RAL-83-043

RAL-83-043

Science and Engineering Research Council

Rutherford Appleton Laboratory

CHILTON, DIDCOT, OXON, OX11 00X

Science and Engineering
Research Council
Central Laser Facility

Annual Report to the Laser
Facility Committee 1983

Laser Division
Rutherford Appleton Laboratory



Science and Engineering
© Research Council 1983

The Science and Engineering Reasearch Council does not
accept any responsibility for loss or damage arising from
the use of information contained in any of its reports or
in any communication about its tests or investigations



SCIENCE AND ENGINEERING RESEARCH COUNCIL

CENTRAL LASER FACILITY

ANNUAL REPORT TO THE LASER FACILITY COMMITTEE 1983

PREFACE

The report covers the work dome at, or in association with, the Central
Laser Facility duripg the year ended 31 March 1983. It follows the same
general format as last year's report except that there is an additional
chapter to cover the work of the newly established Ultra Violet Radiation
Facility (UVRF). There are therefore eight chapters in all, six
corresponding to the six groups of the Glass Laser Scientific Programme
and Scheduling Committee {(GLSPSC) a chapter {chapter 2) on gas laser
development and chapter 3 describing the work and development of the
UVRF.

The most important single development at the CLF during the past year has
been the establishment of the UVRF. The provision of more extensive
facilities for University users of rare gas halide and other UV lasers has
been under discussion for some time. Though originally conceived as based
on the ELF laser (see previous annual reports) it socon became clear that
many potential users preferred to sacrifice power for the higher pulse
repetition rates available from discharge excited lasers, provided that
gpectrally narrow line outputs and good beam quality could be obtained.
This has been done using a grazing incidence diffraction gratiang and
double passed amplifier with a phase conjugate SBS mirror (see Chapter 3).
The new faclility has already proved very popular and ie a rapid growth
area with users from Unlversity departments of Chemistry, Physics, Biclogy

and Englineering.

On the Vulcan glass laser the most lmportant single development has been
the installation of three additiomal disc amplifiers, thus completing the
capital project originally approved in 1978. To do this installation

Vulcan had to be shut down for 3 months but the opportunity was taken to
improve various features of the laser including the physical layout. More
details are given in Chapter 1.

Chapter 2 records the successful operation of SPRITE as an oscillator both
with and without injection locking. The original specification (over

200 joules in 60 ns using KrF) has been met and it 18 possible that this
may be improved upon with further refinement. However attention has now
shifted to multiplexiog and preliminary work on this aspect of the final
system 1s described in the report together with further work on UV phase
conjugation and other pertinect topics.

The experimental programme using Vulcan, described in Chapters &4 to 7
inclusive, was inevitably curtailed by the shutdown of Volcan mentiored
above. However important progress has been made in various directions.
Chapter 4 on laser plasma Iinteractions describe observations of the
simultaneous emission of w/2 and 3w/2 harmonlcs of targets irradiated with
green light which show that the lipe splitting is the same, in frequency,
for the two harmonics which gives strong evidence in favour of the Raman
mechanism. The same chapter describes studies of filamentation and
backscatter with very much higher temporal resolution than hitherto which
give additional clues regarding the nature of flilamentation
instabilities.

Chapter 5 covers a wide range of toplcs in the general fleld of transport
ranging from continued studies of thermal smecothing to novel experiments
such as the first measurements of the energy loss of o-particles in hot
matter. TFor the latter experiment the source of o—particles was a thin
walled, exploding pusher, DT filled target and the o—particle energies
were determined from the tracks in a CR39 detector placed on the other
side of a laser heated foil. , Another set of novel ohservations described
in this chapter coacerns the study of radiative preheat by observation of
the broadeniog of the K absorption edge: broadening dominates over a shift
in the edge due to the stroag coupling in the high density material

achieved.



Steady progress towards understanding and quantifying various factors of
importance in ablative compression is described in Chapter 6.
particularly noteworthy are the studles of the growth of the Rayleigh~
Taylor instability using rippled targets and the demonstration of much
better agreement on compressed core slzes between theory and experiment
when relatively low aspect ratio shells are driven with the higher
ablation pressures available at 530 nm. These results were obtained
before the laser was upgraded as described above and are therefore

particularly encouraging.

The Carben VI laser experiment remains a major activity of the
Spectroscopy group whose work is described in Chapter 7. Green
i1lumination has been used for the first time in this work, including
cylindrically symmetric 1llumination using 4 beams. Though lmproved
energy coupling was obtained the gain was not markedly improved and
clearly problems remain. More generally X-ray spectrosocopy has been used
in a variety of diagnostic situvations. Amongst a number of novel
applications Is the cbservation of time resolved EXAFS spectra using laser
generated X-rays. This technlque has considerable potential and is
complimentary to the more comventional approach uslng syachrotron

radiation.

The Theory and Computation chapter, Chapter 8, 1s as usual the largest.
It describes work on code development and a wide range of theoretical
topics, many related to the experimental programme described elsewhere.
The problem -of implosion symmetry, for example, is particularly topiceal
and it is shown that the latter 1a more complex than appreciated hitherto.
The Bangor group have made a major contributulion to the theory chapter
this year, particularly with respect to laser plasma Interactions
including the coupling of interactien processes, such as the effect of
Brillouin scattering on Raman scatter. Another major topic of practiecal
importance is raediation transport together with the related subjects of
opaclty and radiation preheat in laser driven implosions. Finally, in a
departure from normal practice, a brief account Is gilven of two CECAM

workshops in which CLF users and staff were particularly involved.

A general feature of this year's report to which it is worth drawing
attention is the growing degree of international collaboration im both
theoretical and experimental work with & two way flow of staff and ideas.
Not only have staff from overseas laboratories collaborated im experiments
at RAL but also we report experiments carried out by UK University users

in overseas laboratories.

Finally, as Laser Facility Committee members will know, this is the last
annual report for which I will act as general editor. T would like to
take this opportunity to thank committee members, CLF staff and University
ugsers for making my tasks as head of the Laser Division, RAL, so easy and

pleasant. I have enjoyed the past 6% years very much.

A F Gilbson
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CHAPTER 1 GLASS LASER FACILITY

1.1 Introduction

A number of ilmportant improvements have been made over the past year to
the glass laser, its control system, diagnostics and supporting facilities
such as extended clean room facilities and a lamp test facility. These
developments are described in detail in section 1.3. Particularly
important has been the Installation of three additional disc amplifiers so
that each of the 6 beams fed to TAl now uses a separate final amplifier.
At the same time a second beam has been provided for TA2 (section 1.4)
which will considerably increase scheduling flexibility. Looking further
ahead work has begun on the development of a larger aperture disc
amplifier (section 1.3.6), new targeﬁ areas are under construction
(section 1.4.2) and lens development is continuing {(1.5.1).

Diagnostic instrumentation development is traditionally doue in
Universities and this has continued (sectioms 1.7.1 to 1.7.4 inclusive).
Section 1.7.5 describes a joint development between RAL and MPQO,
Garching, which may prove a very lumportant contribution to the problem of

target i{1lumination uniformity, which is discussed in section 1.5.2.

4 F Gibson (RAL)

1.2 Glass Laser Operations

The Glass Laser Operatioms Group has had a busy year starting with the
first operational period with the new synchronised long and short pulse
osclllators and ending with a major shutdown to enhance the laser system
(section 1.3.1). Of the 52 weeks in the year, 33 were available for
target area shots, 6 for laser maintenance and 13 for the laser

enhancement shutdown.

Considerable improvements have been made to the laser avallability during
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the experimental periods with the laser now running from 08.30 to 17.00,
4% days a week. This has mainly been achieved by improvements to the
aligonment stability such that adjustments are unnecessary OVer periods of

weeks.

The two major causes of downtime have been the oscillators during the
early part of the year, and the beam apodisers. Oscillator reliability
has improved dramatically with operating experience and should lmprove
further with the introduction of developments covered in 1.3.2. The
apodiser problem centred on water evaporation from the
glycerol/water/copper sulphate mix raising the operating temperature
gradually to the polnt where copper deposition on the windows cccurred.
This has been successfully overcome by using mixes with lower intial
operating temperatures giving a slower initial rate of temperature
increase, and regular changes to the fluid before its index match

temperature becomes toe high.

Other work during the year has included the installatlon of a nmew laser
control system {section 1.3.4) and the synchronisation of the lager to a

Z-pinch discharge.

The year ended with a shutdown to enhance the laser capability to 1.2xJ in
gix beams, and make a mumber of changes to the laser staging based on
operating experience. Initial operatlng experience with the enhanced
system has proved very encouraging in terws of reliability and operational
simplicity. Outputs per beam of 0.6 TW in 70 ps and 150 J in 1 ns have

go far been delivered to target areas with long pulse energy being limited
by target area requirements only. Full information on the enhancement 1s

in seetion l.3.1.

N Allen, D Gleed, A Raven, P Rumsby and R Wyatt (RAL)
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1.3 Glass Laser Development

1.3.1¢(a) Glass Laser Enhancement

Enhancement of the glass laser output by Increasing the number of output
disc amplifiers from 3 to 6 in the six beam system represents the filnal
phase of the enhancement programme started in 198l. Operating experience
with that system however dictated the need for more extensive changes teo
the system to improve the reliability and output capability. Specific

problems were

(1) The double pass output scheme, while economical in terms of
amplifiers per joule of output, needed an output polariser in the highest
fluence part of the beam. Being one of the weakest components for damage
threshold, the output was being limited by polariser damage. Although
single polarisers had been run at 220 J output, the financial cost of
damaging 6 output polarisers in a single shot resulted in very

conservative operating levels of ~ 120 J/amplifier.

(11) Introduction of the ayachrenised oseillator system has led to the
need to alternate short and long pulses down the same rod amplifier line
and the consequent need to change amplifier gains between shots. This
lead to the risk of firing short pulse shots at the gain settings for long

pulses.

The first of these preoblems was overcome by changing all output amplifilers
to single pass and using quarter wave plates coupled with the polariging
properties of the disc amplifiers and output mirrors to provide backwards
isolation. This requires an increase in drive into the discs by a factor
~ 10 (single pass dise gain) and a consequent redesign of the driver
stages. The system "fuse"” is now the output polariser of the double
passed driver disc amplifier which sees approximately the same fluence as
at the output of the six discs. However the damage risk is now reduced to
one polariser only. The second preblem was solved by dedicating a rod
amplifier chain to a particular pulse length - long or short - with pulse
switching into the output amplifiers occurring at the end of the rod

1.3

chains.

1.3.1(b) System Design

The system layout 1s shown in Figure 1.01. The oscillator system remains
unchanged and consists of long and short pulse oscillators synchronised
together. Both switched out pulses are amplified by two 9 mm rod
amplifiers, apertured and spatially filtered before being injected as
expanding gaussian beams into the two rod amplifier chains. After further
amplification the beam 1is apodised (AP) in a profiled and index matched
absorbing cell and then continues expanding through ampliflers of
increasing apérture. Computer controlled wave plates (WF) (section l.3.4)
in front of the Faraday rotators (FR32) allow the chain energles to be
set. Waveplates are also used to run circular polarisation through the
rod amplifiers. This ensures that any birefringent loss is axially
symmetric and removes the “squaring up" of the beam shape at high
repetition rates. ASE from the rod amplifiers and prepulse are suppressed
by two 50 mm aperture pockel cells (PC). These are driven with a 40 ns
pulse from a Cardon Instruments thyratron pulger to provide a 25 ms flat
top open gate. This also serves to provide backward isolation with the
gate closing before the first back reflection returns (from leakage from
the double pass discs). The pulser is electrically triggered from the
oscillator Q-switch signal and because of the inherent stability of the
build up time of the synchronised oscillators (< 1 ns jitter) -the Pockel
cell gate is essentially jitter free with respect to the pulse.

Fifty per cent splittere after the two Pockel cells split each beam into
two to provide long and short imput pulses into both disc amplifier chains
the selection belng made by two movable mirrors. 76 mm amplifiers
compensate for the split and the beam is then expanded to a 105mm parallel
beam before entering the disc amplifier chain. Currently the driver disc
is fed by a beam expander, but this is shortly to be replaced by a vacwuum
spatial filter. Further waveplates in front of the driver and single beam
dises allow varifations of the output of the two arms. Because both these
discs now run at comparable outputs of 200 J/0.5 TW the opportunity has

been taken to provide a second beam to the single beam target area from
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the driver disc, allowing backlighting experiments to be carried out and
so easing the load for this type of experiment on the six beam target
area. When not diverted to the single beam area the driver disc output is
divided into six and time delayed for synchronism at the target before
being further amplified by the output discs. Quarter wave plates at the
output provide retro isolation for infrared experiments but can be removed

for green operatiom.

The single beam disc is double passed as before but with the polariser now
operating in reflecting mode ocutput. Damage measurements (1L.01) on the
polarisers glve 6 J/em? damage level for p and ~ 20 J/em? for s~
polarisation Indicating that s—polarised output is to be preferred. The
output from this disc can be switched to provide either the wailn beam for
the single beam target aree {TA2) or a backlighting beam for the six beam
area (TAl).

1.3.1(c) Commissioning

In routine use the early waveplates are set to provide the maximum
allowable output from the system (200 J/0.5 TW per beam) with the later
waveplates fully open. These later waveplates are then used to change the
output from 100% to 0% of maximum. No problems have been encounterad with
these items or with the newly introduced pockel cells. Outputs of 3.2 TW
in 70 ps have been routinely achieved in the six beam system (no lomng
pulse experiment has taken place slnce the upgrade) and 150 J in 1l ng in
the single beam limited by experimental requirements only. It is hoped to
teke this up to 200 J durlng the coming experimental period. Beam balance
can be held to the * 10% level for infrared operation and comes mainly
from galn variations in the output disce. This arises from a combination
of newer formulation glasses having higher gains at fixed doping plus the
effect of repeated repolishes gradually reducing the disc thickness by up
to 2 m in 30 mm for some of the oldest discs in use. We are currently

examining the possibility of polarisation tuning the split ratio to the
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slx beams to compensate for the amplifier gains and bring the balance with
5% total exeursiom.

N Allen, D Craddock, R Day, M Forster, D Gleed, P Gottfeldt, W Lester,
A Raven, C Reason, P Rumsby, 5 Sunderland, R Wellstood and R Wyatt (RAL)

1.3.2 Pulse Generator Development

This year has seen three main areas of activity - finalising the
previcusly reported work on the synchronised laser coscillators; developing
the "intelligent attenuator”, a novel device for improving long. and short
term pulse energy reproducibility from pulsed lasers; and developing a
device to rellably maintain single longitudinal mode performance from the
long pulse oscillators, by feedback control of the optlcal rescnator
length.

1.3.2(a) Synchronized Oscillators

The synchronized oscillator system (1.02) has now completed more than a
year of operatioun, and has proved reliable and effective. Only two
significant long term reliability problems emerged from the extended
perlod of running which it has now seen. One was degradation of the
circulating coolant in the short pulse oscillator head, which under the

= nine milligecond duration flashlamp pulses proved prone to algae
infestation. After experimenting with commercial biocides and variocus
coolant liquids, a 50% mixture of purified water and ethanol was found to
at least contain the problem at z level where the system now runs for
several months without noticeable coolant degradation. The use of cerium
doped flashlamps was also found to help considerably, presumably by

raducing the amount of ultravieolet radlation reaching the coolant.

The other problem was an unacceptably short flashlamp lifetime

(< 10? ghots) in the short pulse oscillator, under the loading of the

9 ms, 120 amp driving pulse required for actively mode locked and actively
Q-switched operation. The lamps did not fall explosively, but started to

give out an audible "click™ assoclated with a ruinous breakup of the
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prelase and a serlous degradiation in the amplitude and timing of the @
switched output train. By replacing the original pulsed type Xenon
flashlamps with CW-type krypton flaghlamps at higher pressures the
1ifetime has been increased to > 10% shots. This is acceptable, with our
current low duty cycle on this oscillator (it 1s not rum continuously
between shots) but efforts are continuing, in partmnership with the

flashlamp manufacturers, to improve further.

