse to 0.3 A/pulse. The adhesion of the coatings was
moderate. Irregular particles with the same composition, and size
between submicron to 10 microns, were detected, of which the density
and the size was reduced at low energy dewsity (figure 2). The
iregular shape of the particulates means that they are produced from
solid ejecta and their micron range size, indicates that they are
produced directly from the target and not from the vapour species
condensation. The proposed mechanism for the particulate generation,
in the literature [2] is the existence of pits, craters, microcracks that
exist, or are substantially formed due to the laser - induced thermal
and mechanical shock.
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Figure 1. Experimental setup.

An excimer pumped dye laser illuminated the material ablated from
the target (cf. figure 1). The image was recorded on a silicon CCD
camera which was synchronized to the lasers via a microcomputer.
The delay between the two lasers was adjusted from a synchronization
unit/delayed trigger generator. The range of delays investigated was 0
to 80 ns with a resolution of ~10 ns. An estimation for the velocity of
the ablation front of the ejected material is 10%m/sec.

SRR S
Figure 2. TiB, coating on Si substrate (EEM picture).
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INTERFEROMETRIC SHAPING OF FEMTOSECOND LASER PULSES TO STUDY MULTIPLE
IONIZATION OF MOLECULES IN INTENSE FIELDS
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1 INTRODUCTION: THE NEED FOR PULSE SHAPING

Despite considerable theoretical and experimental effort, the
behaviour of simple molecules exposed to mtense laser fields (focused
intensities > 10" W/cm?) is poorly understood. On the theoretical
front, standard multiphoton theory cannot be applied because a laser
field of such strength cannot be regarded as a small perturbation to
the system. Nevertheless, some advances have been made by
assuming that the multiclectran dissociative ianization (MEDI)
process can be described in tems of a sequential, field ionization,
Coulomb explosion model '?.

On the experimental front, there are two interesting aspects of the
MEDI process that require explanatian. Firstly, the kinetic energies of
the fragment atomic ians appear to be independent of laser pulse rise
time over a large range of pulse lengths — from 0.1 to 2 ps m a recent
study ®. Secandly, for a particular molecule, the dissociation energies
of all fragmentation chammels (I" + I, I' + I**, I** + I**, etc) arc a
specific fraction (~70% for I,) of the Coulomb energy (given by
E=010y/R,, where Q) and O, are the atomic ion charges and R, is
the equilibrium mntemuclear separatian of the neutral molecule) [3,4].
This strangly suggests that all of the Coulomb explosians occur at a
molecule~-specific critical distance, R, larger than R, (R. = R, / 70%
for Iz)

The Saclay group has pomted out that laser-induced stabilisation at
the critical distance czan provide an explanation for the above facts®.

Output beam

2 .
Imp=Fl= 72.25% Mirror

2
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Main pulse

Since both the stabilisation model and the inertial canfinement model
mvoke multiple ianization close to the aritical intemuclear distance,
they cannot easily be distinguished by measuring the kinetic energies
of the fragment ions. However, the branching ratios (partial cross
sections) for the various fragment channels are predicted to be
independent of laser pulse rise time in the stabilisation model,
whereas m the inertial confmement model there should be substantial
changes. We describe here an interferometric approach to varying the
laser rise time which should allow us to determine which, if either, of
the two models is corredt.

2 THE INTERFEROMETRIC METHOD

Varying the rise time of femtosecond pulses is quite difficult. The
obvious method is to change the pulse duration and assume that the
rise time changes accordingly. Unfortunately, such a change usually
Tequires a sigpificant modification of the laser system, giving laser
pulses that are likely to be different in other respects. Spectral filtering
to produce pulses with specific temporal profiles is a possibility, but
this is by no means straightforward’®. The rise time, or indeed the
shape of any other part of the laser pulse can be directly manipulated
using a temporal approach, that is interferometry.

The principle of the nterferometric method is to split each laser pulse
mto two pulses of unequal intensity, delay the mam pulse and
recombine them. In this way the low-intensity prepulse can mterfere
constructively or destructively with the leading edge of the main
pulse, producing a decrease or increase i its rise time. The advantage
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Figure 1. A schematic diagram of the pulse shaping mterferometer. The main pulse, I, and the prepulse, I, intensities depend an the
reflectivity, R, of the beam splitter. The prepulse mirror is moumted an a flexure stage, allowing a delay to be introduced between the main

pulse and the prepulse.

The Reading group has recently used a phenomenological model
which predicts kinetic energies and threshold intensities’. Here, too,
laser-mduced bound states (bond hardenmg) are mvoked but it seems
unlikely that such bound states can persist at high ionization stages.
The approach used by the Ottawa group, on the other hand, does not
require stabilisation; inertial confmement and extremely rapid
sequential excitation and ionization at, or near, the critical distance
provide the basis of their explanation®.

of this method is that it is extemal to the laser system and allows a
rapid and controlled adjustment of the laser pulse rise time.

The modified Michelson mterferometer is shown in figure 1. The
laser beam is incident on the beam splitter, which has a reflectivity of
85% at a wavelength of 740 nm. In this arrangement the main pulse
and the prepulse intensities (fop and fp) that pass through to the
experiment are, respectively, 72.25% and 2.25% of the input



mtensity. Other mamn pulse and prepulse intensities can be obtained
by selecting a beam splitter of different reflectivity. A compensator in
the main beam arm equalizes the glass thickness seen by both beams
and balances their chirp. (This chirp can be cancelled by mtroducing
an opposite chirp before the pulse enters the mterferometer.) About 1
mm movement of the prepulse mirror mounted an a flexure stage
provides sufficient delay range. To maintain a stable interference
pattem the interferometer is made compact and rigid and identical
materials and dimensions of the main pulse and prepulse arms ensure
equal thermal expansian.

The desired overlap of the pulses can be achieved by observing the
interference fringes m the manitor arm of the interferometer. Smce
both beams have the same intensity, the following adjustments are
possible: zero pulse delay can be set using white light and locating the
dark fringe; the time delay can be calibrated by simply counting
interference fringes;, wavefrants can be set parallel by producing a
uniform mtensily across the manitor beam.

3 EXPERIMENTAL VERIFICATION

The laser used to verify the mterferometric modification of pulse rise
times was a Spectra-Physics argon-ion pumped titanium-sapphire
laser. This provides near-bandwidth-limited pulses of 100 fs duration
at a pulse repetition rate of 82 MHz The laser was operated at an
output wavelength of 740 nm. Pulse duration measurements were
made with a Femtochrome rapid-scanning autocorrelator with a
temporal resolution better than 30 fs. Spectral measurements of the
pulses were made with a 0.27 m Princeton Instruments spectrometer
using a 1200 grooves/mm grating and with a slit width of 50 um that
gave a spectral resolution of 0.3 nm The output from the
spectrometer was defected using a CCD camera. Although it was
convenient to test the mterferometer with the low energy pulses from
the titanium-sapphire laser, n MEDI experiments the mterferometric
method will be applied using 100 fs pulses amplified to several
hundred microjoules. This amplified laser system has been described
i detail elsewhere °.

Figure 2(a) indicates how the theoretical pulse duration (FWHM)
varies with time delay for constructive (solid line) and destructive
(dashed line) iterference, for a laser pulse duration of 108 fs. As
expected, the gap between the two curves initially opens up, reaching
a maximum at about 100 fs delay and then closes as the pulses are
separated in time. Also shown m figure 2(a) are the experimental
pulse duration data obtained with the autocomrelator. Note the
excellent agreement between theory and experiment.

Figure 2(b) shows theoretical plots of rise time versus time delay for
caustructive and destructive interference of these same two pulses
used to produce the theoretical curves of figure 2(a). Note the
surprising fact that the maximum and minimum rise times (defmed
here as the time mterval between the 5% and 90% intensities) do not
occur at the same time delay but at about 100 fs and 200 fs,
respectively. The reason for this difference is that at the larger delays,
where the leading edge of the mam pulse has a low amplitude,
destructive mterference is mefficient in reducing the rise time of the
leading edge whereas m constructive mterference the rise time can be
successfully increased.

Figure 2(c) shows the theoretical spectral bandwidth (FWHM) versus
time delay for constructive and destructive interference. For small and
medium time delays the variation is opposite to that in figure 2(a) and
the bandwidth—duration product stays approximately constamt. At
large time delays the spectra become multiply peaked and the peak
positions depend markedly on whether the interference is canstructive
or destructive. The relatively large separation of the two curves,
especially for large time delays, can be used to identify the positions
of constructive and destructive interference. Indeed at large time
delays, this spectral method is more practical than visually monitoring
the interference fringes. Once agam, the squares and circles are the
experimental points; these agree well with theory.

The overall agreement between theory and experiment, represented by
figures 2(a) and (c), gives us strong but indirect evidence that the

varigtions m rise time represented by figure 2(b) are realized in’

practice. To observe the changes m pulse shape more directly we
stretched the pulses and cross-correlated them with the unstretched
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Figure 2. Plots of experimental pomts and theoretical curves for

canstructive (M and ——) and’ destructive (® and -~ - -)

mterference between prepulse and mam pulse of 108 5 duration,

(a) pulse width (FWHM) versus time delay.

(b) pulse rise time versus time delay, usmg the 5-90%
criterion. , i

(c) spectral width (FWHM) versus time delay

ones. The stretching from 80 to 650 fs was introduced by passing the
laser beam through a block of glass, 105 mm in length. The streched
pulses were directed into the interferometer (figure 1) and time delays
introduced in order to produce a variety of pulse shapes. They were
then cross-comrelated with the origmal 80 fs pulse in the rapid-
scanning autocomelator. Figure 4 shows the cross-comrelation signal
for various time delays between the two pulses. Because of the
shortness of the 80 fs pulses, these plots give a direct measure of the
shape of the longer, interferometrically modified pulse.

Figure 3(a) shows cross comelation of the 80 fs pulse with the
unmodified 650 fs pulse. The solid lme shows the experimental shape,
the dashed line the theoretical ane given by the envelope of formula
(1) with Ar= 650 fs. Note the good approximation to the sech® shape.
Figure 3(b) shows the cross correlation of the chirped pulse that has
been mtexferometrically modified by mtroducing time delays ranging
from 319.6 to 322.0 fs between main pulse and prepulse. This range
of time delays covers exactly ane optical cycle, coresponding to one
fringe of 740 nm radiatian. As expected, the first and the last shapes
are almost identical. The temporal beats visible an these shapes are
due to frequency mismatch occurring when the strangly-chirped
pulses are delayed with respect to cne another. The excellent
agreement befween experiment and theory demansirates the high
reliability and reproducibility of the interferometric pulse shaping,
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Figure 3. Experimental ( ) and theoretical (- - -) pulse
shapes produced by aross-correlating a 650 £5 chirped pulse
with an unchirped 80 fs pulse:

(a) theraw 650 fs chirped pulse,

(b) nteferometrically modified 650 fs chirped pulse using
time delays between the prepulse and the main pulse spanning
ane  optical cycle (319.6-322.0 fs)

One situation. of particular mterest in the context of the multiple
ionization of molecules is mdicated in figure 4. This shows the
temporal shape of two interferometrically generated laser pulses using
108 fs prepulse and mam pulse, as in figure 2. The time delays
between prepulse and mamn pulse are 100 fs (the destructive
mterference mimimum of figure 2(b)) and 173 fs (constructive
mterference). There is about a fadior of 2 difference in pulse rise time,
using the 5%-90% criterion, see figure 2(a). However, the specific

pulse shapes at low intensities can be used to great advantage.
Consider, for example, the multiple ianization of I,. According to the
Ottawa model® the threshold for producing the (I + I') chamel
occurs at an intensity of about 9 x 10 W/em® This threshold is
mdicated in figure 4 by the horizontal dashed line. It takes
approximately 80 fs for the I' ions to reach the critical mtemuclear
distance when, as mentioned earlier, the rapid sequential ionization of
L,** occurs. In this time period, the laser pulse with the longer rise
time will reach an intensity of about 3.7 x 10" W/cm?, whereas the
laser with the shorter rise time will reach an mtensity of about 1.8 X
10" W/am?, a factor of almost 5 greater. In the context of the Ottawa
model, this should lead to a camsiderable difference in observed
branching ratios; in the Saclay model the branching ratios should
remaim unchanged Accurate branching ratios can be obtained usmg
covariance mapping ' .
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Figure 4. Intensity profile of a 108 fs pulse modified using
canstructive mterference and a time delay of 173 fs (lang rise
time) and with destructive interference and a time delay of 100
fs (short rise time). The horizontal dashed lne represents an
intensity of 9x10'> W cm™. The rectangles emphasise the fact
that the mtensity increase m 80 fs differs by a factor of 5.
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DIRECT MEASUREMENT OF FEMTOSECOND PULSE FRONT DISTORTION DUE TO LENSES AND
ITS ELIMINATION USING AN ACHROMATIC LENS