1.3.2(b) The Intelligent Attenuator

The "intelligent attenuator” (1.03) or self setting attenuator is an
active electro-optic filter which we have devel?/ ed to dramatically
improve the pulse to pulse energy reproducibi}fty of pulsed laser systems.
It is shown schematically in Figure 1.02. t was originally conceived as
a linear device, to reduce the ~ * 10% typlcal long term drift of the
synchronized oscillator systems output/energies down to < 1%, for preclse
predictability of laser cutput energy. During development it became clear
that a non linear mode of operaﬁipéfexisted, capable of pulse energy
stabilization over a very wide range of input energies, in an optical
analogue of the electrical Z“ﬁ;r diode. This makes the device rather

versatile for more generalzappliqatious.

~
\

(i) Method of Operation

"'-._
A
,

The input laser :ylse energy 1s sampled‘by a photeodetector, which feeds
nation of a pulse formin;\eetwork (PFN) and & high

through the com
voltage amplifier (HVA) to apply to the Pocﬁb}a cell a voltage pulse which
the fnput pulse's energy. By a\carrect cholce of parameters
the assemPly can act as a fast real time feed é};::rd energy stabilizer,

is related

by applying a higher attenuation to a higher than ‘mormal energy lnput

and vice versa, gilving cutput pulses of quasftconstant energy. The
PFN/essentlally stretches the photodetector pulse in time to the extent
tdat it comfortably brackets the input laser pulse, and ‘provides a

constant attenuation throughout the pulse duration.

The high voltage amplifier must provide kilovolts onto the Pockels cell to
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effectively modulate the 1.05 pm laser pulse. This, In conjunction with
the < 10 ns response time required for sensible processing of the same
laser pulse, lead us to counsider first the case of a simple linear
amplifler, rather than more complex digitally programmed circultry which
could provide excellent response characteristics but would be too slow.
For the linear amplifier case the transmission of the device can be
repregsented by (1.03):

+ K.E
D+K in

E =E_ .cos?

out in V2 L

where Eout and Ein are the output and input pulse energiea,-K is a
constant, D 1s a DC bias applied to the Pockels cell (to reduce the output
swing required from the high voltage amplifier) anmd Vi2 is the half wave

voltage of the Pockels cell.

The degree of output pulse energy stabilization given by this simple
relationship is shown in Figures 1.03 and 1.04. It is rather good for
fairly small fluctuations about the operating point (the peak). For
instance input energy fluctuations of % 10% are reduced to = (+0, -1%) at
the output. Also the peak transmission 1s seen to be quite resonable, up
to 52%. The use of a DC bias, to reduce the voltage swing demanded from
the linear amplifier, 1s seen to also glve slightly better stabillization
properties, but at the expense of a somewhat reduced transmission.
"Optical Zener dicde” mode operation is obtained by arranging that the

high veltage ampliflier begins to saturate beyond the peak value of Eout

so that the rate of fall of Eout vs Ein beyond the peak is reduced, or

even eliminated.

(i1) Experimental Demonstration

The demonstration of the device used the equipment shown in Figure 1.05.
In practice of courge the difficulty 1s the ceombination of a

photodetector, PFN end amplifier which are capable of kilovolt responses
with nanosecond risetimes. The connection of a photoconductive silicon

switch, run at low optical input intensities in the linear part of its
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characteristic, and a single stage planar.triode amplifier proved very
adequate. Voltage outputs of = 1.2 kV (linear) and 2 kv {at 20%
saturation) were achieved with a risetime of < 5 ns. Also a simple
combination of a charge time and a2 shortened stub was all that was

required for the PFN, because of the properties of the silicon switch.

Figures 1.06 and 1.07 show the experimental results verifying intelligent
attenuator action under different parametric conditions (DC bias, silicon
switch filter, input energy) varying from clese to linear, in cases (a) to
optical zener diode mode in cases (d). Notice how this latter mode of
operation gives the output pulse emnergy stabilized with a band whose
extrema are +5% and —8% while the input enexgy varies by more than a

factor of six!
The intelligent attenuator concept is very versatile, and can be applied
over a broad range of wavelengths, pulse duration and energies. We plan

to install the device on each beamline of the laser in the near future.

1.3.2(c) Single Longitudinal Mode Resonator Stabilization

During the year we beganm a project to feedback stabilize the oprical
resonator length of our single longltudinal mode (SLM) oscillators,
including the long pulse generator of the synchronized osclllator system.
This would eliminate the occasional drifr into multl mode operation
(rippled pulse temporal profile) which in the absence of feedback
stabilizaion is inevitably suffered by all S5LM oscillators due to thermal
and nechanical drift of the resonmator's optical path length and the mede
selector's resonance. Two elegant techniques for accomplishing this
feedback control have already been described (1.04)(1.05) but were not
applicable to our case. Hanna (1.04) has used the "thermal self
sweeping” inherent in a Nd:YAG oscillator to avoid multimode failures, but
the technique 1s difficult te apply to our Nd:YLF osclllators (matched to
the phosphate glass of the amplifier chains) because of the much lower
self sweeping 1in this athermal material. Kulzenga (1.05} hac developed a
prelase sampling technique, but again the ilmplementation 1s very much more
difficult with YLF and the technique Ls not applicable to “short prelase”

1.9
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SLM oscillators such as are used here.

We propose to use a technique of sampling either the pulse envelope or
prelase signel for wode beating using electrical filtering, followed by a
step adjustment of the piezo-driven back mirror when mode-beating is
detected. Using such a sample and adjust technique the osclllator should
be able to self adjust itself to single mode operation durlng the charging
period to a shot (the oscillator cavity is mechanically blocked outside

this peried for safety reasons).

Tests with sampling the filtered output of the pulse envelope have
demonstrated the feasability of such a gystem, but problems are
encountered with attempting to detect low modulation levels because of the
presence of high frequency components of the 25 ns pulse envelope 1ltself.
We are currently locking at detection from the much longer period prelase
signal as used by Hanna (1.04). The possibllity also exists of
replicating the techniques of reference 1.04 by using the plezo stack to

mechanically sweep the cavity during the prelase period.

A Brett, A Raven, M White and R Wyatt (RAL)

1.3.3 Laser Beam Diagnostics

The diagnostlc system which 1a under development is intended to be

modular in form so that measurements can be made using standard equipment.
For monitoring the six beam outputs there are three tables on which the
diagnostic equipment is attached. The other monitoring polnts use the
same equlpment but the configuration is different due to space
constrailnts. At present in all the positions where the beam is being
monitored, a fraction of the beam is sampled by using a lossy mirror.
However when full monitoring is imstalled this will not necessarily be the

case, for example at the polarisers in the system.
Three maln measurements will be made to determine the performance of the
laser system, these are beam energy and pulse length at various points in

the system together with some representation of the intensity profile of
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the beam. Each of these will now be discussed in more detail.

1.3.3(a) Energy monitoring

Ten energy monltors are now installed and working in the laser system.
They have given consistent results with accuracy of the order of one per
cent. As well as monitoring each of the six beam output and the
backlighting disc cutput, energy measurements are made at the output of

the driver disc and also near the end of the two rod amplifier chains.

The hardware comprises two distinet parts; the monitors themselves and the
data acquisition system which resides in a CAMAC crate. A description of
the Data Acquisition System is glven in l.3.4(c).

The energy monitors utilise a volume—-absorbing disc calorimeter {shown in
Figure 1.08) to detect a pulse of laser energy, by absorbing 95% of the
pulse.

The calorimeter can be calibrated by applying measured amounts of
electrical energy to the heater coil wound around the glass disc. Using
this method, the sensitivity of the calorimeters was calculated to be of
the order of 160 mJ/mV. When in place at the output of the laser system,
one of these calorimeters will receive a fraction of the total laser
energy, amounting to a maximum of a few Joules, thus giving an output
voltage of the order of a few tens of millivolts. This size of signal is
too small to drive the Data Acquisition System, which requires a gignal
magnitude of the order of 1 volt. A pre—amplifier (with gain variable
between 175 and 440) has therefore been included in the energy monitor

to produce such a signal. A further stage of pre—anplification (gain 10},
is necessary in the monitors situated at the output of the short and long

pulse rod amplifier chains, to attain the 1 volt signel level.

The actual construction details of the monitors are shown in Figure 1.09.
The outer casing is an anodized metal tube, which slides over the inner
assembly, consisting of two circular metal discs joined together by two

metal bars. The fromt disc has a glass window in it, through which the
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laser pulse passes, onto the calorimeter (which is itself thermally
insulated using “bubble pack”, to winimise variations in output due to
changes 1n ambient temperature). The pre—amplifier is mounted on the
bars, and its output 1s connected to a lemo socket on the rear disc. The
monitor 1s connected to the Data Acquisition System from this via a
twisted—palr cable. Each monitor pre-amplifier has its own Individual

mains operated power supply.

The calorimeter heater coill is alsc connected to two sockets on the rear
disc {which are not shown on Figure 1.09), sc that the monitor may be
teated independently of any laser input. For thls purpose, a battery
powered clrcult has been bullt, which provides a pulse of known electrical

energy; enabling any monitor to be rapldly and easlly teated.

1.3.3(b) Pulge Length Measurement

A Hadland streak camera has been ordered to be used in the laser room for
measuring the pulse lengths of the beams. The camera will be sltuated
near the six beam outputs and fibre optic cable {BICC type 701423002) will
be used to relay to it beams which have been sampled at various points in
the system. One test has been performed which involved sending the short
(70 ps) pulse oscillator into TAl via 70 m of fibre optic cable to measure
the pulse length on the target area streak camera. No noticeable
degradation of the pulsegs occured. When used in the laser room much less

cable will be required.

1.3.3(e) Beam Profile Imaging

It is intended to record images of the beam profile from each of the
outputs. This will involve the use of solid-state cameras and frame
stores which digitise and store a2 single television frame. The plcture
information will then be archived onto magnetic tape. This system will
also be used to store streak images showing the temporal profile of the

beam.
Cameras from two manufacturers were tested using the Nd:YAG laser and also

1.12

oscillator pulses. As shown in Figure 1.10 the gamma of some of the
cameras changed when pulsed light was used. The General Electric TN2200
camera was a low resolution model {128 x 128 PIXELS) and so could not be
used even if the gamma of 1.25 was acceptable. Therefore the GE TN2306
appears to be the best cholce for a camera. If further tests show that it

i3 satisfactory it will be the standard camera for use with diagnostics.

Several manufacturers frame stores have been Investipgated for possible
use. However because of the nature of the laser an expandable system is
required which will enable many cameras to be used. As a result of this
constraint together with financial ones a frame store which is marketed by
Hakute has been chosen. This device stores a single frame in 1ts memory
when given a command and then can transfer the digital data te the GEC
4080 for archiving or analysis. Many memory channels can be used and
these are managed by an LSI-11/02 microcomputer which organises the

transfer of the data to the main computer.

A Brasher, D Gleed and A Raven (RAL)

1.3.4 Computer Control and Data Acquisition

1.3.4(a) General Development

The GEC 4080 computer system has been further enhanced during the year to
extend exleting facilitles and provide new control and data acquisition

funetions.

As a result, response to background tasks, such as controllipg the micro-
densitometer and in particular programme development has become ever
slower. This 1s largely due to the time the computer spends swapping
programs and data between central processor memory and disc. The response
has therefore been improved by increasing processor memory from 128 Kbytes
to the maximum for the 4080, of 256 Kbytes. The whole store has now been
implemented in semiconductor technology. The increased cost, over simply
adding another 128 Kbytes of core, has been offset against significant

savings in annual maintenrance charges.

1.13
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Fig. 1.10 Results of camera tests.

The main laser control program again required updating to accommodate the
recent laser upgrade. 1In an effort to avoid gross misoperation,
facilities have been included for checking the laser configuration against
a “"standard” seﬁ of configurations and the laser cannot be fired unless it
complies. To record or modify the standards requires a password not

available to the operator.

Stand alone programs have been developed during the year to analyse EXAFS
data. The microdensitometer program has been extended to cope with large

area scans in connection with gas laser beam profile analysis.
1.3.4(b) Control Console

A new console has been installed to provide a centralized laser control
system. It houses a colour TV monitor, computer terminal, waveform
digitizer monitors, a touch screen and communications systems. The colour
TV monitor normally displays the laser layout but 1s used to show
capacitor voltages during the charging sequence. It is also available for
other computer generated displays. The touch screen is made of glass and
is mounted in front of a TV monitor. It provides a 4 x 4 matrix of touch
sensitive areas acting as push buttons. The function of each button and
the message displayed behind it are under computer comtrol. Using this
conbination In a hierarchical manner a comprehensive set of laser controls
will be provided. Latching circuits have been installed to allow computer
controlled devices to be switched by pulses from the computer; each pulse
simply changing the existing status. Manual control of the switeh has
also been provided for test and maintenance purposes. Using this
technique, together with a status Indication to the computer means that
computer/manual switches are not required and the laser status quo can be
maintained over computer power up/down and at initial programme loading

time.

It 13 proposed to add other monitors to the control console to display the

laser galn profile and beam spatial energy distributions.

l.14



1.3.4(c) Energy Monitoring

All energy monitoring on the glass laser now uses calorimeters (see
1.3.3(a)); replacing the light dliodes used previously. A CAMAC unit has

been bullt to read the calorimeters into the computer.

The signal is amplified at the calorimeter to about l-volt and transmitted
via shielded twisted pair cable to the CAMAC unit which can accept up to
12 inputs. The unit is micro-processor contrclled and incorporates a 12
bit hybrid data acquisition sub-system comprising a multiplexer,
instrumentation amplifier, sample and hold circuit and 12 bit ADC in one
package. Twenty milliseconds before a laser shot the unit is triggered
and scans all the emabled inputs to obtain a background reading. About 45
ms after the shot, when EM interference due to the shot has gubsided, the
enabled inpute are again scanned for a period of 4 seconde to allow the
peak reading of each input to be obtained. The background reading 1s
subtracted from the peak and the unit may then be read via the CAMAC
dataway by the GEC 4080 computer where the readings are cooverted to

Joules, using approprlate calibration factors, for display and legging.

1.3.4(d) Wave Plate Attenuators

During the recent laser upgrade varilable optical attenuators have been
installed and the operating procedure changed. Previously laser output
wag controlled by adjusting amplifier flash lamp voltcge settings but now
the voltages are fixed while laser output is controlled using the
attenuators. Attenuvation is varled using rotating waveplates (section
1.3.1(b)) driven by stepper motors which rotate the waveplate by 0.1° per
step. A unit has been constructed in a EUROCARD support frame
incorporating an "Esgex Tiny Basic Computer" and driver cards for up to 4
stepper motors. A program written in BASIC resides in PROM in this micro—
computer which issues step pulses to the motor drives, keeps track of
motor position, receives commands from the front panel push buttouns and

communicates with the GEC 4080 via an RS 232 unit in the CAMAC dataway.

M Forster, C Reason and P Gottfeldt (RAL)
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1.3.5 Extended Clean Room Facility

In order to accommodate the asgembly of three new disc amplifiers and
regular servicing of nine disc amplifiers an extended clean room area has
been established. This extended area includes several new facilties,
essentlal for testing, cleaning and assembly of components assoclated with

the laser system.

The principal facility added to the clean room i1z the high pressure freon
spray booth. This consists of a sealed box capable of holding the
component parts of a disc amplifiler which are then ¢leaned using a hand
held gun spraying a freomalcohol mixture of approximately 1000 psi. The
freon-alcohol mixture, after spraying, 1s collected, distilled and stored
in a large tank ready for re—use. The cleaning of components, using this
method, has proved both faster and more hygenic than the previous portable
B0 psi freon spray.