S Ameer-Beg® , A J Langley', | N Ross' W Shaikh' and P F Taday'

'Central Laser Facility, Rutherford Appleton Laboratory, Chiltton, Didcot, Oxon., OX11 0QX, U.K.
2Department of Physics, University of Essex, Colchester, Essex, C043SQ, U.K.

INTRODUCTION

Temporal deformation of ultra-short optical pulses m lenses can
significantly reduce the focused power and time resolution available
from lasers. Aside from conventional aberrations, two types of
temporal pulse distortion can occur in lenses ' namelsy: pulse frant
distortion (PFD) and group velocity dispersion (GVD) °. PFD arises
because of the difference between the phase and group velocities in
the lens as it varies in thickness across the beam  This results in a
radially dependent delay between the phase and pulse fronts. GVD on
the other hand results in pulse stretch. Since the amount of GVD
depends on the thickness of dispersive material, axial beams are
affected most in positive lenses.

It is important to find optical designs which avoid pulse distortion.
One solution to the problem is to use paraboloidal reflective optics
since these do not distort pulse fronts. Such optics may not always
be convenient, however, where on-axis focusmg m the forward
diredtion is required, or where engmeering constraints rule out off-
axis paraboloidal focusing Such problems were encountered in the
design of an f /2 optic for focusing mtense, 100 fs pulses m
multiphoton jonisation (MPI) experiments. An altemative solution is
to use achromatic lenses for focusing since, as theoretical studies™®
have pomted out, these lenses should produce a constant delay across
the beam between the phase and pulse fronts. This being an
acceptable solution for our application, an achromat was designed
and tested to meet our focusmg requirements.

DESCRIPTION OF EXPERIMENT AND RESULTS

Two types of 50 mm focal length lenses were compared in this
mvestigation. The first of these comprised a fused-silica 34 mm
diameter plano-convex doublet. Each component was 5.5 mm thick
on axis and was separated by 2.5 mm. One component was
aspherised to correct for spherical aberratian. The doublet was used
for many years for picosecand MPI experiments and provided good
quality focal spots for up to f/2 focusing. Two identical doublets
were manufactured.

The other lens was an achromat. This was designed using Kidger
Optics ray-tracmg software to provide 50 mm focal length f /2
focusing with mmimum pulse front distortion (chromatic aberration)
and spherical aberration at 740 nm. Minimum aberrations were
achieved with a three component optic.

Pulse stretch due to GVD m the achromat was calculated to be 22 fs.
Thus a 100 fs duration sech’ pulse passing through the lens would be
stretched to 102 fs. In principle this stretch could be removed by the
introduction of an appropriate amount of negative GVD.

The pulse front distortion, Atprp_ is a function of the rate of change of
focal length with wavelength df/dA ' and is given by

Aarl df

— 1
2¢f2 dA ®

Atppp =

where 1 is the beam radius at the lens of focal length, f, ¢ is the speed
of light and A is the wavelength of the incident light.

The ray tracing software was used to calculate the effective focal
length of the achromat as a function of wavelength and this data was
used m equatian 1 to calculate the pulse frant distortion. Both these
data sets are shown in Figure 1. The lower graph illustrates that
pulse front distortion of less than 25 fs is expected over the
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Figure 1: Focal length (upper graph) and pulse front
distortion (lower graph) as a fimction of wavelength for the
achromat described in the text and a fused-silica lens of 50
mm focal length.

wavelength range 650 - 775 nm. Also shown for comparisan are the
focal lengths and pulse front distortion calculated for a fused silica
lens of focal length 50 mm (at 740 nm).

Two identical achromats were manufactured to the design discussed
above by Optical Surfaces Itd who also made mterferometric
measurements demonstrating a maximum optical path difference
across the lens apertire of < A/5 at 633 nm. Measurements of the
focal spot obtained with a 740 nm, 25 mm diameter beam of uniform
mtensity indicated that near to diffraction limited focusing was
achieved with these lenses. FEach achromat was assembled in a
stamless steel mount designed for operation m an ultra-high vacuum
apparatus. All optical surfaces were coated for minimum reflectian
losses at 740 nm.

Pulse front distortion measurements were camied out using the
experimental amrangement shown schematically in Figure 2. A
Spectra-Physics argon-ion pumped titamium-sapphire laser provided
near to transform-limited sech? pulse of 100 fs duration at 740 nm
and at a repetition rate of 82 MHz

The laser beam was incident upon an optical beam-splitting
amrangement resembling a Michelson mterferometer. The identical
lens pair under mvestigation was placed in ane arm and formed a
telescope of unit magnification. The position of the mimror in the
other arm was set to give a suitable delay between the plene and
curved pulse frants. After recombinatian at the beam splitter, different
regions of the pulse frants could be sclected with a 1mm diameter
aperture.
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Figure2: Amrangement used to measure the pulse front
delay introduced by lenses. Key: BS beam splitter, m
mirror

As a alignment aid the beams were sampled by a 15% splitter placed
after the aperture and focused with a 100 mm focal length lens onto a
CCD detector, the output of which was displayed on a television
screen. By ensuring the images of the two focal spots were
superimposed, the angle between the beams was maintained below
100 prad comresponding to a temporal delay of ~8 fs across the 25
mm beam.

The relative delay between the two pulses emerging from the aperture
was measured by directing them to a Femtochrome rapid-scaimmg
autocorrelator. The autocorrelation measurement of the two pulses
consistsed of three peaks. The central ane comrespanded to the
autocorrelation of both pulses whilst the outer peaks was a cross-
correlation of ane pulse with the other. The temporal separation
between the central and outer peaks give a measure of the delay
between the two pulses.

Scanning the aperture across the beams allowed the relative delay
between the curved and reference pulse fronts to be measured. Figure
3 shows such measurements obtained with the fused silica doublets
and achromatic lenses. The double pass through the lens pairs has
been taken into account and the delay plotted on the vertical axis of
the graph is 0.25 times that measured.

The fused silica doublet mtroduced a significant curvature to the
pulse frant. It isnoted that the measured curvature was less than that
calculated (doited curve) for a 50 mm focal length fused silica smglet
lens. This is due to the reduced beam radius at the second
companent of the doublet and aspherisation. However, the measured
delay remains quadratically dependent on radius, as mdicated by the
close fit of a curve of the fonm Atpp = 0.821° (solid line). From this
the radius at the second companent was calculated to be 8.5 mm
which is close to the value obtained by ray tracing.

Also shown in Figure 3 is the measured pulse front delay for the
achromatic lens. There is evidence of a small tilt between the
achromat and reference pulse frants of about 14 fs across the 25 mm
beams due to either a wedge on the lens or a slight misalignment of
the mstrument. However, it is clear that the quadratic chromatic pulse
front delay has been eliminated
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Figure 3: Measured pulse fronts ( 740 nm) after
focusing with a fused-silica doublet and an achromatic lens.

CONCLUSION

An achromatic lens designed for high quality £ /2 focusmg has been
demonstrated to mtroduce no sigpificant pulse front distortion as
predicted by theory.

Pulse front distortion caused by lenses has bean measured directly
using a scheme comprisng equipment likely to be found i any
femtosecond laser laboratory. The tedmique can be applied to any
optical component and does not require apparatus designed for
interferometric measurements. Unlike methods which seck to
measure whole beam cross-correlation between plane and distorted
pulse fronts, the tedmique described here measures relative temporal
delay across a beam and is therefore not unduly affected by beam
intensity profile, temporal pulse shape or GVD.
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FABRICATION OF 200nm FIELD EFFECT TRANSISTOR BY X-RAY LITHOGRAPHY
WITH A LASER-PLASMA X--RAY SOURCE
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INTRODUCTION

The future 1Gbit DRAM technology and its logic derivative
will require devices on 180nm scalelength for both speed and
device density on the microchip. The present work
demonstrates the fabrication of 200nm gate length silicon
Field Effect Transistors (FET) by X-ray lithography using
the RAL excimer laserplasma source generating lum
wavelength X-rays. Only the transistor gate dimension is
critically defined by X-ray lithography (Fig.1) with the other
transistor elements defined by conventional lithography, the
mix and match technique. The new lithography approach is
outlined and electrical results are presented for devices with
Snm gate oxides. The 0.2pm devices exhibit
transconductance of 220mS/mm and excellent quasi-long
channel operation. This work provides an important first
demonstration that the laser-plasma X-ray source is a
credible candidate for the future 1 Gbit technology.

LITHOGRAPHY

The RAL high power excimer laser-plasma X-ray source! is
based on commercial lasers and consists of: picosecond laser
oscillator, temporal and spatial multiplexer, excimer double
pass amplifier laser, and X-ray chamber filled with He gas
at atmospheric pressure and containing the focusing lens and
the copper tape target. The A =248nm laser beam consistimg
of a train of picosecond pulses (8ps long) is focused onto the
Cu tape target to power densities in excess of 101oW/em?
generating a dense and hot Cu plasma. This plasma acts as
an efficient high power X-ray emitter with A=0.9nm-1.2nm
(Cu L-shell transitions). X-ray lithography is then carmed
out using 1:1 printing in conjunction with X-ray mask
technology as developed for synchrotron based Iithographyz.
Wafer exposures are carried out a working distance of
125mm from the foil target and mask-to-wafer spacing is set
to 12pm. Usmg AZPF514 resist with sensitivity of
2OmJ/cm2, a 20mm x 20mm exposure field is exposed in 4
minutes with the the plasma source generating 100mW X-
ray average power into 27 sr. Typical lithography results
are shown in Fig.2 for 180nm resist features.
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oxide 200nm gate defined by
X-ray lithography
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DEVICE INTEGRATION

This new lithography approach has been mtegrated mto a
200nm silicon FET fabrication experiment. The fabricated
FET architecture is mdicated m Fig.1. The gate level is
defmed by X-ray lithography and pattern transferred mto
doped polysilicon using a SiCl,/Ar reactive ion etch process.
Etch results are mdicated in Fig.3 which shows.a 200nm
polysilicon gate electrode, pattemed over a 5Snm thermal gate
oxide. Threshold adjustment and punchthrough suppression
are set by dual BT implants of 5x1012 atoms/em? at 20keV
and 5x1012 atoms/cm? at 60keV. Source/drain Tegions are
formed by Ast implantation using a dose of 2.5x101°
atoms/cm“at 30keV.  Activation is carried out using a
6000C/30 minute armeal followed by a 10000C/12 second
rapid anneal. Figure 4 shows resulting I-V characteristics for
an X-ray defined 200nm gate length silicon FET. Gate
voltage is stepped from O to 1.75V in 0.25V steps and
measured transconductance is 220mS/mm. Excellent quasi-
long channel operation is confirmed via the low output
conductance.

SUMMARY

First electrical results are presented for 200nm silicon FETs
produced by X-ray lithography using an excimer laser-
plasma X-ray source. These results confirm the feasibility of
using such a source as a low cost altemative to synchrotron
based X-ray lithography for patteming 180nm features as
required for future 1Gbit technology. Further work aimed at
reduction of exposure time from 4 mmutes to <10 seconds is
necessary (e.g. through increased X-ray output and improved
resist sensitivities) in order to meet production throughput
requirements.
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Figure 1. Schematic of Field Effect Transistor
Architecture used i the present work.
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Figure 2. SEM micrograph of 180nm lines
printed in AZPF514 photoresist. The
rounded walls are due to the first reactive
ion etch (CHF4/He) used to pattemn the
features mto the oxide layer.

Figure 3. Pattemed 200nm doped polysilicon
gate electrode over 5Snm thermal gate oxide.

Figure 4. 1-V characteristic of 200nm gate
length FET defmed by X-ray lithography with
a laserplasma X-ray source. Gate voltage is
stepped from Oto 1.75V m 0.25V steps.