Another facility added to the clean room area is the disc amplifier flash
lamp test facllity. This facility allows the carrying out of infant
mortality tests on new flaehlamps now being manufactured in this country,

prior to installation In disc amplifiers (sBee 1.3.7).

A CW YAG laser has also been Installed in the new clean room area. This
laser is used to carry out acceptance tests on varlous optical elements,
including the determination of the transmission and reflection properties

of dlelectric mirrors and polarisers.

The Zygo interferometer and its assoclated vibration isolated table have
also been installed in the clean area, enabling most tests on optical

elements to be carrled out under clean room conditions.

Additional storage facilities have alsc been installed, in order to

accommodate the wide range of spares required for the disc amplifier and



the many optical spares for the remainder of the system.

N Allen, S Sunderland and R Wellstood (RAL)

1.3.6 Single Beam Disc Amplifier

Future upgrade proposals for the glass laser system include an increase in
performance of the single beam line to meet future needs for single beam
experiments and to keep the backlighting beam power inm line with advances
in power and enmergy available for compression experiments. The first
stage of this single beam upgrade would provide twice the energy and power
currently available with a ¢ 108 mm disc amplifier and would therefore
need to be of about twice the beam area. Thus it has been decided to
build a prototype ¢ 150 mm amplifier in a form as efficient and economiec
as possible. Figure l.ll shows the design of this amplifier. The "box'
design gives high efficiency and fewer lamp cirecuits; larger bore lamps

(¢ 20 mn 1/D as opposed to ¢ 15 mm 1/D) improve efficiency and reduce the
number of lamp ¢ircuits; and optimum concentration of neodymium at 3%
gives high gain and hence low B-integral. Using LLNL galn data for the

¢ 150 mm amplifler should give a small signal gain of nearly 5 using only
12 lamps (6 lamp circuits) and a stored energy (180 klI) less than
currently used to drive the ¢ 108 mm amplifiers.

Figure 1.12 gives the expected performance of a single beam line using
this amplifier showing several modes of operation. 4 prototype amplifier
and power supply 1s currently under construction.

I N Ross (RAL)

1.3.7 Flashlamp Test Facility

In operation flashlamps used in the disc amplifiers are conservatively tun
and in principle a life of ~ 106 shots can be antlcipated. However, due
to presently unidentifiable defects, some lamps exhibit a so called
"infant mortality” and do not survive the first few shots. Until recently

the lamps used have been subjected to am infant mortality test at source

1.17

but a new UK supplier has been unable to provide this service. The
availability of a test facility at RAL was lmperative in order to
eliminate lamps showing Infant mortality before inmstallatioen in the dise

amplifiers.

The test procedures are based on LLNL specification LES 2292. The lamps
which are 20 mu diameter and 1295 mm between electrodes are tested singly
at twice the normal enexgy, ie 20 kJ. The pulse forming network was
designed to produce a 10% to 90% rise time of 150 ps, a peak current of

7 kA and to be eritically damped. Details of the PFN together with a
typlcal current waveform are shown in Figure 1.13. It can be seen that
the design parameters have been substantlally met apart from slight

underdamping.

The facility is designed to test lamps semi automatically. It consists of
four unite; a charging supply; the PFN, ignitron and lamp housing (see
Figure l.14); a local controller and an Apple II microcomputer. The
charging supply is manufactured by Hartley Measurements Limited and is
capable of charging at 600 J/s. The capacitor and lamp housing i3 in two
gsections. The lower section contalns the PFN, ignitron and dump circuit
while the upper sectlon houses the flash lamp mounting and pulse current
transformer. The Apple II microcomputer is isolated from the high voltage
and electrically noisy environment of the pulee circuits by a fibre optic

link to the local coutroller based on a 6502 micro-processor.

The local controller directly controls the duap relay, the power supply
and the ignitron firing but only under command from the Apple, the only
action it can inltiate on its own 1s dropping the dump relay and turning
off the power supply. It will do this i1f the dump relay is up and it has

not received a command from the Apple in the previous 50 ms.

As explained the Apple does the controlling, data gathering, analysis and
storage. It does this with a 10 K basic program supplemented by 1 X of
machine code and % K of shape table. The program is menu based for ease
of use and leads the operator through the necessary procedures until it

starts the charge sequence. From then on the facility is completely

1.18
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automatic until the test 1s complete or a lamp fails. The program also
contains sections to recover and display data on disc and to test the
electronics.

After each shot the Apple collects the current waveform from a digitizer
in the local controller, displays It on the screen and then stores it on
dise. A patch into the Apple's disc operating system was written to do
thlis efficlently. The peak current and time to peak current are then
measured and if both are within preset boundaries the lamp 1s deemed to be

good and if there are still shots to be done the sequence is restarted.
Lamps have been observed to fail in a number of ways, some continuing the
discharge almost to completion before showing any perturbation of the
normal current waveform. However, it does not seem that these waveforms

can shed any light on the precise mechanism of lamp fallure.

M Forster, R Day and P Gottfeldt (RAL)

1.4 Target Areas

l.4.1 Existing Target Areas

In order to correct an imbalance in demand for the twe target areas caused
by user requests for X-ray backlighting experiments in plane geometry in
addition to the spherlcally symmetrical experiments for which Target

Area 1 was designed, a second beam was brought into Target Area 2. It is
derived from the 6 beam driver disc amplifier following the output vacuum
spatial filter. As with the original Target Area 2 beam derived from the
"backlighting”™ channel, one remote controlled mirror can be inserted to
switch the beam from one target area to the other. Either or both beams
can be delivered to Target Area 2 with independent long or short pulse
operation. Either beam can be brought to the north, south or top parts of
the target chamber: the layout and wavelength combinations available are
shown in Figure 1.15. An additional remote controlled target mount has

also been installed for backlighting experiments.

The alignment systems in Target Area 2 have been improved to permit more
rapld wavelength changes. All-mirror optics are now used in TV
comparators, and Cassegrain telescopes are now used to observe the target
as well as to produce the expanded alignment beams. The injectlion of CW
lasers at 1.064 um, 0.633 mm, 0.514 (or ©.528) ym and 0.35. ym has been
simplified for the target area operator. The layout is shown in Figure
1.16.

An improved method of harmonic cyrstal alignment is now in operation in
Target Area 1. This uses a wild self-levelling level as an absolute
horizontal reference to ensure that the laser beams ineident En the
harmonic conversion crystals can always be maintained at the same angle to

the crystal e—axes, which are vertical.
R Eagon and W T Toner {RAL)

1.4.2 New Target Areas

During the past year detalled design studies have been carried out to
establish the space and equipment required for the construction of a 12
beam target area. These have resulted in the construction of a building
extension measuring 25 metres x 12 metres on the north side of the

existing target arceas.

Contracts have been placed for the complerion of this building, and
modifications to Target Area 2, so that by the Autumn of 1983, two new
target areas willl be avallable for fitting out (Target Area East and
Target Area West) together with a central control room and air
conditioning plant room. Access to these areas is from the existing
control room via a mezzanine floor in Target Area 2, which will also
eventually provide space for a beam switch yard. Target Area West is in
line with Target Area 1 and will house the 12 beam target facility, the
switech yard being used to divert the beams into Target Area West.

Contracts have alsc been placed for the construction of a new sgpherical
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vacuun chamber for the twelve beam system. This is scheduled for

completion by September 1983.

J E Boon and W T Toner {(RAL)

1.5 Optical Development

1.5.1 Aspheric Lenses

& considerable amount of work has been carried out on the design and
manufacturing procedure of lenses for the propocsed twelve beam system.
The final F number of the focusing optics was chosen on the basis of
several conflicting requirements but paramount amongst these was the
requirenment for uniformity of illumination based on our theoretical

estimates and outlined in last year's Annual Report.

Two lens systems have been designed based on a focal aperture of F/2.5.
The first design is a doublet lens iIin fused silica based on previocus
design {(1.06). It is found in practice, with proper balance of power
between components, that a lens covering the wavelength range

250 < X < 1055 nm with virtually diffraction limited iwmaging can be
readily designed. Such lenses have a reflective loss of ~ 20% in the
absence of antireflective surface coatings. In practice it 1s found that
such coatings damage at high power levels, 1m most cases, forcing the
lenses to be operated uncoated. A singlet lenas, of sultable optilcal
quality and able to operate over the wavelength range of interest, would

offer a considerable advance over lenses in current use.

The design of such a multiwavelength singlet lens has been carrled out
(1.07). The principle underlying the degign of the lens is that, unlike
the conventional aspheric, which is made to satisfy Fermat's principle at
one particular wavelength, the lens is designed with an aspheric surface
that is perturbed so as to wminimise the aberration at more than one
selected waveleagth. This can be done by balancing the stigmatic
performance of the lens at 1ts nominal, or design wavelength, against the

spherochromatic aberration incurred in operation at some other wavelengths

1.21

by successively adjusting the coefficlents defining the aspheric surface.
This procedure should not be confused with the more common damped least
squares minimising procedure operating on the Seidel coefficlents (which

is in faet a particular case of this more gemeralised case}.

Theoretical Investigations suggest that a lens based on this principle and
covering the entire wavelength range of lnterest could be designed whose
performance would be such that it would produce the necessary uniformity
of 1llumination when used in a twelve beam system. A trial lens is

currently in the proceas of being manufactured.
D J Nicholas (RAL)

1.5.2 Uniformity of Multi-Beam Illumination

1.5.2(a) Uniformity for Six Beam Illuminaticn

Calculations have been carried out with respect to the parameters which
affect implosion uniformity (1.06)(1.07). In particular it was useful to
look for the best comditions for uniformity with six beam illumination,
where the adjustable parameters are the luput beam profile (assumed to be
a supergaussian with variable power index), the input beam diasmeter, the
lens focal length and the target defocus distance. For an assumed inverse
square electron density distribution at the target gurface the energy

deposition in the corona 1s given by:

D(4) = I(4) cosp

where ¢ = ray angle of Incidence at target surface and 1 = incident

intensgity.

Using this trelation the non—uniformity of energy deposition has been
calculated for six beam illuminrtion. Figure l.17 shows parameter reglons
giving less than 5% nonuniformity where the target dafocus = p x target
radius. It can be seen that 1f N is chosen to be say 1.3 (not much

'squarer' than a gaussian) and the beam width parameter to be say 20° then

1.22
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good uniformity can be achieved with a reasonable tolerance to changes Iin
the parameters. Also shown are the corresponding values of intensity for
each beam at the edge of the target, giving an indication of the extent to
which energy missed the target.

Filgure 1.17 applies early in the laser pulse when the plasma scale length
is still small compared to the target size. As the plasma expands 8o the
depogition moves outwards resulting in improved thermal smoothing. Also
the energy in each incident ray becomes deposited over a considerable
distance along the ray path (over a considerable length across the target
surface)} leading to a second smoothing process, refractive smoothing. An
illustration of the deposition non—uniformity later in the laser pulse
when the plasma scale length 1s appfoximately equal to the target radius
is shown in Figure 1.18. The effect of refractive smoothing in giving
good uniformity over a wider range of parameters 1s evident by comparison
with Figure 1.17. It cam alsoc be seen that good uniformity can still be

achleved later in the pulse with the same beam parameters.
I N Ross (RAL)

1.5.2(b) Uniformity of Multi-Beam Illumination

In last year's CLF annual report we described calculations of the
uniformity of 1llumination of a spherical target with 6 and 12 super—
Gaussian laser beams. The calculations did not address the problem of
abgorption. The uniformity of a spherical implosion is determined by the
uniformity of drive pressure rather than the uniformlty of illumination.
The peneration of pressure is affected by the fractional absorption of the
incident laser light and by the efflclency of its transport from the
region of absorption in the corona to the dense plasma at the ablation
surface. The relationship between the incident energy and the drive
pressure Is complicated. It depends on such factors as the density
profile in the corona, which will vary during the course of an implosion,
and the ratic of resonance to inverse Bremsstrahlung absorption.
Consequently, we do not attempt to represent thls relationship accurately,

but Iinstead explore the sensitivity of the drive pressure uniformity to
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this relationship. We assume that the drive pressure P generated by each
beam at one point on the target 1s related to the Iincident irradiation I
by

Pu =1 (cos 1)n

where 1 1s the angle to the normal at which the laser radiation is
incident on the target. We then calculate the pressure wniformity for
values of 0 < n < 5, If the drive pressure 1is proporticnal te the
ineident irradiation then the correct value for n 1s zero. If the energy
is weakly absorbed on a linear density ramp then n = 5 (1.07). We can
expect n to lie somewhere withim this range.

The percentage non-uniformity, defined as 100 (Pmax - 8

Pmin)/Pmin' 1
shown in Figures 1.19 and 1.20 for second, third and fourth power super-
Gaussian beams focused at a distance s times the target radius beyond the
target ceatre. The value of n is different for each graphs n =0, 1 ...
5 for graphs a,b ... f respectively. Figure 1.1% is a plot of the results
for 6 £/1 lenses, and Figure 1.20 is a plot for 12 f£/2.5 lemses. The 12
beam system is found to be much less sensitive to the value of n, as might
be expected, because the beams are more densely packed on the surface of
the target so that rays at large angles of incidence are less important.
The poor uniformity found In scme cases such as n = 4, 5 for 6 lenses
could in principle be improved by boosting the outer part of the beam but

this requires a knowledge of the actuval relationship between P and I.
A R Bell and D J Nicholas (RAL)

1.6 Target Production and Development

The routine preparation, characterisation and mounting of mlcroballoon,
mlcrodisc and multilayer foll targets has once again cccupled most of the

time of the target fabrication group during the last year.

Target development activitles have centred around investigations of new

methods for producing structured microdisc and microballoon targets for
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experiments studying growth of Rayleigh-Taylor instabilities. Preliminary
experimeﬁts of this type using streaked X-radicgraphlc techniques to
observe the instabili:g growth rate 1ln accelerating targets have already
been performed suceessfully using rippled wmicrodisc targets. These
targets have been produced relatively easily by evaporation of 2-3 m of
aluminium through a mask, having an array of 500 um diameter apertures,
onto the surface of a Moiré fringe grating of suitable line periodicity.
Gratings available have deposited chrome stripes 0.5 pm high of
periodicity from 150 to 20 lines per mm (Le stripe/space widths fom 5 um
to 25 pm). The evaporated microdiscs produced by this method replicate
the grating surface structure well and when released make purely rippled
targets with minimal varlations in areal density across the target
surface. Such targets are ldeal for tramsmission X-radiography

experiments.

Two new target structuring processes have been investigated. The first of
these ilavolves reactive fon beam milling and consists of irradiating the
gurface of a polymer with a beam of 5 keV oxygen lons from a small iomn
source. At current densities of about 10 ma/cm? etching of the surface at
a rate of a few microns per hour occurs and consequently 1f a metallic
mask is placed in front of the polymer the pattern of the mask 1s etched
onto the surface by the collimated ion beam. Etchlog Tates of metals by
oxygen lons has been found to be significanlty lower than polymers and
consequently mask erosion is not a problem. Various nickel masks have
been made, by photolithography techniques, consisting of bare and spaces
in a comb like structure with bar and space width of 10, 20 and 40 ym.
Using these masks line patterns have been milled successfully up to
several microns deep in the surface of mylar microdisc targets. Such
targets are not as sultable as rippled mlcrodiscs for transmigsiom X-
radlography experiments due to the variation in areal density across the
target surface. They are however sultable for X-ray backlighting
observations of Rayleilgh-Tayler instability growth though exact alignment
of the microdise ripples and observation axis is difficult. To overcome
this problem the ion milling techulque has been extended to structure one
gide of mounted polymer coated microballoon targets of 200 =300 um

diameter. Due to their cutvature such targets are ideal for observation
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of instabllity growth at the ablation surface when irradiated on the
structured face using 3 beams of the 6 beam compression facllity and uslng
pulsed X-ray backlighting methods. TFlgure 1.21(a) shows a SEM photograph
of a polyxylene coated glass shell with a 10 pm bar pattern produced by
lon milling.