LASER SUPPORT FACILITY: OPERATIONS AND DEVELOPMENT

A total of 48 RAL-based experiments were scheduled 153 weeks
of laser time. Once again this represents an increase over last
year as can be seen in figure 1 which compares figures for the
past five years. Loan pool lasers were loaned for 6 years worth
of scheduled time for experiments carried out in 15 university
laboratories.

Year 1995

Figure 1. RAL-based experiments

There were 71 applications for time on LSF equipment; the
distribution by subject is shown in table 1.

Table 1
1993/94 Physics Chemistry Biology
Applications % 29 47 24

Table 3 lists the lasers available for experiments at RAL or for
loan.

FEMTOSECOND LASER LABORATORY
Andrew J Langley, Charles Mo, Waseem Shaikh, Phil Taday.

This has been a productive and eventful year with six
experiments completed despite the time taken out to extensively
restructure LSF laboratories between January and April 1995.
A total of 4 externally refereed papers were published and 10
conference presentations made.

Transient absorption techniques were used by O'Neill et al. from
Hull to investigate carrier tunnelling between central CdMnTe
quantum wells and outer CdTe wells. Tunnelling time was
measured at 8 ps whilst intrasubband relaxation with the emission
of longitudinal optical phonons was calculated to be 200 fs in
agreement with theory. This and earlier work has resuited in one
published paper and a conference presentation at CLEO Europe.
Ultrafast relaxations in conjugated porphyrin polymers - which
have possible third-order optical applications - were studied by
Bradley's group from Sheffield. Another transient absorption
study by Sinclair et al. from Paisley looked at picosecond
processes in cyanine dyes. This group presented earlier work on
azo dyes at the xvth [upac Symposium in Prague and at a
Royal Society of Chemistry meeting in Edinburgh.

A novel interferometric method for modifying the rise time of
femtosecond pulses was developed for experiments on the
multielectron  dissociative ionisation (MEDI) of simple
molecules. The technique, which will be used to test theoretical
models of MEDI, was presented at two IOP conferences in
March and a paper has been accepted for publication. During

the year an achromatic lens allowing 72 focusing of 100 fs
pulses without distortion of the pulse front was designed at RAL
and constructed by Optical Surfaces. This work was presented at
the Applied Optics conference in York and at the Ultrafast
Phenomena and Applications Conference, Trieste.

A Spectra-Physics sub-50 fs titanium sapphire oscillator
(Tsunami) was recently installed as a source for the amplified
laser and replaces the 100 fs Tsunami. A modified chirped pulse
amplification arrangement has been built and amplification trials
are underway with 50-100 fs, 300 pJ pulses the performance
target. The system will continue to be used for femtosecond
pulse  interactions i.e. multielectron dissociative ionisation
studies, and for ultra-short pulse measurements and techniques.

NANOSECOND LASER LABORATORY
Sue Tavender, Tony Parker and Andrew Weedall

Throughout the year, the nanosecond lasers were scheduled for a
total of 48 weeks with 11 different user groups using the facility.
Laser down-time was only 2 weeks. A total of 8 papers and 7
conference presentations have resulted from work done durin
the period. Once again time resolved resonance Raman (TR”)
featured prominently in the programme using two thirds of the
allocated time, The CCD is now used routinely for Raman
detection from 320 nm to 940 nm with the diode array for
detection in the UV region. The laser flash photolysis data
collection has been upgraded to include automatic measurement
of 1(0) values,

The wide range of experiments carried out using the nanosecond
facility are detailed elsewhere in this report. One of the year's
highlights included successful experiments by a new user of the
facility, Dr Katharine Reid form Nottingham University, using
the REMPI technique to study the hyperfine depolarisation of the
AZrt state in nitric oxide(NO). This complex experiment used
both excimer pumped dye lasers in a frequency doubled mode,
one coupled to the X211 v=0)_'A2E+(v=0) transition in the NO
and the second to ionise the ALt state. The two lasers were
run with the time delay between the pump and ionisation beams
alternating between -30 and 90 ns. Photo-electrons were
detected using an MCP as a function of the delay between the
two lasers and the relative polarisation of the excitation and
ionisation beams.

Dr Roger Bisby of Salford University continued his work on
biologically important free radicals and has recorded TR
spectra of tryptophan and indol radicals. This work has gone on
to look at the intermediates in copper amine oxidase which
catalyses the oxidation of amines to aldehydes. - A ’'cage'
consisting of an adduct of the amine with nitrobenzaldehyde has
been synthesised and tested using 308 nm laser light. The amine
substrates were released which will allow the transient
intermediates of the catalytic cycle to be studied. Prof T G
Truscott (Keele) obtained the first TR3 spectrum of carotenoid
radical cations which have been implicated in photosynthesis,
vision and the prevention of cancer. The radical ions were
generated photochemically using triplet nitronaphthalene as an
electron acceptor and probed in the near infra-red, at 760 nm .

PICOSECOND LASER LABORATORY
Pavel Matousek, Gary Morton, Andrew Scully and Mike Towrie.

This year there have been a total of 13 scheduled experiments, 7
single photon counting and 6 resolved resonance Raman (TR”).

Success has been achieved in the development of a laser-based
fluorescence microscope facility. The microscope, which uses a
Nd:YAG pumgped cavity dumped ps dye laser as a source, uses one of
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the fastest gated image-intensifiers available to provide a time
resolution of 120 ps. The instrument, which is capable of sub-
micron spatial resolution, will be used for studying the distribution
of a phthalocyanine photosensitizer (used in photodynamic treatment
of tumours) within cells.

Following the success last year of a user backed grant application to
EPSRC to develop picosecond spectroscopy at RAL, the LSF have
purchased- a Spectra-Physics argon-ion pumped titanium sapphire
oscillator (Tsunami) and regenerative amplifier (Spitfire). The
new facility, which will be called the Ultrafast Spectroscopy
Laboratory, will be commissioned over the summer of 1995 with
the first scheduled experiments likely to begin next year.