The second target structuring method 1s novel and relatively simple and
utilizes a small rare gas halide laser. It has been found that when
polymers with high absorption coefficient are irradiated with ultra-violet
photons from either ArF (A = 193 nm) or KrF (X = 247 nm) lasers at pulsed
power densities of about 10 MW/cm? decomposition of a thin surface layer
occurs and material is removed. At an energy density of about 0.1 J/em?
about 30 nm of material is removed per laser pulse (15 ns) from mylar
(PET). By placing & metallic mask in close coantact with the polymer
suitable patterns can be photo—etched into the surface. Since this
process 1s so simple and can be carried out in air with no chemlcal
development phase it is of great interest at present to determine its
relevance to integrated cirecuit lithography processes (see sectilom 3.6) .
Using this laser etching technique with the 10 pm bar and space nickel
masks, acquired for ionm beam milling, patterns up £o & few microns deep
have been etched very successfully in the surface of 12 and 25 ym thick
mylar folls. 3550 and 270 um diameter mlcrodisc targets have been prepared
from these foils using precision micro-punches. Figure 1.21(b) shows such
a lager etched microdisc target. Work 1s continuing to further develop
and understand the process and to determine how etch rate depends on
photon energy, power density, polymer structure and absorption

coefficient.

The manufacture of pure polystyrene shells by solvent drying technliques
has been described in detail in last years report. The problem of such
shells for X-ray spectroscopy experiments 1s that gas retention lifetimes
are very short for sultable gases auch as neon and argon. Attempts to
manufacture shells by similar techniques from polymers with lower
permeabilities have so far been unsuccessful and consequently alternative
methods of solving the poor gas retention problem of polystyrene shells

have been evolved. Various high molecular welght gases contalning
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.21 (a) S5.E.M. Photograph of a polyxylene coated glass shell target
with a 10 ym pattern produced by reactive ion milling.

1.21 (b) S.E.M. Phortograph of an excimer laser etched microdisc

targec.

sultable high atomic number constituents have been Investigated and their
polystyrene permeabilities checked. Measurements have indicated that
Freon 12 (dichlorodiflucroethane) has a sufficiently low permeability for
experimental purposes and that when polystyrene shells of 200 pm diameter
and 10 pm wall thickness are immersed in Freon 12 at room temperature the
air diffuses out and is replaced by the Freon in roughly one hour. This
time is not long enough to store Freon Filled target for lengthy periods
but is adequate for Implosion experiments if targets are transferred
rapidly from the filling rig to the target chamber. Implosions in which
core densitfes have been diagnosed by X-ray spectroscopy of chlorine line
emission have been performed successfully using Freon 12 filled .
polystyrene ehells. In these experiments delay times between removal of
the target from the filling rig to the time of the laser shot were reduced
to less than 5 minutes during which period F11l gas pressures would fall
by only a few per cent.

C Brown, B Child, S Hallewell, X Hollingworth, N Prior and P Rumsby (RAL)

1.7.1 X-ray Framing Camera

X-ray and. optical streak cameras such as cthe Hadland 675 can be used in
framing mode, but repeated frames can only be obtained at about one frame
every two nmanoseconds. To be of Interest Iin laser compression experiments
a framing rate of ten times this value is desirable although useful
information could be obtained with slightly slower framing ra.es.

In a conventional streak camera operating in framing mede, a staircage
voltage is applied to the defleetion plates so that an image is moved
successively to differeat points across the screen. The electtron beam may
be blanked off during the movement but In many cases this 1s not necassary
since exposure in between the image positions is relatively low. The
major limitation to the framing rate of such a streak camera arises
because of transit time of electrons past the deflection plates. Thus
even if one were able to apply a very short rise time pulse to the
deflection plates, the image would not completely have moved until one

electron transit time later. This ctime is typically 400 ps. 1In additien
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to this, capacitance deflection plates are difficult to drive with very

fast rise time pulses.

Both of these probleme are overcome by using a travelling wave deflectlon
structure whose effectlve tramsit time can be reduced to 30 ps and which
can be readily impedance matched to strip line, microstrip or coaxlal

cable driving circuitry.

Varicus configurations for the travelling wave structure have been
consldered and one similar to that shown in Fipgure 1.22 is based on the
EEV P855 tube but has been built in a metal demountable form to allow ease
of modification.

Electrical rise time measurements on the deflection structure have shown a
10% — 90% rise time of about 70 ps. If this rise time were translated
directly to the electron beam it would allow framing times of

approximately 200 ps whilst still maintaining an acceptable resclution.

Static image resolution tests have shown a cathode resolution of about 18
lpp mm. This can be maintained with only & small loss of resolution over

the 50 mm diameter screen. Deflection sensitivity is about 30 volts/mm.

The fast rise time staircase waveform required to drive the camera is
produced by a silicom photo—conductling switch {Auston switch). Although
the silicon switch has to be used with a pulsed bias (to avoid switch
breakdown) it has a long carrier lifetime (> 100 ns) which is ideal for
this application. Thus when the switch is illuminated by a serles of very
short laser pulses, which individwally are incapable of driving the switch
into saturation, the silicon conductivity increases in a series of steps
producing a fast rise time staircase waveform. In the early experiments
the laser pulse train has been produced from a single short laser pulse by
means of a Fabry Perot but this results in an output waveform with rapidly
decreasing step height and tends to result in later frames overlapping.

Various schemes are under consideration to overcome this problem.

In the initial dynamic trials a 1.5 ns 10 J pulse was focused onto a brass
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target to act as a soft X-ray source for the framing camera. Two grids of
spaclogs 0.1 mm and 0.4 mm were placed directly in front of the gold
coated beryllimm cathode to act as simple resolution test. A synchroniged
5 mJ] 100 ps probe pulse was used ot illuminate the silicon switch after
passing through the Fabry Perot. The interpulse time was determined by

the Fabry Perot spacing.

Framed iﬁages of the grids were obtained for two settings of the Fabry
Perot producing 420 psec and 300 psec interframe times. The image
resolution was degraded along the time shift direction. At 420 peec
interframe time, the time axis photocathode resolution was 6 lppmm whereas
at 300 ps frame time the resolution had dropped to about 3 lppmm. This
resolution would be consistent with a step rise time of 120-150 ps-. since
the laser probe pulse width was ~ 100 ps thls suggests that the camera
deflection system has a rise time of 63 - 110 ps. This is not

inconsistent with TDR measurements of the electrical rise time.
T A Hall, C Kler and E McGoldrick (Essex Unlversity)

1.7.2 Sub-nanosecond Gated X-ray Intensifier

4 gated X-ray intensifier with a resolution of 50 ps has been developed by
a calaboration of Imperial College, AWRE Aldermagton and RAL.

Figure 1.23 shows the device. The bedy, housing a copper mesh,
microchannel plate, phosphor and fibre optic output window is constructed
from ceramic tubes and rings. The sectlons are vacuum-brazed together.
The microchannel plate is a Varian, type VWBS00Y, with a pitch of 14 um
and operating voltage up to 1 kV with a gain of 2.10%. The phosphor is a
Pll~type operating at 5 kV and having an opaque aluminium layer over it.
The fibre optic windew has 5 um diameter fibres. The copper mesh has a
pitch of 25 pm and transparency of 70%. This provides a ground plane for
the 50 ¢ strip transmission line in the vicinity of the photocathode. The
500 nm photocathode is made of Caesium Iodide, vacuum deposited onto
aluminised Mylar (3 im Mylar, 10G nm Aluminium). The Aluminium layer is

required to carry the gate pulse current and provide a conducting plane to
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ensure that the electric field Is perpendicular to the plane of the

photocathode. The cutput from the device 1s recorded on HP3 film dises.

The gate pulse was produced with an Auston switch using a Gallium Areenide
(GaAs) switching element which can maintain a DC electric field greater
than 1 kV mm~l. The GaAs was 6.5 mm wide, 10 mm and 0.3 mm thick.
Electrodes 4 mm apart were painted on with a silver preparatien which was
also used to atlck the chip across a gap in a strip transmission line.

The two—strip transmission lines, the Auston switch and the photocathode
assembly, were connected with 6.35 mm diameter semi-rigid co—axial cable.
This provided for remote positioning of the Auston switch outside of the
vacuum chamber of the Intensifier and laser-produced plasma. The use of
stripline for the pulse generator eﬁﬁbled easy access to the line

conductor for biasing both the switch and the gated intensifier.

The Auston switech pulse generator produced a fast rising edge. The
falling edge, to turn the device off, was produced by forming a

transmission line loocp (Flpgure 1.24). The positive and negative ‘edges'

emanate from the switch and run through each other on the opposite side of

the loop. The photocathode 1s positioned so that the negative edge
arrives some 100 ps before the positive. The DC blas to the switch is
removed from the loop with a single chip capacitor. The full circuit is
shown in Figure 1.24. In addition, the photocathode is biased to about +
100 veolts. The cathode responee to various bias voltages 1z shown in
Figure 1.25. The 100 V bias ensures that photoelectrons produced when the

gate 1s off cannot drift into the image tube.

The gated intensifier is a proximity-focused device. Consequently it 1s
subject to loss of resolution due to the lateral thermal spread of
electrons as they pass from element to element. Phota—electrons produced
by Ceesium Iodide have a gpread, Vu, of 1.6 eV. The corresponding thermal
spread distance at the mesh, a, is related to the photocahtode to mesh

distance, s, by

' )

g =
v
th

(X1
—
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Fig. 1.25 Micro densitometer traces grated intensifier images.

where Vg is the gate voltage, if the transit time ia less than the gate

time.

The stripline characteristic impedance is 50 &, for compatibility with
coaxial cables. Consequently the width to separation ratio, w/s, of the
etripline is ~ 5. The number of resolvable picture elements across the

photocathode is w/a. Hence

v o3
= 2.5 (&)
th

|2

With the 2 kV gate voltage available this gives 90 picture palnts.
»

The requirement that the electrom transit time to the mesh be less than

the gate time fixes

2 52,8
=) <

v
. By L
Therefore s < 0.94 (1000) (100 ps) mm
le 5 < 1.35 mm at 2 kV.
In order to produce more picture elements it is desirable to increase the

gate current. A reduction of stripline impedance is more beneficial than

inereasing the gate voltage as

¥ 12 (‘_’L]]’
o Zg vth

In order to measure the gating time of the intensifier, three plasma X-ray
sources were produced from one laser pulse. A 5.J, 100 ps, 1.05 pm laser
was split up with an angled etalon to produce geveral focal spots on a

solid copper target. Focusing with a 30 cm lens produced three bright X-
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ray sources separated in space by 400 um and in time by 200 ps.

Part of the same beam was extracted before the stalon and uwsed to drive

the Auston switch.

reflectivity of the

A variable delay was placed in this beam. The

etalon elements was such that the relative intemsity

of the first four pulses was 0.3, 0.49, 0.15 and 0.044, although the

fourth pulse was not visible. The plasma X-ray sources were imaged onto

the photocathode with a 50 ym pinhole using 1:1 magnification. A separate

ungated ilmage intensifier using a microchannel plate for photon detection

wag ugsed to monltor

the generation of the X-ray sources.

The apectrum of Cu is a quasi-continuum with broad bands corresponding to

unresolved L shell transition arrays. The duration of X-ray emission is

much longer than 100 ps. The intensifier was filtered with 6 m Al which

transmits 40% in the region X » 9 A, and begins to transmit again at

A< 4 A,

The intensifier can

record images when gated off because the photocathode

has a transmission of 30% to 8 A X-rays which liberate photo-~electrons

from the microchannel plate, albeit with a much reduced quantum

efficiency. Tests without gating the cathodes geve a null signal

corresponding to a denslty < 0.3 on Figure 1.26, The contrast between a

long gate pulse and

no gate is therefore ~ 100.

The X-ray emission from each source rises in ~ 50 ps (for a 100 ps FWHM

lager pulse) but decays more slowly. Consequently the first pulse is

still emitting when

the second pulse begina. As a result, If the

Intensifier is gated on during the second pulse it will still see the

first pulse. However, 1f the gate is turned off just before the fast

rising edge of the second X-ray pulse, then only the first is seen. In

this way the turn—off time may be estimated. In order to measure turn-on

times with confidence, an X-ray source with fast turn—off 13 required.

Some results are shown in Figure 1.26. Three shots are shown, #662, #748,

and #749. At the top of Flgure 1.26 are the results from a separate time—

integrating monitor.

On shot #662 the gate pulse was made very long and
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the intensifier has imaged three sources. Shots #748 and #749 vere gated
for 100 ps, shot #749 being gated 50 ps later. It can be seen quite
¢clearly that by gating just 50 ps later, the intensity of the second
gource has risen considerably. In additiom, the intensity of the signal
with a short gate pulse is ~ 0.1 of that with a long gate pulse,
indicating ~ 50 ps gating time. The turn-on time should be similar as the

circult 1s symmetric.

It is a pleasure to acknowledge the assistance of the MERLIN operating

crew at AWRE in testing this device.

A K L Dymoke-Bradshaw, J D Kilkenny (Imperial College} and S Smith (AWRE

Aldermaston)

1.7.3 Compact X-ray Streak Camera

The main reason for designing a miniaturised astreak camera is the ever
increasing competition for solid angle with the addition of new
diagnostics in the multibeam target chamber. The greatest saving in space
hag been achleved by develeoping a 50 { line-driving sweep circuit thus
enabling the electronics to be remote from the sweep plates. The
avalanche transistor c¢ircult is able to drive a 1.5 kV pulse with 1 ns
rigse time into 50 Q@ cable. Two such circuits, delivering positive and
negative going pulses form the heart of the sweep circuit. The maximum
gweep rate is ~ 20 ps/mm however tests on an optical streak camera at
Imperial College have demonstrated that a sweep rate of ~ 5 ps/mm is

possible although this is of little use for the X-ray streak camera.

The solid angle occupled by the new streak cawera 18 ~ 0.2 sr to be
compared with ~ 0.7 sr for the old TAl streak camera, with both
photocathodes at a nominal 20 cm from the target. The new streak camera
i3 sufficiently small to be re—entrant into a 250 mm port and hence can go

arbitrarily close to the plasma.

Other lmprovements are:
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(1) Modified electron optlcs giving reduced magnifications, thus

allowing a larger area of the photocathode to be used.

(11} Provision of a new intensifier with auvtomatic fiducial marking
and compatibility with 612 polaroid film.

{1i1) Provision of tlming and sweep monlitor output signals to
facilitate easy timing.

J Hares (Imperial College)

1.7.4 X-ray Pinhole Camera with Image Intensifier Recording

Early experiments at the Queen's University, Belfast {1.10) demonstrated
the feasibility of using an aluminised phoaphor screen as an optical
tranaducer. High efficlency counversion of moderate energy X-rays

{(~ 1 keV) Into visible light photons was obtailned im a P11l phosphor (areal
density ~ 5 mgs em™2), This light output could then be amplified in a
conventional image intensifier, the complete system providing a simple and

efficient X-ray recording medium.
Using this technique a high magnification X-ray pinhole camera is under
congtruction at the CLF for use in the forthcoming high density ablative

implosion experiments. The principal features of the design are:

(1) Image recording at the target chamber wall using the

phosphor/intensifier scheme outlined above.
(11 Variable magnification frem x 20 - x 50.

(iid) Pinhole alignment achieved by external mlcrometer drives acting

on the pinhole support tube held in a flexible steel diaphragm.
(iv) The large size of the detection phosphor screen (5 cm) facilitles
easy alignment even a2t high magnification (900 pm fileld of view at 5 x

magnification).
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Using this instrument and the technique of short pulse X-ray backlighting
(1.02) we hope to record good quality, high magnification radiographs of
the implesion experiments.

A J Cole, E Madraszek (RAL) and C L S Lewis (QUB)

1.7.5 Inertial Target Mounting System for Microballoomne

A beneficial international collaboration with the Max Planck Institut fur
Quantenoptik In West Germany has resulted in a novel prototype target
release device developed at MPIQ being adapted for use in trials om our

six beam spherical target irradiation facility.