"The new laboratory will provide independently tunable UV-VIS

pump and probe beams for femtosecond or picosecond time-resolved
studies in the condensed or gas phase. Both picosecond time-
resolved Raman and transient absorption measurements will be
available - the latter using either single frequency or white light
continuum as a probe source.  Signal acquisition and processing
apparatus for other techniques such as fluorescence or REMPI
detection may be available if warranted by demand.

LASER-PLASMA X-RAY LABORATORY
Edmond Turcu

The "High Average Power Laser-Plasma X-ray Source" was
upgraded to the record 1watt X-ray average power output at hy ~
lkeV ( A ~ 1 nm), into 27 sr, or ~200 mW/sr. In biological
experiments a record X-ray dose rate of 10 Mrad/min was delivered
to biological material. This was achieved with a new, 70W, LPX
210Fi (Nova tube), excimer laser amplifier in a new, patented, laser
configuration which amplifies trains of picosecond pulses. A large
part of the R&D programme was performed under the contract from
JMAR Industries Inc. (of California) who are constructing a
commercial laser-plasma X-ray source for X-ray lithography.

During the year, 49 -weeks were scheduled for experiments with 2
weeks used for installation and testing of the new excimer laser. New
applications of the X-ray source were the measurement of enzyme
size (Birmingham University) and direct comparison of biological
effects of a-particle and X-ray radiation (MRC-Radiobiology Unit).
The investigation of X-ray DNA damage and repair (Birmingham
Univ.) continued, as well as 100 nm X-ray lithography (Edinburgh
Univ.). The investigation of DNA with UV laser radiation: 149 nm
and 351nm (Birmingham Univ.) and 193 nm (MRC and Leicester
Univ.) continued. New groups have investigated picosecond UV laser
ablation and thin film deposition: FORTH/IESL, Greece, as a Large
Scale Facility Euro-experiment, and Warwick University.

The X-ray work resulted in six publications, three patent
applications, seven conference presentations, four postgraduate and
one degree thesis, and two publications in specialist magazines. Four
publications resulted from use of the UV lasers to investigate the
photochemistry of DNA with 193 nm and 248 nm light by O'Neill
(MRC) and Symons (De Montford).

LSF LABORATORY RESTRUCTURING

The construction of the new laboratory for ultrafast spectroscopy
mentioned above has involved considerable restructuring of the
LSF laboratories. This was carried out between January and
April 1995. The laboratories previously used for time-resolved
picosecond Raman spectroscopy (TR and single-photon
counting (TCSPC) experiments have been reorganised into the
Ultrafast Spectroscopy Laboratory. This rearrangement has
allowed for the construction of a small laboratory dedicated to
confocal microscopy. The source for this will be the Spectron
mode-locked Nd:YAG pumped Spectra-Physics 3500 cavity dumped
laser. The amplified femtosecond laser laboratory remains
essentially unchanged.

LASER LOAN POOL
Mike Towrie

In 1995 there have been a total of 72 months of laser loan time with
only 5 % down-time which was predominantly due to the breakdown
of the fluoride excimer.

The pulsed nanosecond lasers have been used in a wide range of gas
phase experiments such as electron beam diffraction
(Fluendy/Rankin, Edinburgh), jet spectroscopy of nucleic acid bases
(Jones, Edinburgh) and organometallic intermediates (Ellis,
Leicester) and for reaction dynamics (Rieley, Liverpool & Smith,
Bimmingham). The CW lasers were used to continue the work of
Prof. Walsh of Reading on silylenes, for the study of C-H activation
photochemistry (Lees, UoCL) and of crystal waveguides (Wilkinson,
Southampton). MRC and RAL have collaborated in the polarisation
of xenon gas via spin exchange with optically pumped rubidium
vapour using the titanium sapphire laser. Very large NMR signal
enhancement is produced by the polarisation of xenon and this holds
great potential for monitoring blood perfusion in the brain or in
tumours.

A breakdown of the results of last years consultation with the user
community with regards to the loan pool upgrade is shown in the
table below. The demand for flexible, broadly tunable pulsed lasers is
clear and, in response to this, the LSF bought three pulsed lasers
during this first year of the upgrade.

A Lambda-Physik Scanmate OPPO will, for the first time, provide
access to a high resolution IR source. This system is a hybrid using
tested dye technology combined with an optical parametric oscillator
system. The OPPO was commissioned in Birmingham (Smith and
Sims) in April. Using the UV-IR capabilities Dr. Sims will probe
kinetic reactions and pump energy transfer processes at ultra-low
temperatures using the new CRESU apparatus recently built there.

Two Spectron SL805 Nd:YAG lasers were bought to replace the
existing Spectron SL800 and the JKHY750 lasers. The latter have
been given to Sims (Birmingham) and Jones (Edinburgh)
respectively. The PDL-2 dye laser specifications and reliability
remain good and these have been retained.

Outline specifications the above systems are shown in table 3. For
more detailed information please contact M.Towrie. (Tel 01235
446141, Fax 01235 44588, E-Mail MT2@RL.AC.UK).

Table 2. Summary of questionnaire retums

LASER Percentage
nanosecond UV-IR tunable 60%
femtosecond-picosecond tunable (puJ-mJ) 13%
CW tunable 11%
nanosecond VUV 8%
Nd:YAG 4%
Excimer 2%
Diode lasers 2%

VISITING RESEARCH STAFF AND STUDENT TRAINING

The LSF hosted one post doctoral RA from IC and another
funded by the EU Human Capital and Mobility Programme. A
total of seven students received training: two MSc students, a
visiting student from Germany and four students on industrial
placement.



Table 3. Lasers and techniques available at the Rutherford Appleton Laboratory's LSF

LASERS

TECHNIQUES AVAILABLE and APPLICATIONS

Two excimer pumped dye lasers
(205 nm to 900 nm 10 ns pulse length/20 mI/30Hz/
0.4cm™! bandwidth)

ns time-resolved resonance Raman spectroscopy,
Raman, fluorescence, laser flash photolysis, REMPI.
Delays from ns to x seconds

MHz bandwidth)

R | CW argon-lon Raman spectroscopy

A | (525, 514, 488, 457, 364, 351 nm)

L | Laser-plasma x-ray source (3, 1, 0.7 nm) 1 W | DNA damage and repair, lithography, microscopy,
average power (200 mW/Sr), 100 Hz, 3.5 krads/s | calibration.
dose rate at specimen, 10 MRad/min (specimen in |

B | chamber).