Microballoon targets have generally been mounted on 5 to 10 ym glass or
carbon fibre stalks using epoxy resin. The stalk and its glue joint
introduce a significant non spherical perturbation when the target is
imploded and this 1s thought to degrade the compression. 1In the new
'mousetrap’ system developed at MPIQ (see Figure 1.27) the target support
is a flexible metal arm with a small graphite rod on which the
microballoon rests without any glue bond. The mounting arm has a
motorized X-Y-Z positioning mechanism. There is also a spring loaded

striker arm.

The microballoon target Is injected from a syringe through a stainless
steel capillary tube to a graphite nozzle positioned directly over the
target pad. The target is then aligned to & point 5 pm above the focal
point of the lenses. The system is fired by releasing the striker arm
with a rotary solenoid. After release the striker arm passes a magnetic
sensor which initiates the laser firing sequence. The timing is set up so
that the laser pulse hits the target 1 ms after the striker arm has hit
the target support arm. The combined speed of the support arm and the
striker arm is ~ 20 ms™! so0 the support arm is ~2 e¢m below the target and
the target has dropped 5 um under gravity when the laser pulse arrives at

the target.
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The system with adaptation to the CLF six beam target chamber has been
tested in preparation for a trial run in experiments scheduled for May
1983.

Figure 1.28(a) shows a microballoon of about 200 pm diameter sitting on
the pad and Figure 1.28(b) shows the microballoon's position 9.25 ms after

removal of the support pad.

A R Damerell, C Brown, R W W Wyatt (RAL), R Sigel, G Tsakaris and W Haas
(Max Planck Institut fur Quantenoptik, W Germany)
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CHAPTER 2 GAS LASER DEVELOPMENT

2.1 Introduction

The main advance in gas laser development during the 1982 reporting year
has been the successful completion of the Sprite laser project. Laser
ogcillation was first achleved in May 1982 and by the end of the year an
cutput pulse of ~ 220 J with a duration ~ 45 ns had been demonstrated.
Low divergence (< 100 uR) beams of > 160 J had also been obtained using

25 cm diameter unstable resonator optics on the laser.

With the successful operation of Sprite our efforts have now switched to
solving the problem of pulse compression (and assoclated power
multiplication) of KrF lasers. In particular we have started work on a
project the aim of which 1s to compress the output of the Sprite laser
into a 1 ns pulse with an efficlency of > 50 %, ie > 100 J pulse energy.
This will be achieved using a scheme of staged optical multiplexing of KrF
and methane Raman ampliffers and preliminary experiments on the Raman
devices have just begun. According to our schedule the 268 nm pulse
compressed Sprite laser will be available for target experiments in 2-3
years time. This UV target facility will act as a test bed for a 4-5 kJ,
0.6 ns multibeam 268 nm compression lager, QBERON, which will be
congtructed if the technology of the Sprite system proves successful.

Research work on phase conjugation has continued during the reporting
year. HNoteworthy here has been the shortest wavelength demonstration yet
of phase conjugation using a 193 nm ArF laser. A narrow line (~ 0.5 cm™ 1)
ArF discharge laser had to be specially developed to demonstrate phase
conjugate reflection from triflucropropanol and hexafluropropanol SBS

mirrors.

F O'Nelll

2.2 The Sprite KrF Laser

2.2.1 System Development

Over the past year the main improvements to the Sprite KrF laser system
have been the installation of laser triggering on the PFL gaps aund the
development of a reliable foil glueing technique for the main pressure
foil. These improvements have resulted in a large increase in the
reliability of the machine which has to date been fired several tens of

times at full power and several hundred times at reduced power.

2.2.1(a) The Laser Triggered PFL Gaps

Previous LFC annual reports have discussed the operation of the Sprite
machine with the PFL gaps firing in self-break mode. Figure 2.0l shows
the block diagram of Sprite with laser triggering. The laser used for
triggering is a small KrF discharge laser whlch was constructed in-house
using the internal peaking capacitor design. This laser glves 2 maximum
output energy of 100 mJ in a 20 ns FWHM pulse with a 2 ne (10-90%) rige-
time. An m = 20 positive branch confocal resonator is used which gives an
output beam divergence of better than 0.5 mRad. The laser is switched by
a mldplane-triggered spark gap which is triggered from a 50 kV, 2 ns
risetime pulse derived from a capacitive divider measuring the voltage on
the output terminal of the main spark gap in the water capacltor. The
inductors charging the four Sprite PFL's and the delay line to the laser
are chosen so that the laser pulse arrives at the output gaps when the
voltage on the line is a waximum. The jitter In the laser output pulse
(relative to the trigger pulse) was measured to be * 2 ns (jitter is here

defined as the standard deviation of the delay distribution).
The laser beam is split into two using a 50% beam splitter and into four
using a further two beam splitters and steered into the four PFL gaps

using AR coated 90° prisms.

The lager triggering beam enters the PPL through a fused silica window as

shown in Figure 2.02 through 150 mm of water before entering the SF.
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chamber through another fused silica window. Fortunately the absorptlon
of 248 mm radiation in the filtered, de-ienized water is rather small.
Alignment is inltially achieved using a HeNe laser beam which is cellinear
with the KrF beam. This beam is arranged to enter the PFL window normally
and when correctly aligned the HeNe beam passes through the anode hole and
can be seen lighting up the plastic gas outlet tube of the spark gap.
Unfortunately it is not possible to see into the gaps when they are
assembled to ascertain whether the gas is actually breaking down or not,
however this can be done acoustically by breaking into the gas outlet tube
(with the SF, pressure at 1 bar) and listening for the characteristic
“erack” of laser breakdown. The laser intemsity at the focus is given by
I = 4E/wt£202 where E is the energy per pulse, t the pulse duration, f is
the focal length of the lens and 8 the full angle beam divergence.

Setting I equal to the breakdown threshold in 5F. of approximately

2 6W em~ 2 (2.01) we calculate the minimum laser energy required for

breakdown as 400 u} from the 20 ns pulse length discharge laser.

The main result of laser triggering was to give a dramatic improvement in
the timing of the PFL gap firing over the self-break performance. This 1s
clearly shown in Figure 2.03 which shows the charging waveforms of the
PFL's with and without laser triggering. Quantitative measurements of
delay and jitter were made by triggering two 7844 dual beam oscilloscopes
from the laser beam. Each chaonel meazsured a PFL voltage as recorded by a
capacitative voltage monitor situated about 20 cm from the output gap-

The rapid change in the sign of dV/dt as the V/2 step propagates past the
voltage monitor gives a sufficleatly easily determined point on the
waveform to measure the switch closure time to an accuracy of about

+ 0.5 ne. The absolute t = 0 delay time 1s positioned on the oscilloscope
traces by placing a photodiode at the PFL laser entrance window and
recordling the pulse arrival time on the veoltage monitor trace using the
same cable length as that used by the voltage moniter. Allowance is then
made for the propagation time of the laser pulse to the gep centre aund the
propagation time of the EM pulse from the gap in the water dielectric to
the voltage monitor point. The absolute accuracy of the dealy time
measurement 1s though to be about * 1.0 as. Flgure 2.04 shows the

variation of delay with gap pressure which, uslng the self breakdown
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characteristic for the gap, may be related to the fraction of self-
breakdown voltage at which the gap triggers. The bars in Figure 2.04
indicate * 1 ¢ in the distribution taken over typically &4 shots which
gives 16 measurement of delay. Figure 2.05 gives the variation of delay
and jitter with laser energy per gap. The threshold agrees well with the
calculated value of 400 pJ. The relatively slow variation in delay and
jitter with laser energy is an extremely useful property of the triggering
system and means that it is relatively insensitive to slight misalighment,
dust on optics etc. Our experience over several hundred shots with this
system Is that it is rugged and extremely reliable and is an lmportant

technological advance for high power laser system.

D Baker, D Craddock, C B Edwards, F 0'Neill and M J Shaw (RAL)

2.2.1{b) E-Beam Foil Bonding

A conglderable amount of effort in the past year has gone into finding the
most suitable bonding technlque for the main pressure foils on the laser
cell. At the outset it was declded to use a bonding technique for the
pressure foils for Sprite since previous experience had shown that with
the use of pre-foils a pressure foll could last for thousands of shots and
thus frequent replacement was not required. Inltially Inconel foil 25 um
thick was bonded to the stainless laser cell using epoxy adhesive.
Experience with this foil was not good since although the main bond did
not fail, this thickness of Inconel was found to be prome to develop small
leaks especlally near to support structure ribs where the foll was sharply
creased. A second cell was tried using untreated 25 pm titanlum foll
which was bonded to the cell with cyanoacrylate adhesive (Eastman 9210).
Although thie foil was superlor with regard to pin-hole formation, the
bonding technique was unsuccessful due to the poor shock resistance of
cyanoacrylate bonds. The folls experience a pulsed loading when the e-—
beams are fired into the laser gas, The final and successful foil and
bonding technique used employed a 35 pm titanium foil which was pre-
treated in a hydrogen peroxide bath (2.02} prior to bonding to produce a
unliform oxlide layer on the surface cf the titanium which had far superior

bonding properties to that of the bare metzl. An added advantage of thia
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pre—treatment was that the foils were rendered dull, the colour varying
between light straw to dark grey depending on thickness of the oxide
layer, with a matt surface. Thus the foll reflectivity is expected to be
leas than for the bare metal folls. The adhesive employed is Redux 410
{Ciba-Geigy) which remains slightly flexible on setting and appears to
have excellant sheock resistance. The whole pre-treatment and bonding
procedure is done Ln—house and has, after some practice, been found to be
relatively easy. A detalled description of the procedure is avallable
from the Chemlcal Technology Group (2.03) at Rutherford Appleton Lab. One
such cell foiled in this way has by now withstood many hundreds of shots

without failure.

D Baker, D Craddock, J Landgridge and M Shaw (RAL)

2.2.1(ec) E-Beam Performance

The Sprite electron beam syatem has so far met the specification figures
and with present modifications may well exceed them. The single most
important item determining the e-beam performance 1s the laser triggering
system. This allows routine charglng of the PFL's to over %00 kV giving
10 kJ of stored energy in the lines. The Sprite system i1s only properly
matched when all four lines fire simultaneously and thus laser triggering
ingures proper matched performance of the system. Prior to laser
triggering, operation at high voltages almost always led to breakdowns due

to reflected energy from the mismatched diodes.

The diode inductance gives the expected 10-90% current rise-time of 15 ns
with a 40 ns flat top region. Integration of the I and V traces gilves a
diode energy of 7.5 WJ (with lines storing 10 kJ). Of this 7.5 kJ only
about 3 kJ gets into the gas. This is somewhat lower than expected from
trial experlements however it 1s sufficient to produce a laser output
energy in excess of 200 J. A possible explanation of the 1 ns deposition
efficiency has been found from examining the pre-foils after a hundred
shots or so. Marking of the foll opposite the edges of the cathode holder
showed that appreciable emission had been occuring from the cathode holder

itself rather than the cathede emitter plate. This emission at large
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angles to the main foil probably would not get into the laser gas. The
edge of the cathode holder has been modified to lower the flield there and
the cathode splkes have been taken back from the edge of the holder.
Furthermore the prefoill has been changed from 12 pm Taconel to 12 ym
titanium which should lower losses and ilmprove electron trajectories. It
Is hoped that thes modiflcations will lead to increased deposition

efficlency for the system.

Recently the system has been stripped down for Inspectlon after several
hundred shots. Apart from the cathode holder problem menticned above
there was no evidence of any major breakdown problems in the system. 1In
particular the laser triggered switches looked very clean with no evidence
of surface tracking which had previously been a problem when running the

gaps under self-break conditions.

C B Edwarde, F 0'Neill and M J Shew (RAL)

2.2.2 Long Pulse Laser Performance

Sprite first became operational a3 a laser In May 1982. 1Initial tests for
lasing were performed using an optical resonator comsisting of an
aluminised rear reflector (back coated Al on fused quartz) and an uncoated
quartz window aligned for use as an output coupler (R ~ 10Z). For these
early experiments laser triggering was not installed on the PFL ocutput
gaps with the result that these gaps operated in the gelf-break mode and
exhibited comparatively poor synchroulsation (1 ¢ jitter ~ 10 ns). Laser
ogseillation was however easlly achieved on these runs and KrF output
pulses of enexgy = 100 J and duration ~ 40 ns were observed. During this
period of operé:ion the e-beams were pulsed to voltages In the range 450 -
500 kV and a survey of the X-ray emission from the dicdes wes carried
out. Based on this survey we have desligned a layout of concrete shielding
blocks around Sprite as shown in Figure 2.06. This arrangement of blocks
provides for shielding of operating personnel from X-rays and at the same
time glves good access to the machine for diagnostic and maintenance

purposes.
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Following initial experimental work, some improvements were made to the
Sprite hardware. In particular laser triggering was installed on the PFL
output gaps and an improved method was developed for glueing the laser
pressure foils to the stainless steel laser cell. As a result of these
two changes the reliability of the machine was greatly improved. The
laser triggered PFL gaps provided well synchronised (1 - 2 ns jitter)
voltage pulses to the e-beam dlodes resulting in good impedance matching
and alleviating high voltage breakdown problems which previously occurred
due to voltage pulse reflections. The improved method of foll glueing
means that laser gas pressures up to 1500 torr can now be safely used and
the glue joints can eagily withstand the pressure pulse which occurs in
the gas due to heating by the deposited e-beam energy. The laser system
is now capable of operating for gsome hundreds of shots without maintenance

and KrF output enmergles of > 200 J in pulse durations ~ 45 ns have been

obtained for a deposited e-beam energy ~ 2.7 kJ. It is worth noting that

the laser cell does not seriously contaminate the laser gas. The major
materials in contact with the gas are stainless steel, aluminium and
titanium. After proper passivation we find that the laser gas fills can
be used for tens of shots without changing. The gas does however have to
be circulated through a 1 pm pore filter to remove particulate matter

generated by each e-beam shot.

Eventually it is planned to use Sprite as the main power amplifier in a
high energy (100 - 150 J) short pulse (~ 1 ns) UV laser system. This
ghort pulse system, which ig described in more detail in Section 2.2.3,
will utilize angular optical multiplexing and Raman amplification to
compress the energy available from the 60 ns Sprite system to a 1 ns pulse
suitable for laser target experiments. Angular multiplexing of a KrF
lager hae previously been demoustrated by the group at Lawrence Livermore
Hational Laboratory (2.04) and the application of this technique to Sprite
should be straightforward. The same group has also studied the use of CH,
Raman amplifiers with KrF pumping (2.05) but they have emphasised the
backward Raman system and have experienced difficulties with this device
at high intensitles. We plan to optically multiplex CH, Raman amplifiers
used in the forward mode runmning at lower intensities and there 1s little

information available in the literature for these devices in the UV. - Qur
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near term plan is therefore to use Sprite as a high power pump source for
a CHH forward amplifier to carry out studies of galn and extraction

efficiency.