A | UV fluoride excimer laser (157, 193, 222, 248 | DNA damage and repair, flash photolysis, singlet

S | nm/400 mJ/20 ns or 4 ps for 248 nm using YAG | oxygen reactions, mutation studies.

E | laser seed pulse 100 Hz).

D | CW argon-ion (all-lines) pumped mode-locked | Ultra-short pulse measurements and techniques.
titanium sapphire laser (<100 fs, 10 nJ, 750-850 | Femtosecond pulse interactions e.g. multielectron
nm) amplified to 300 pJ fundamental, 10 uJ SHG. | dissociative ionisation studies. Experiments in

L femtosecond VUV generation for spectroscopy.

A | © CW argon-ion pumped mode-locked titanium | Ultra-fast Raman and transient-absorption

S | sapphire laser. 50 kHz Nd:YAG pumped | spectroscopy.

E | regenerative titanium sapphire amplifier. (125 fs,

R | 760 - 840 nm , and 10 uJ + Tunable OPAs).

S | Independently tunable pump and probe beams.

Mode-locked Nd:YAG pumped cavity dumped dye | Confocal microscope. (<200 ps time-resolution, sub-

laser. 82 MHz, 1 nJ, 550-650 nm. micron  spatial-resolution). Distribution  of
photosensitisers (for  photodynamic therapy) in
tumour cells.

Quanta-Ray GCR-11 Nd:YAG Spectroscopy, photolysis and reaction kinetics.

(1064 nm/320 mJ, 532 nm/155 mJ, 355 nm/70 mJ,

266 nm/30 mJ ,10Hz.) With

PDL-3 dye laser. (390-900 nm/40 mJ/ <0.08 cm™1)

L | 1) Spectron SL805G Nd:YAG Spectroscopy, photolysis and reaction kinetics.

A | (1064 nm/1100 mJ, 532 nm/500 mJ,

S | 355 0m/260 mJ, 266 nm/90 mJ, 10 Hz.)

E | With PDL-2 laser (400-900 nm/80 mJ/0.1 cm™])

R | WEX SHG 260-320
2) Spectron SL805G Nd:YAG Spectroscopy, photolysis and reaction kinetics.

(1064 nm/1100 mJ, 532 nm/500 mJ,
355 nm/260 mJ, 266 nm/90 mJ, 10 Hz)

L | With PDL-2 laser (400-900 nm/80 mJ/0.1 cm™!)

O [ WEX SHG 260-320

A | Coherent Scanmate OPPO Spectroscopy, photolysis and reaction kinetics.

N | (Continuum 8010 pump laser )

OPPO (420-2200 nm, 40 mJ max.)
SHG (210-420 nm, > 5% conversion)
DFG (2200-4500 nm, 5% conversion)

P | Spectra-Physics 2025 argon-ion Gas phase kinetics, particle image velocimetry and

O | (5 W visible/0.4 W UV/ single line, CW) semiconductor science.

O | Spectra-Physics CW 3900 titanium-sapphire laser IR Raman studies, fiber amplifier and waveguide

L | (680-1040 nm/800 mW max, 50 GHz or <200 | studies.

Questek fluorine excimer laser
(157 nm/5 ml, 193 nm/200 mJ, 249 nm/300 mJ,
351 nm/200 mJ, 0-50 Hz)

Photolysis, ablation and laser ionisation source.

@ Becoming available for scheduled experiments in 1995/96.
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IWATT PLASMA X-RAYS SOURCE AT hv~1keV

ICE Turcu, IN Ross and C McCoard

Rutherford Appleton Laboratory

Soft x-rays of ~lnm wavelength are a strong contender for the
production of 1Gbit DRAM microchips which require transistor gates
of ~ 180nm width (Ref. 1). Compact synchrotrons, generating tens of
watts of x-rays per beam mto ten beams or more, will constitute the
main source for large-scale production of such microchips.
Nevertheless, such machines require a relatively large initial
investment, occupy extensive factory space and have a relatively high
ruming cost. Therefore, smaller, laboratory size, X-ray sources will be
required to generate the power of only one synchrotron beam to be
used either by large companies for R&D work or by small companies
with limited production.

The use of excimer lasers for generation of such plasma x-ray sources

has the following advantages:

(1) commercial lasers deliver average powers up to 1kW,

(2) the UV wavelength is absorbed in a high (near solid) density
plasma, resultmg m very efficient emission of plasma radiation,

(3) the broad bandwidth of excimer transition allows direct
amplification of picosecond pulses, therefore generating GW peak
powers.

(4) Good extraction of excimer laser energy in picosecond pulses is
achieved by amplifying trains of pulses with ~2ns separation,
corresponding to the repumping time of the excimer laser. The
~2ns separation of laser pulses is sufficient for the plasma
generated by the previous pulse to dissipate, such that each
picosecond laser pulse generates a picosecond x-ray pulse.

(5) the good quality beam (near diffraction limit) and short
wavelength allow tight focusing, This, together with the high peak
power (3) generate very high power densities on target
10 15 W/cmz), resulting m a very high plasma temperature
(~1keV) and therefore very high energy conversion efficiency
(~10%) from laser to x-rays at ~1nm wavelength. The high
plasma temperature leads to very efficient radiation cooling of the

(6) the high breakdown threshold of the UV laser in helium gas allows
operation of the x-ray chamber at atmospheric pressure which
results in: stopping of target debris, target cooling and elimmation
of thick x-ray windows for extracting the radiation from the x-ray
chamber.

Figure 1 shows our concept (Ref. 2) for a high power excimer laser-
plasma x-ray source based on commercial lasers and consisting of :
picosecond oscillator, temporal and spatial multiplexed, excimer
preamplifier laser, excimer final amplifiers and x-ray chamber filled
with He gas at atmospheric pressure. Such a system was used with
only one KrF excimer laser amplifier (Lambda 210Fi with Nova tube)
to establish a new record of x-ray average power at ~lnm wavelength
from a non-synchrotron source.