In order to use the output of Sprite as a pump for a Raman amplifier it is
necessary to produce a beam of narrow linewidth and low divergence. This
will be done by using an unstable resonator which is Injection locked to
an osclllator having the desired beam charactersties. A further advantage
of injection locking may be obtained if the injected power is sufficiently
large to suppress ASE and start the desired output mode sooner than would
otherwise occur, in which case greater output energy and fewer parasites
may be obtained. Tn order to investigate the unstable resonator cavity
and to demonstrate the injection locking property, the experimental system
shown in Figure 2.0l was used. A small part of the laser beam which is
used to laser trigger the PFL gaps is split off and delayed by 60 ns (cthe
propagation time of the output lines from the PFL gaps to the diodes).
This beam 1s then amplified by a single pass of a KrF discharge amplifier
which 1s triggered from the oscillator thus ensuring accurate timing.
After aperturing to a 10 mm diameter beam, 10 - 20 mJ with a divergence of
better than 0.5 wmRad are available for injecting into the Sprite unstable
regonator. The time of injection may be varied by changing the optical
path and the jitter is just that of the iaser triggered PFL gaps viz at
most a few ns. One problem is matching the mode of the injected beam to
the Sprite beam which requires a 25 x magnification of the 10 mm diameter
injected beam. This 1s done by using 4 passes of the m = 5 unstable
resonator as shown in Figure 2.07. The injected beam enters the resonator
through a diverging lens which aleo acts as the feedback mirror and has a
92% reflectivity coating. The focal length of the lems and the mirror are
chosen to be identical (at 249 nm) and thus the injected beam undergoes a
x 5 magnficiation in the first double pass to £ill the feedback mirror
and a further x 5 magnification to fill the cavity. The cavity fill time
is 20 ns which 15 the same as the current rise time. The optimun timing
for the injected pulse was found to be such that the injected pulse
entered the cavity at the beginning of the current pulse thus filling the
cavity at the time when the galp reached 1its maximum value. Figure 2.08

shows the effect of injection on the laser output pulse. Clearly
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injection locking is achieving the desired effect with the injected case
producing longer pulses with approximately 50% greater output energy. The
divergence of the injected beam is reduced by the 25 x magnifictailon and
thus the output beam divergence should be < 20 R input. However in this
sytem the cutput divergence is determined by the optical propertles of the
output window in transmission which limit the divergence to approximately
25 uR. No attempt has been made to measure dlvergence, but Fresnel
diffraction fringes in output burn patterns indicate that the divergence
is much less than 100 uR. -

This experiment has demonstrated that a good beam quality injected laser
can be used to initiate the Sprite pulse and produce low divergence high
energy beams. It only remains for us to use a line narrowed (~ 0.2 cm 1)
injection laser, which has now been installed in our laboratory to produce
high power Sprite beams suitable for pumping Raman amplifiers. This

work is now in progress.

C B Edwards, F 0'Neill and M J Shaw (RAL)

2.2.3 Sprite Pulge Compression Project

2.2.3(a) Project Overview

As has been described in the previous sections the Sprite KrF laser has
produced > 200 J pulses of duratlon ~ 45 ns. It is anticipated that with
further development an energy output ~ 300 J in 60 ns pulses will be
achleved. Even at thils increased energy level, laser pulses of tens of
nanoseconds duFation are of only marginal interest for laser target
irradiation experiments. Assuming that the 300 J, 60 ns laser pulse is
focused to the smallest usable spot size of 100 um diameter the irradiance
on target will only be 6 x 1013 ¥ em?. This is 1 - 2 orders of magnitude
less intensity than will be required to generate uniform high density
implosion effects in plasmas irradiated with 0.25 ym radlation (2.06,
2.07).

Obviously some method must be devised of increasing the intensity of KrF
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lasers before they can be usefully applied to target irradiaticn
experiments. We plan to use a scheme of staged multiplexing to compress
the output energy of Sprite from 60 ns to ~ 1 ns duration thus achieving
the requisite order of magnitude lncrease in laser power. The pulse
shortening scheme which we intend to use can be understood by referring to
Figure 2.09 which shows the simplest case of a 2 x 2 staged multiplexer.
The large aperture KrF amplifier is e—beam pumped for a time interval 4 T
and is extracted sequentially by two angle encoded KrF laser pulses each
Timing 1s adjusted so

i
that the leading edge of the first extract pulse enters the amplifier at

of duration 2 1 ome delayed from the other by 2 .

the start of the e-beam pumping pulse and the falling edge of the second
extract pulse leaves the amplifier at the end of the pumping pulse. A
double pass configuration is preferred for KrF because it optimises
efficleacy and reduces the possibility of parasitic oscillation (2.08).
The extraction efficiency of the optically multiplexed KrF amplifier is
determined by geometrical and gain considerations and can approach 100%.
For example in non-optimised experiments at Lawrence Livermore Natiomal
Laboratory > 20 J has been extracted from a multiplexed amplifier which
produced ~ 25 J output when operated as a laser oscillator, ie the
extraction efficiency was ~ 80% (2.04).

After amplification the two KrF pulses are decoded and appropriately
delayed to simultaneously pump an optically punped amplifier with a pump
time of 2 T, This amplifier {s itself optically multiplexed by two pulses
of duration T at the wavelength of the second amplifier. These new pulses
are then decoded and directed on target in synchronism. The energy
avallable from the large KrF amplifier has therefore been compresged from

4 T to T with an intensity gain hopefully approaching 4.

The efficiency of the optically pumped amplifier 1s crucial for the
guccess of thils scheme ag are its beam quality and pre-pulse level.
Fortunately ome gystem appears to possess all of these desirable
characteristics viz the Raman amplifier. Gaseous H2 Raman amplifiers have
been reported (2.09, 2.10) to have conversion efficiencies ~ 50% to first
Stokes and even higher when the pump beam was confined to a wave—gulde

(2.11). This latter technique is of considerable interest to multiplexed

2.10

(1) GENERATION OF 250J/12ns
PUMP PULSE FOR RAMAN AMPLIFIER
6 x (12ns, 0.051)
NARROW-LINE KrF 75 ns, 20J »>
PULSE-SHAPED 12ns DISCHARGE E-BEAM-PUMPED >] SPRITE
KrF > > AMPLIFIER ™ PRE-AMPLIFIER >
0SCILLATOR E
YYYYY
OPTICAL
DE-MULTIPLEXING
Jr \
PUMP BEAM TO PUMP BEAM TO PUMP BEAM TO
RAMAN OSCILLATOR RAMAN PRE-AMPLIFIER  BACKWARD RAMAN
(12ns, 0.1J) + PULSE COMPRESSOR AMPLTFIER
(12ns, 0.27) (12ns, 37)
/ 1 i 2503, 12us
| ! (5 beams)
! | ! TO FINAL RAMAN
! i / AMPLIFIER
l, / /
/ | /
/ ! /
/ / !
(ii) RAMAN AMPLIFIER CHAIN I /
/ ! /
E—
FINAL ;
RAMAN [
RAMAN PRE-AMP BACKWARD -
OSCILLATOR | N " o RAMAN RAMAN —
25m] | PULSE 10mJ | AMPLIFIER I
12ns COMPRES SOR 1ns AMPLIFIER [——>
e—
/ /
12 Beams OUTPUT
1 ns (12 beams,
15mJ/beam 1 ns
15J/beam)
Fig. 2,10 Conceptual layout of 12 beam 268 mm Ins laser using 5 x 12

staged multiplexing,



Raman amplifiers because the effective beam overlap 1s greatly increased
permitting near unity conversion even when the pump and Stokes beams

travel at an angle to each other.

Using this principle we are at present designing a 5 x 12 staged
multiplexing scheme to compress the expected 60 ns, 300 J output from
Sprite Into a 1 us pulse of » 150 J energy at 268 nm vsing methane as the
Raman medium. The general layout of the pulse compressor is shown in
Fipure 2.10 and basically consists of two parallel chains of laser
amplifiers viz KrF and Rawan (CH,). The Raman amplifiers are pumped by
multiplexed KrF beams and the final output from the system which will be
ugsed for target work wlll consist of twelve synchronised laser pulses each
of 1 ng duration and ~ 15 J energy. The biggest single piece of hardware
in the whole system is the Sprite KrF laser and this is now operational.
The narrow line KrF oacillator and discharge amplifier have been designed
to produce 0.5 J pulses with a line-width ~ 0.2 cu ! and this equipment 1is
now becoming operational. Work will start in the near future on
congtructing the 20 J e~beampumped preamplifier. This laser has been
code-named GOBLIN and will be constructed using Sprite-type water-line

technology and laser-triggered switching.

The Raman amplifier chailn is the area where there is most uncertainty in
the system design. The CHq oscillator and preamplifier have been built
and are now being commissioned. In order to optimise the design of the
Final Raman amplifier we have constructed a light guided forward Raman
amplifier which will be used for preliminary experiments. This amplifier
will initially be pumped by the long pulse cutput of Sprite to measure the

gain and saturation characteristics of CHk pumped at 249 nm.

More details concerning the progress on the KrF and Raman systems are

glven in the follewing sections.

2.2.3(b) Short Pulse Oscillator System

During the second half of the reporting year, part of the ELF laboratory,

previously used as an experimental/workshop area, has been refurbished as
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an ailr-conditioned clean room for use as a Krynton Fluoride/Raman
oscillator laboratory. The area will be dedicated to the production of
narrow linewidth, good beam quality KrF pulses as a front end for the
Sprite multiplexer, and the generation of Raman shifted radiation at
268 om as a shert pulse (~ 1 ms) injection scurce for the multiplexed

Raman preamplifier and final amplifier.

Consliderable engineering effort has been directed to the construction of a
high presgure (450 psl) methane, and fluorine handling system'.with
assoclated contrels and we now have a rellable installation, compatible
with the stringent safety requirements, with considerable flexibility to

allow for future developments and improvements.

The optical arrangement within the 1abofato:y 1s based around a Lambda
Physik type EMGZ30ES Krypton Fluoride cscillator/amplifier combination, a
custom—-built upgraded version of the EMGL50. This laser produces pulses
of 20 ns duration, with an energy of 0.5 Joules within a bandwidth of

0.3 co™ !, with a beam divergence of better than 300 R (full angle at half
intengity). The repetition rate is up to 10 Hz. The device was delivered
in February 1983 and is now installed im the oscillator room. At the
present time, three Raman cells have been installed for use in the
preliminary optical extraction effilclency experiments using methane at

268 nm, described in 2.2.3(c) below. The two high-pressure cells will be
used for providing the necessary 268 nm extractifon beams. The third cell
1s designed to operate at low pressure (< 50 psl) and contains an optical

wavegulde. The optical layout of the oscillator is shown in Figure 2.11.

For the immedigte experimente, cell (1) will be used as a siizle pass
superfluorescent "oscillator' employlng high small signal Raman gain .

(~ exp 35) achieved with a combination of high pressure (400 psi) and high
intensity (~ 200 ¥W cm~2). This requires a double telescoping
configuration; firstly a cylindrical telescope to reduce the 3:1 aspect
ratlo of the laser output to square, followed by a conventional spherical
telescope to give the required intensity. At such laser inteusities it is
not possible to employ coated optics; however since the optical pulse is

polarised losses can be reduced using Brewster—angled windows on the Raman

2,12



cell. Despite the high galn for the first Stokes pulse, higher order
processes are suppressed by the cholce of plane wave geomekry which
prevents the phase matching of parametric processes which dominate high

order Stokes production in a focused configuration.

As the 268 om radiation passes out of cell (1), it 1s expanded in another
telescope, and combined with 249 nm radiatica from the KrF laser at a
dichroic mirror. The beams then co-propagate through cell (2) which is
operated at lower Raman gain. Thils cell is effectively a single pass
forward amplifier, the 268 nm injection pulse extracting energy from the
KrF pumplng pulse to provide a sultable pulse for extraction of the
wavegulde Raman amplifier (ecell (3)). At the lower intensities it is
possible to employ coated optics which reduce reflection losses at beam
steering optics to a minimum. Synchronisation of the pulses is achieved

using variable optical delays as shown in Figure 2.11.

The spatial quality of the 268 nm radiation produced will be similar to
that of the KrF discharge lasers. Whilst this will be adequate for the
planned experiments in the near term, it will not be sufficlent for the
multiplexing experiments and posalble target irradiation. It will alsp be
noted that at this stage no pulse shortening 1s incorporated into the
experimental configuration. It is proposed therefore either to construct
a multipass guided Raman oscillator operated on a single transverse mode
in conjunction with a preamplifier, or alternatively to use the second

harmonle of a TEM,, mode dye laser, The latter approach would be

convenient for thzogeneration of subnanosecond pulses, whilat the former
would require Pockels cells to shorten the pulse. The 1 ns pulses would
then be amplified efficiently in a Raman cell operated in the backward
mode. The existing high pressure cell (2) would be suitable for this

purpose.

2.2.3{c) The Light Gulded Forward Raman Amplifier

The most Important component In the Sprite pulse compression project is
the Raman amplifier which allows for staging of the multiplexing and thus

larger compressions using fewer mirrors. The properties of the overall
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system will in the main be determined by the properties of this amplifier

the most lmportant of which are:

(a) High conversion efficlency (target figure = 66%).

(b) Good beam quality output from poor beam quality pump.

{e) Large angular acceptance for both pump and output beams.
(d) Low pre-pulse levels.

(e) Freedom from parasitics and higher order processes.

(£) Benign technoleogy — eg low pressure, low intensitles etc.

In order to achieve all of these properties it seems neceggary to use
light guided pump beams for the Raman amplifier. Previous work (2.11)
using H, pumped at 1.06 ym has demonstrated = 70% conversion efficiency
using this technique.

In order to test out this scheme at 0.25 pm using energles appropriate to
the final system, the experiment shown in Figure 2.12 18 beilng set up.
This experiment 1s devised to test out all of the lmportant properties of
a light pulded amplifier using 60 ns pump beams and a single 15 ns output
beam. (The bandwidth of the proposed CHH Raman medium is ~ 10 GHz, so
extrapolation to 1 ns and even sub-nanosecond pulses should make no major
difference in principle.) By using 60 ns pumping there 18 no need to
multiplex Sprite, all that is necessary 1s to run the system as an
injectlion-locked-oscillator (as we have already demonstrated) in order to

produce a pump bandwidth < 10 GHz.

Multiple beam pumping is simulated by using a segmented plane mirror.
This mirror comprises 56 individually adjustable plane rectangular mirrors
23 mn x 32 mm used at nominally 45° and each aligned to £111 the entrance
aperture of a 25 mm x 25 mm hollow light guide. The intensity at the

entrance of the light gulde is between 300 and 500 MW cm 2. One advantage

2.14
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of the multiple plane wave pumping and a rectangular guide geometry 1s
that this intensity remalns constant in the light guide (apart from a
small attenuation due to reflection loss from the light guide walls). The
pump is nowhere brought to a focus and thus the possibility of parasitic
onset is greatly reduced. Because of the large number of pump beams
employed and their ilntensity averaging in the gulde, the transverse
intensity variation of the pump Ip(x,y) should be very small. This
lmplies preservatlion of the beam profile of the Stokes wave, Ig(x,y)

since:

aIs (x,y)

: = ¥ I,0x,¥) I,(x,y) <D

where v is the gain coefficient per unit length, per ualt pump intenaity.

The Raman galn v, is given by:

2
= 3_._EE_.EE (2)
hv mav_ 3@

where NEI 1s the scatterer density, %%—the differential scattering cross
section and Avy 1 the HWHM of the Raman line. In methane at pressures

of over one atmosphere, the linewldth is that of the rotationally
broadened § branch and thus y depends on pressure only through N. {Unlike
H, where pressure broadening - or narrowing ~ is important). Putting in

values the gain coefficient in CH, 1s:
Y= 0.1 em” ! (GW em™2)~1 (atmos)—l

The light guide length 1n the experiment is 2 m and the maximum pressure
1s 3 atm thus a maximum value of YIpL of 30 may be obtalned.

The required value of YIpLis determined by the input intensity and the
need to deplete the pump. The solution of (1) (and its coupled equation
for pump photons) under conditions of pump depletion is:

¥L (0L
(Is/Ip)o e P

YIP(O)L

L, = 1.0 (5)
(IS/IP)0 e +1
where (Is/Ip)o 1s the input intensity of the Stokes wave relative to the
pump intensity. This expression 1s plotted in Figure 2.13 for the case of
KrF pumped methane amplifiers when the maximum conversion efficliency 1s
limited by the quantum ratio to 92%. Note this calculation considers no
other pump or Stokes loss mechanlsms and assumes complete beam overlap,
however it does show that for a single-pass amplifier it is possible in
principle to simultaneously achieve both high gain (> 10%) and high
conversion efficlency, a property which is not possessed by conventional

Llaser emplifiers.

The useful upper limit of gain will be determined by pump depletion due to
amplifier non-stimulated Raman scattering, a process akin to ASE in normal
amplifiers. An estimate of this limit may be obtained as follows. From

d
the definition of the scattering cross aection,-a% the power scattered
into a solid angle dQ from a volume element dV is:

_ do
dB_ = LN dv (Fg)de

With reference to Figure 2.14 the amplified scattered intensity at L due
to the scattering from the volume element at Z is

YI_(L-2)
AdI_ = I_ N adz 9% age P
8 p 8 aq
which may be simply lategrated between 0 and L since dR Is a constant
which for perfectly reflecting walls 13 2w. Also we assume no pump

depletion. Hence:

doyl TIpL
1(L) = N, dﬂ(m)? e

substituting ¥ from (2) we get:
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YIPL
I (L) =1 dae (3

where T. 13 the characteristic intensity

=2 rav
A

and behaves as though it were the intensity, per unit solid angle of the
non-stimulated scattering at the lnput of the amplifier. It is
interesting that thils intensity is Iindependent of pump intensity and
pressure and is an intrinsic property of the gain medium. Essentially it
gives an input intensity below which it is impossible to obtain
amplification by SRS. For methane its value 13 6 W cm 2 gterad™l.
Equation (3) may also be used to calculate the maximum uvseful value of
YIpL by requiring Ig(L) to be less than, say 1% of Ip. For

IP = 300 MW cm” % this gives YIPA < 12 for df = 27 ie perfectly
reflecting walls and YIpL < 18 for da =~ 10”3 sterad a value more
appropriate to a glass light guide.

For the proposed experiment, the light guide is constructed from uncoated
float glass. In order to obtainm high transmission the pump beams are
incident on the guide at angles close to grazing. The reflectivity is
glven by the well known Fresmnel equations which for grazing angles of

a rad give

R =1-2.3a
g

R =1-7.5a
p

The maximum incldent grazing angle is 20 mR which gives Ry = 95% and

Rp = 85%. The gulde trausmission is given by T = R® where n is the
number of bounces. For a gulde of length L, and square section of
dimension a, the number of bounces is Lefa. For a beam element incident
at grazing angle gg to the face glving 8 reflection and op EoO that

glving p reflection the light guide transmission is:

chS Lap
—==)=B)
T =g®*'R*®
a o Q [+
8 p 5 P

The total transmission of the guide is then calculated by averaging the
transmission of the beam element over the entire range of input angles.
For the proposed experiment the result of such calculations gives T = 85%.
Polarization effects other than the s and p reflectivities above have not
been included in this snalysis since for these small grazing angles the
reduction in conversion efficiency due to out of plane polarization 1s at

most A few per cent.

The experiment shown in Figure 2.12 15 now being set up and will be

reported on im next year's report.

C B Edwards, F O'Neill and M J Shaw (RAL)

2.3 KrF Laser Development

2.3.1 Large Aperture, Long Pulse KrF Discharge Laser Feasibility Study

2.3.1(a) Introduction

The work reported here forms part of a design study for an X-ray
prelonized discharge-pumped RGH laser amplifier. The proposed application
of the device was to serve as the final stage in the chain of
preamplifiers for the Sprite pulse compression project, in which it was
required to deliver 15 J in a flat-topped pulse of 100 ns when operated on
the KrF transition at 249 nm. At this performance level it would exceed
(by a factor of three) the highest energy reported for any self-sustained
KxF discharge laser reported to date while maintaining a pulse duration
comparable to the best that has been achieved. A critical factor in
determining the overall performance of the laser is the behaviour of the
electrical circuitry which controls the characteristics of the discharge.
To investigate several questions coucerning the design of the pulse—
forming network (PFN) we have carrled out a number of tests on small scale

versions of the proposed device.



The PPN performs two more or less independent fumctions. The first is to
ensure a uniform breakdown of the laser gas discharge. The second is to
maintain a constant input of power to the glow discharge thus formed.
Successful initiation of the discharge requires the very rapid application
of a high voltage pulse — ideally with about five times the voltage needed
to sustain the discharge (2.12).

If the overvoltage initially applied is too low, the breakdown time 1s
inconvenlently long and the discharge tends to become unstable. Once a
uniform discharge is established the PFN must be capable of supplying the
necessary power for the required duration of the pulse, and it should then
switch off cleanly with as little post-pulse ringing as possible.

The conventional approach to meeting these requirement is to charge a
section of transmission line to the overvoltage needed for good breakdown
prior to connecting it across the discharge gap via a fast switch (2.13),
ao that for a given charging voltage the line impedance controls the power
input to the discharge. Since the voltage at breakdown is some five times
the sustaining voltage, the line impedance needs to be four times that of
the sustained discharge, and the mismatch inevitably implies an
inefficient use of initially stored energy. Ideally the line impedance
should be matched to that of the discharge when running under ateady
conditiong, but such a cholce of line lmpedance glves rise to an initial

open circuit voltage which 1s only twice the running voltage.

We have investigated methods by which a high voltage spike may be
superimpesed on the open circuit voltage of the line thus allowing a line
properly matched for the fully developed diacharge to produce rapid and
uniform breakdown. We have also designed and tested a compact folded

transmission line capable of driving the required high power discharge.

2.3.1(b) Low Voltage Simulations

Preliminary investigations were carried cut at low voltage on two types of

gplke-generating circuits - the "double stub” and "asymmetric Blumlein”
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circuits shown In Figure 2.15. Each circult was charged to 120 V and, via
4 low inductance fagt acting mechanical switeh, fired into a dummy load
comprising a palr of 2N2222A transistors connected in series with a
resistor of 18 @ so as to provide a hold-off voltage of 210 V and a load

impedance of 50 9 when conducting.

The performance of the "double stub” system was very nearly ideal (Figure
2.16(a)). The two 25 Q stubs at one end of the line are charged in
parallel and connected in series by the closing of the switeh. A pulse of
double the charging voltage and 20 ns duration is launched along the line
and causes breakdown in the dummy laser discharge on arrival at the far
end. The line then continues to discharge into the matched load giving a

square current pulse with no post-pulse ringing.

In the "asymmetric Blumlein" system, closing the switch causes the voltage
acrosa the short arm of the network to invert and thus applies across the
lead a voltage equal to twice the charging voltage causing the dummy
discharge to break down. However it is not possible to match this syteam
to the load because the effective impedance of the line drops from 100 Q
to 50 R only after the intial voltage spike. Unfortunately the load
impedance falls from its very high value prior to breakdown to a value
near 50 @ at an early time during the breakdown phase. Severe voltage and
current ringing are therefore expected and are indeed observed in this
device — a major disadvantage of an otherwlse attractive clreuit

configuration.

At first sight, therefore, it might seem that the better of the two
systems 1s the dpuble-stub configuration. However, as a practical laser
driver it does present some problems. Firstly, the construction of two
half-impedance stubs capable of operating at the full working voltage and
still sufficlently small to connect smoothly to the remainder of the line
poses some practical difficulties (similar to those encountered in the
folded PFN - see below). Secondly the whole PFN has to withstand an
(albelt short) pulse of double the charging voltage propagating along it.
Finally, the appearance of the charging voltage across the load during the
pulse charging cycle would probably require that the laser should be

2.20
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isolated from the PFN by a fast switch. This would Inevitably add to the

risetime and reduce the efficiency of the system overall.

By comparison, the electrical stresses likely to be encountered with the
Blumleln circuit are smaller, and recent work reported by Sze (2.14)
suggests that the current modulation would have very little effect on
lagser output - gas kinetic mechanisms fortunately act so as to reduce
variations in gain caused by ringlng in the input power waveform. For
these reasons it was decided to concentrate all further development effort

on the asymmetric Blumlein device.

2.3.1{c) High Voltzge Tests

(1) Load Devices

For the tests of PFN configurations operating at realistic values of
voltage two types of load were used. The first was a "dummy laser”
comprising a liquid electrolyte resistor in series with a spark gap to
slmulate the breakdown characteristics. The second was a speclally
constructed test laser chamber containing a pair of electrodes fabricated
from 25 mm brass rod profiled so as to provide a transverse dlscharge of
6 mn width and 210 mm length with an electrode spacing of 19 mm. Ultra-
violet prelonization of the discharge channel was provided by a spark

array on one side of the main electrodes.

(11) Discrete Element Asymmetric Blumlein PEN

Inftial high voltage tests were carried out using an asymmetric Blumlein
lumped component clrcuit whose long section was made from 3 pairs of

2.3 oF ceramic capacitors clamped at 50 mm intervals between two aluminium
plates of 120 mm width and 40 mm separation so as to provide a line of
impedance 2.1 § and capacitance 37 nF. This line was charged in 500 ns
from a DC charged storage capaclitor (70 nF) via an Iinductor (1 pH), as
shown in Figure 2.17. The short section of the line cousisted of a single
palr of ceramlc capacitors and a coroma-prefonized tall gap. Although the

long section of the line approximates well the behaviour of the continucus
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line, the discrete nature of the components In the short section indicates
that it must be treated as a simple L-C fuverter.

The spark gap switch was orlginally designed as a simple rail gap with
12.5 om diameter brass electrodes contoured so ag to provide a gap of 6 mm
spacing over a length of 60 mm and mounted in a perapex tube of 33 mm ID
pressurized with alr at up to 35 psig. In operation it proved to be
disappointingly unrelisble, displaying a large variation in firing voltage
level, and a large percentage of misfirea. Even when the gap was reduced
to 3 mm and firing was reliable an unacceptable jitter still remalned. To
overcome this problem, provision was made for coroma prelonization of the
gap by adding two overlapping sheets of aluminium foil, ome attached to
the bottom electrode and wrapped around the ocutside of the spark gap body
while that attached to the top electrode ran in contact with the inside
wall of spark gap body. Where the two foils overlap in the mid-plane,
notches are provided in the edge of the inside foil (Figure 2.18)., When
voltage is applied to the top electrode the insulating inside surface of
the spark gap body charges by drawing corona from the notched foll edge,
and in doing so, irradiates the gap with deep UV, and so providing

preionisation.

" The provision of this simple addition dramatically improved the

performance of the gap. Although the voltage hold off was reduced
somewhat (necesoitating a return to the original 6 mm spacing) the shot-
to-shot reproducibility was excellent and the spark gap conducted reliably
in five channels, one opposite each of the notehes cut in the inner foil.
The rise time of the voltage spike produced when the gap closed was 20 -
25 ns -~ comparahle to the pulse length per circult element of the long

section of the line.

(1i1) Discrete Element PFN — Laser Tests

Typical voltage and current traces recorded with the discrete element
asymmetric Blumlein PFN feeding the test laser as shown in Figure 2.19(a).
Several features of the traces were strongly dependent on gas composition

(He:Kr:FZ) but the voltage rise time of 30 - 35 ns (limited by the time
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taken for the short section to lovert voltage via the rall gap switch) is
a feature common to all. Because this rate of voltage rise 1s slower than
ideal the laser gap breaks down at an overvoltage of only 3 times the
expected running voltage. After taking 20 - 30 ns to recover from the
initial breaskdown transient the current 1s more or less stable for the
following 80 ns. About 70 ns after breakdown the voltage across the laser
gap collapses = an event which occurs at progressively earlier times the
greater the proportion of F2 in the laser mixture. Laser actiom at 249 nm

began during the initial current spike. Although 249 nm spontaneous

3 [ emission persisted a little longer, termlnation of laser action appears to
ﬂ ’ colneide with voltage collapse and is almost certainly assclcated with the
= 24 ’ onset of the same kind of constriction instability which has been cobserved
(CI) % ! P et 8 in studies of the pulse length limitations of XeCl lasers (2.15). The
%1“ { & \f\J \ o longest laser pulse duration observed was 30 ns (base width).
S g
o= \l 4}/ 2 g In order to establish which features were related to the PFN design {and
=
L S
\A’\IJ Y \\ o 6 not artifacts due to imperfectly profiled electrodes or non-uniform
kil AN preionisation density of the test laser) the PFN was tested with the dummy
0 80 160 240 320
Time (ns) laser load. The resulting traces are shown 1n Figure 2.19(b). It is
noticeable that the early voltage ccllapse is no longer evident and that
36 the voltage is maintained at a seansibly high value for about 125 ms, and
it may be safely concluded that the PFN was operating In the desired
éz-i ‘ manner.
{b) ) n .
2 P ° 3
E‘l" N \': e 2.3.1(d) Design and Testing of a Compact Transmission Line PFN
TSN |
v - Xy ,é-/" 5 (1) Design Conslderations
0P ~ 00
0 01 02 03 04 Storage of energles in the kJ range needed for the full scale device in
Time (ps) PFN's employing solid dielectric media presents severe practical problems
and a much more attractive approach is to take advantage of the high
dielectric constant of water In the design of the PFN. Since the PFN is
required to deliver pulses of 48 kV and 150 ns duration into a load of
Fig. 2.19 Current and voltage a? load for the circuit shown in Fig. 2.17. 0.5 9 and to have an open circuit voltage higher tham 200 kV when
(a) Coupled to KrF discharge laser.
(b) Coupled to dummy laser load. operating as a Blumlein network, it should have an impedance of 0.5 Q and

Note change of time scale between (a) and (b). be capable of working at charging voltages of about L0O kV.
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For an electrical pulse length of 150 ne the physical lemgth of the long HT Plate
gection of the asymmetric Blumlein is 2.5 m. In order to keep the overall

dimensions of the PFN unit as compact as possible this element appears in ; \\\\
folded form in the final design shown in Figure 2.20. The line comprises
two sets of interdigitating fins separated by the water dielectric and
perapex spacers. The spacing d, between opposing fins im related to w,
the width of the line by

_ Zw
T )

in which Z is the line impedance in ohms. For & line of given Z, the
larger the value of w the larger can be the value of d, thus reducing

electrical atress in the dielectric. Design conatraints on the dimensions
of the final laser device restrict w to 900 um, &0 that for Z = 0.5 i the Resistor
value of d should be 10.8 mm. At a charging voltage of 100 kV this

impliea a field strength of 93 kv em ! in the uniform field region - a

value well within the breakdown strength of water (160 kV cm ! for the

eppropriate area and pulse length (2.16)). However the maximum electrical

stress 18 expected to occur at the bends of the line where it is folded

gince the enhancement factor f by which the field at the tip of a fin may

exceed the uniform reglon value will be consdierable here. Approximating

the fin edge and opposing plate surface by two co-axial half cylinders of

radiue r and (r+d) respectively, the value of f is given by Eaglhid
ate

d
f = Tmran

To allow for a safety margin of 25%Z the value of f must not exceed 1.3
which for a d of 10.8 mm implies r » 17 mm. Thus the minimum thickness of
the material from which the fins are fabricated is 34 mm - lmplying an
inconveniently masaive assembly if the fins are machined from sheet
aluminium alloy. In practical terms a thickness of alloy sheet of 6.25 mm
is the best cholce, but the enhancement factor f that this cheice of r
implies is 2.4, which would restrict the charglng voltage of the line to

2.24 Fig. 2.20 Photograph of folded water line assembly with dummy laser
load attached.



an undesirably low value of 70 kV. It was therefore imperatlve to find a
method of protecting the line from breakdown at the fin tips while keeping
the fin thickness to 6.25 mm.

(i) Tests of Compact Water Filled Line Without Fin-edge Protection

The folded transmission line device shown 1in Filgure 2.20 is a one quarter
width wodel of the long section of the proposed asymmetric Blumlein PFN,
with a slightly veduced spacing (d = 9.5 mm) but with the full electrical
length. When immersed in water the total capacitance of the line is 38 oF
and its lmpedance of 2 { is four times as large as that of a full width
version. The conductlivity of the water bath 1s maintained at a low value

by continucus recirculation of the water through an ion-exchange column.