With a stec] tape target in the chamber, the plasma converts 10.4%
(2.5%51"1) of the focused laser energy into 1.4nm x-rays, and with a
copper tape target the conversion efficiency is 5.4% (1.3%&"1). When
the laser system is operated at 80Hz repetition rate, the x-ray average
power emitted by the plasma is 1.5W (350mW/sr) at 1.4nm
wavelength and 0.9W (220mW/sr) at Inm.

This work was partially supported by the Advanced Research Project
Apgency of the US Govemment.
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Figure 1 High power excimer laser-plasma X-ray source




DEVELOPMENT OF A LASER-BASED FLUORESCENCE MICROSCOPE WITH SUB-NANOSECOND
TIME RESOLUTION

AD. Scully'®, A.J. MacRoberf?, A W. Parker' and D. Phillips®

! Central Laser Facility, Rutherford Appleton Laboratory
2 National Medical Laser Centre, University College London Medical School
3 Department of Chemistry, Imperial College

INTRODUCTION

Quantitative fluorescence microscopy using new highly sensitive
array detectors, and the application of laser-scanning confocal
optics has made considerable impact recently on microscopic
studies of biological and solid samples, and interfacial phenomena.
~ The extension to time-resolved detection and imaging with sub-
nanosecond time resolution will enhance the range and complexity
of the many applications of laser microfluorimetry. This non-
invasive technique offers the key practical advantages of
spectroscopic, temporal and spatial selectivity which derive from
the coherence of the laser source. The main obje&ive of the

development of this apparatus in the LSF is to exploit the-

convergence of these techniques and to combine them in studies of
fluorophores in heterogeneous samples, not only biological, on a
microscopic scale. Topics to be studied include the 4-dimensional
mapping of intracellular fluorescence from photosensitizer
molecules used in the photodynamic therapy (PDT) treatment of
tumours, evanescent wave fluorescence microscopy and
photophysical measurements involving polymeric substrates. This
is to be achieved by constructing a laser microfluorimeter capable
of sub-nanosecond time resolution and sub-micron spatial
resolution using confocal optics to provide a 3-dimensional

fibre optic,
delay

representation of the fluorescence intensity, lifetime, spectroscopic
and polarization data.

INSTRUMENT DEVELOPMENT

The work will be carried out in two stages:
1. construction of sub-nanosecond fluorescence imaging capability
2. upgrade to confocal imaging capabilities

Stage 1 Instrument Development

A schematic diagram of the apparatus developed in Stage 1 is
shown in Figure 1. A mode-locked Nd**/YAG laser operating at
82 MHz synchronously pumps a cavity-dumped dye laser. The
dye laser pulse repetition rate is 0.8 KHz. The output from the dye
laser is directed to a = 5 m PMMA fibre optic delay line (¢ 1 mm)
which is required for synchronization of the arrival of the laser
pulse at the object plane (OP) of the microscope and the triggering
of the high voltage gating pulse to the photocathode of the gated
optical imager (GOI) via the photodiode (PD). The output from
the fibre is magnified and imaged at the back focal plane (BFP) of
the microscope  objective (MO) which is mounted in a
_commercially available- optical microscope. The microscope is

OoP

PC/framegrabber

Figure 1. Schematic diagram of the time-resolved fluorescence microscope
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Figure 2. Fluorescence images of onion cells stained with a phthalocyanine photosensitizer
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photocathode of the GOI by a relay lens (RL1). The ouput signal is
projected from the phosphor of the GOI with a gain of = 10* after
amplification in a single-stage microchannel plate. This image is then
relayed via a second relay lens (RL2) to the CCD chip of an 8-bit
scientific grade video camera capable of on-chip integration times of
up to ~ 60 seconds. Camera control and image analysis is performed
using a commercially available package which includes a
framegrabber card installed in the computer. Selection of delay times
between the gating of the GOI and the arrival of the laser pulse at the
sample in intervals of 0.5 ns is achieved using a cable delay unit built
in-house. Software required for analysis of the time-resolved images
and generation of fluorescence lifetime maps have been written during
the course of this work.

Results from Stage 1

Results of preliminary measurements of the distribution of a
phthalocyanine photosensitizer in onion cells is shown in Figure 2.
This sensitizer is used in the photodynamic therapy (PDT) treatment
of tumours. The wavelength of excitation was 610 nm and
fluorescence emission was detected through an RG665 long-pass
filter. The upper image is the fluorescence emitted from the cells
during the first 1 ns after the laser excitation pulse amves at the
sample and has a diameter of approximately 700 pm. This image was
obtained after “on-chip integration of 750 video frames.
Approximately 2.4 x 10° laser excitation pulses were incident on the
sample during this time. The brighter regions in this image result from
the fluorescence from the sensitizer chromophores located at the cell
walls. A cross-section through roughly the centre of this image
demonstrates the extent of spatial modulation of fluorescent intensity,
with a lower intensity fluorescence being observed for the interior of
the cells. The lower image in Figure 2 shows the spatial distribution

of fluorescence lifetime of the sensitizer in the cells. This image was
generated by calculating the fluorescence decay time at each pixel
from images collected at 0 ns, 4 ns, 8 ns and 12 ns after arrival of the
excitation pulse at the sample. The same cross-section through this
image as used above demonstrates that the fluorescence lifetime of the
sensitizer is independent of its position in the cell. Therefore, the
spatial modulation observed in the upper image can be attributed to a
genuine modulation in sensitizer concentration, rather than an artifact
arising as a resuit of quenching of the sensitizer fluorescence. The
fluorescence lifetime of ~ 5 ns obtained in this work compares well
with values reported' for this molecule in various molecular
environments. Our aim is to now extend these types of measurements
to animal cells stained with a range of photosensitizers, as well as
intracellular pH and Ca** fluorescent probes.

Stage 2 Instrument Development

The confocal upgrade to the instrument developed in Stage | will
incorporate a slit-based “direct field” confocal optical arrangement. A
line of excitation will be scanned across the sample and the
fluorescence from the sample will be imaged onto the photocathode of
the GOI through a confocal adjustable slit assembly. Essentially
diffraction-limited spatial resolution will be achieved laterally and
sub-micron resolution is anticipated in the axial direction. This will
enable the generation of 2-dimensional fluorescence intensity and
lifetime maps at various axial positions through the sample and,
ultimately, a 3-dimensional rendering of all relevant fluorescence
information. This apparatus is currently being constructed.
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