For tests, the line was connected to a storage capacitor from which it was
charged to 60 kV with no evidence of breakdown. The peak electric field
in the unprotected fin edge regions was l45 kV em™!, sustained over small
areas for short periods. The voltage and current pulses observed when the
line was discharged into the dummy laser load were square topped for the
first 120 ns but showed evidence of droop during the final 30 ns -
decreasing to 70% of the plateau value by the end of the pulse. It is
possible that the droop Is caused by partial "short circuit” effects due
to fringing fields bullt up at the outer edges of the fins which may cause
some energy to transfer across folds in the line. TIf this is the correct
interpretation, the effects should be much reduced on a line of full
width. An alternative explanation 1s that the rear section of line is
starting to transfer energy back into the storage capacitor by the end of
the pulse. Although numerical amalysis suggests that this explanation 1s
not a likely one, it was found that the current droop could be reduced by
firing the dummy laser gap before pulse charging of the PFN was complete.
The consequent drop in initial voltage could be compensated by increasing

the charging voltage on the storage bank.

(1i1i) Tests of Compact Water-filled Line with Fin-edge Protection

To overcome the problem assoclated with breakdown in the fin-edge reglons,
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a set of perspex spacers was constructed and installed (see Figure 2.20).
Perspex is a material of high dielectric strength (2 MV em™ 1) and its
relatively low dielectric constant (€ = 3) results in a field
distribution which confines the reglons of maximum stress to those
containing perspex rather than water (2.17). The problem of breakdown in
the bulk wvolume is therefore removed, but one of tracking along the
prerspex—water interface is substituted. It was such tracking which was to

prove the ultimate limitation to the working voltage of the device.

The assembly of crhe perspex spacers are shown In somewhat greater detail
in Flgure 2.21. Spacer number 1 is a vertical strip separating the outer
edges of adjacent fing, with a bevelled inner edge to increase the length
of the tracking path. Spacer number 3 13 a vee-block with a groove
machined at the apex to accept the tip of the HY fin (shown in dotted
outline in Figure 2.21), thereby separating the HV fin from the earthed
plate beneath. Spacer number 2 is a later additiom to the initial design,
included in order to prevent tracking along the triple interface between

the water and spacers numbers 1 and 3.

Since only two sets of spacers were avallable, the length of the line was
reduced from its original 8 sections to just the two contalning the
spacers by removing fins in the unused sections. It was charged via a
two—stage Marx generator capable of delivering 94 kV from an erected
capacitance of 17.5 nF. The two sectlon line was pulse charged to 125 kV
in 300 ns.

Before adding spacer number 2, tracking occurred at a line voltage of

110 kV. With spacer number 2 in place the line survived repeated shots at
115 - 120 kV despite prolonged ringing due to the absence of any
disappative load. The line finglly falled by tracking along the bevelled
edge of spacer number 3 on the second cycle of a ringing waveform of peak
applied voltage 125 kV. There was some evidence that trapped air bubbles
had contributed to this failure. 1In a practical version of this device it
would be desirable to inmstall water clrculation chanunels to flush out any
impurities which might otherwise increase the conductivity of the wakter as

well as any bubbles which would lower its dielectric strength.
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2.3.1(e) Conclusions

We have demonstrated that 1t is feasible to comstruct a PFN capable of
providing a waveform with a high voltage splke at the leading edge
followed by a long flat-topped pulse by employing the concept of an
asymmetric Blumlein eircuit. The use of dummy laser loads which employ a
gpark gap switech to simulate the breakdown threshold of the laser gap and
a liquld electrolyte resistor to simulate the dissipation of the laser
glow discharge provides ah excellent means for testing such PFN'e free
from interpretational uncertainties inttoduced by the discharge
ingtabilities of imperfectly prelonized transverse discharges. Finally,
we have demonstrated a very compact folded water filled line suitable for
driving high energy discharge lasers, and explored the limits of its
operating ramge. With this information it 1s nmow possible to undertake
the design of a PFN for the full scale lager device which would have the
desired characteristics.

4 J Kearsley and G J Hirst (Oxford Lasers Limited)

2.3.2 UV Laser Damage Studies

The establishment of a laser damage facllity for work in the UV region

corresponding to excimer wavelengths (193 - 351 nm) was briefly described
in the 1982 Annual Report. The major feature of the programme has been to
engure that the spot size dependence of the damage threshold has been
removed by the use of relatively large spot sizes. Irradiation areas of
~ 2 ma? with corresponding energy densities up to 45 Jem™ 2 are available.
This figure i{s 6 times the highest damage threshold for a multilayer
dielectric mirror that has been measured. Characterisation of the Focused
beam hae received careful attention using a number of techniques
including; burn patterns, dylux film activation and photographic recording
of the lager profile in a weakly fluorescing dye. The shot to shot

variation in the output energy and beam profile has been shown to be
stable to better tham 5%.
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There exist many different interpretations of what constitutes damage and
how the damage threshold Is defined. The policy adopted here with regards
to handling and cleanliness is to ensure the removal of obvious dust and
loose matter by use of a camera lens blower. The surface to be tested is
observed with a low power (10 x) microscope, adjusted to give maximum
contrast in the image plane. The damage site is observed as the laser is
fired. Damage is defined as any physical chaage in the sample observed
through the microscope. Two damage thresholds are defined corresponding
to that which causes damage in every single shot and that which causes mo
damage in 600 shots on the same site. The single shot eriterion is a
measure of the maximum energy density that the film may withstand while
the multishot value i35 perhaps a more useful practical figure. Damage
studies have been made at 193 nm (ArF) on a number of alkali and alkali-
earth halides. These are shown in Table 2.0l. The single shot threshold
values varied in the range 1 - 4 Jem 2. The freshly cleaved samples of
NaF and LiF have higher damage thresholds. This was attributed to the
high water solubility of these materials compared to the others. The
polished sample thresholds are sowewhat lower than thelr equivalent
cleaved counter-parts. This suggests that polishing material remaining in
the surface is absorbing at 193 nm and initiating the damage.

The majority of the work has been at 248 nm (KrF) as an aid to the
development of mirrors and coatlngs for use in the RAL laser programme. A
range of high reflectivity (nominally 99%) multilayer dielectric film
mirrors has been tested at 248 nm. The results are summarised in Table
2.02. Damage tests were performed on a number of used mirrors, these
being ones which have previously operated in a fluorine environment as
exclmer mirrors. The multishot threshold of these mirrors was found to be
consigtently 3 - 4 times less than the single shot threshold. The damage
threshold of mirror B was previously determined by the Lawrence Livermore
National Laboratory. The damage threshold of 7.9 Jem™ 2 compares
favourably with the 6 Jem™ 2 measured by LLNL. Four maln poeints arise from
Table 2.02.
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CRYSTAL TYPE SINGLE SHOT DAMAGE MULTI-SHOT DAMAGE
THRESHOLD/J em™2 THRESHOLD/ Jem™2
+ 30% + 30%
Mol Ne 2 No3 Nol No2 No3
LiF IR Grade 2,9% 2.2 2.6
UV Grade 2.4 3.
Polished 1.8 1.0
NaFr Cleaved 1.3 2.9% 3.0%
Can IR Grade 2.1 1.9 0.5
UV Grade 2,5 2.6 0.65
MgF, Polished 2.6 1.8
SrF2 Cleaved 1.6 2,2
Polished 1.3 0.5
BaF2 Cleaved 1.2 1.0 0.6

TABLE 2.0! D AMAGE THRESHOLDS AT 193nm (ArF) OF UNCOATED

FLUORIDE CRYSTALS




TYPE DESCRIPTION SINGLE SHOT DAMAGE MULTISHOT DAMAGE
THRESHOLD/Jcm_2 THRESHOLD/Jem™ 2
A USED 0.6
B UNUSED 7.9 2.4
c UNUSED 2.6
UNUSED 2,0 0.5
USED 0.3
USED 0.3
USED (DURAN SUBSTRATE) 0.75
FUSED SILICA SUBSTRATE 12.3 4.6
(DYNASIL 4000)

TABLE 2.02 MULTI-LAYER DIELECTRICS REFLECTORS AT 249nm

(1) Mirror B was designed for a wmaximum damage threshold im a non
fluorine atmosphere whereas the other unused mirrors (c) all

involved Fluoride coatings to allow operation in this gas.

(11) The six-fold reduction of the damage threshold for thin film
coatings compared to the uncoated substrate, confirm the damage

limitations of coated optics.

(ii1) The mirrors exposed to a fluorine enviroammeat have a lower damage
threhold than unused mirrors of the same kind.

{1iv) There seems to be no great advantage in using substrates of fused
silica compared to BK7 or Pyrex when the mirror i1s a high
reflector.

Large diameter multilayer dielectric coated components are difficult and
expensive to produce and there may be conslderable advantages to be
obtalned from the use of metal mirrors in the ultra-violet. Aluminium 1s
the only metal with a high reflectivity (~ 90%) in the regilon of Interest
and a series of experiments is currently being undertaken to try to find
the optimum deposition parameters for overcoated aluminium mirrors. The
single shot damage thresholds for MgF, and ThF, overcoated aluminium
mirrors are shown in Table 2.03 and Table 2.04 respectively.

The main conclusions are that the dlelectric overcoat damages before the
aluminium coating and the substrate material has little influence on the
damage threshold because the damage appears to be intiated in the thin
film. The aluninium mirrors presented in Table 2.04 had varying aluminium
thickness and diélectric overcoating thickness to see 1f this influenced
the damage threshold. The damege threshold increases with reflectivity.

A comparison between mirrors in Table 2.04 cannot really be made because
of the widely varying reflectivitles. This illustrates the preclse
control required on the evaporation conditions to achleve maximum

reflectivity in the ultra-violet.
D C Emmony and § S Wiseall {Loughborough University)
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NUMBER SUBSTRATE DAMAGE REFLECTIVITY NUMEER SUBSTRATE REFLECTIVITY/% DAMAGE

THRE SHOLD % @ 30° INCIDENCE THRESHOLD
JJem—2 /Jem™2

1 BK-7 .18 1 FUSED SILICA 85 .38

2% FUSED SILICA .17 2 PYREX 85 b

3 COPPER .2 69 + 4 3 PYREX 47 .2

4 COPPER/NICKEL .17 84 + 3 4 BK-7 58 < .15

TESTED THROUGH QUARTZ

BACK COATED MIRRORS TESTED THROUGH QUARTZ

5 FUSED SILICA 64 )
5 FUSED SILICA .6 ‘ 6 FUSED SILICA 5 (through f£ilm} < .08

40 (through quartz)
2* FUSED SILICA .23 78 + 6

COATING DETAILS
* Tested in both directioms -

1 and 2 2pm Al + X/2 @ 249nm ThF

Al thickness = 1000A° 4
d 5 O Al 2
o1 and 3 35040 KT ¢ rooo 81+ o0 e
No 2, 3, 4 3/2 @ 249mm OF MgF, 4
TABLE 2.03 ALUMINIUM MIRRORS COVERCOATED WITH MgF., DAMAGE THRESHOLD TABLE 2.04 ALUMINIUM MIRRORS OVERCOATED WLITH ThF,

@ 249nm



2.3.3 UV Phase Conjugation

2.3.3(a) Experiments with a KrF Laser Amplifier using Phase Conjugate
Brillouin Mirrors

Several experiments have been carried out which demonstrate the utility
and versatility of the KrF phase conjugate (PC) stlmulated Brillouin
scattering (5BS) wmirror which we were the first to demonstrate last year
(2.18). The experimental set up has been described previously (2.18) and
consists of a KrF oscllliator, which produces ~ 4 pJ of energy at 248 mm 1a
a diffraction-limited 5 ns FWHM pulse of area 0.3 cn? with a narrowed
1inewldth of < 0.2 em~ !, and a synchronized 46 ¢m X 2 cm x 0.5 cm
discharge-excited amplifier module, which exhibits a small signal galn of
~ 0.2 e~} for ~ 20 ns. After the first passage through the amplifier,
the radiation had a divergence of ~ 5 x the diffraction limit. Although
ethanol was predomilnantly used as the Brillouin medium 1o our previous
work (2.18), hexane {EDH; Spectrosol grade; absorption, < 2% e 1 oat

248 nm) was found to produce ~ 30% higher PC reflectivity and so was used
in the present study. Highest-quality PC reflections were obtained when
care wes taken to ensure that the oscillator was fully line narrowed

throughout the duration of the pulse.

Using different focal-length lenses to focus the radiation emergent from
the amplifier into the gcattering cell, in Figure 2.22 we show
neagurements that characterlze the PC reflectivity ef the Brillouin mirror
as a function of the product If2, where I 1s the Lintensity at focus. As
described in (2.18) spatial filtering was used to detect the FC component
of the SBS return. It can be seen that the maximum observed PC
reflectivity was ~ 80% and, decreases at higher intensities for a given
focal length lens. Alsc in Figure 2.22, as expected, one can see that thé
reflectivity is independent of the foacl length of the lens (if & 1s the
interaction length, then the SBS signal depends on the product If = 1£2,
which is independent of f).

Because of the inability of rare-gas—halide (RGH) molecules to store
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energy for times longer than a few nancseconds, it 1s necessary to use
various pulse compression schemes (2.04) for efficlent ghort-pulse
extraction from high—energy RGH amplifiers. One such scheme 1s angular
multiplexing, whereby the available energy in the amplifier is extracted
by a sequence of angle-encoded pulses. Efflclent energy extraction from
KrF using conventional optica has already been demonstrated in a 3 x
multiplexing experiment (2.04). A scheme for angular multiplexing using a
phase conjugate mirror in a double-pass ampliflier arrangement is showm in
Figure 2.23. Use of a PC SBS mirror in this configuration could have
several advantages over use of a conventional mirroer. As well as being
simple and not requiring high-quality optical components, the PC mirror
has also been shown to compensate for aberrations induced on the wave
front by the KrF amplifier itself (2.18). 1In addition, since PC nirrors
automatically retroflect beams Iincldent upon them, they should also help
to reduce cross talk between beams. As we will show later, because this
type of PC mirror acts as a narrow bandwidth reflector, it also increases
optical isolation of the system from broadband KrF amplified spontaneous
emission (ASE). Since this type of PC SBS mirror produces a polarization
gtate of the reflected beam similar to that obtained from a conventional

mirror, le the polarization is not conjugated (2.19), switch-out of the

pulses returning from the amplifier to optical delay lines may be achieved

by using a combination of polarizers and quarter-wave plates.

In Flgure 2.23(a)-(e) we show oscilloscope traces of the pulses using this
scheme in a 3 x multiplexing arrangement (without switch-out}. The
diffraction limited, line narrowed oscillator pulse shown in Figure
2.23(a) 1s angle encoded (Figure 2.23(b)) and passed through the amplifier
(Figure 2.23(c)) with a net gain of ~ 103, The reflections from the PC
SBS mirror (Figure 2.23(d)) repass through the amplifier, and the
diffraction-limited return from the three delay lines 1s shown in Figure
2.23(e). Amplitude modulation of the overall pulse shape shown in Figures
2.23(c)-(e) is not so evident as in Figure 2.23(b) because of broadening
by a factor of ~ 2 of individual oscillator pulses after the initial
transit through the (small-signal gain) amplifler. However, the PC SBS
mirror then shortens individual pulses by ~ 30%. By measuring the energy

obtained from the amplifier when it is operated as a superradiant
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oscillator with an 80% plane teflecting mirror of equivalent aperture in
place of the PC mirror, we were able to assess the efficlency of this
multiplexing arrangement. We found that > 70% of the energy obtained from
this long pulse oscillator could be extracted in the short pulse
multiplexed mode of operation. In addition, the output when the SBS PC
retroreflector was used was found to have a diffraction limited beam
quality.

Another application of PC mirrors that we have investigated i{s their use
as reflectors in a KrF regenerative amplifier. Regenerative amplifiers
can be used to provide synchronized short diagnostic probe pulses in
lager—fusion experiments (2.20). There are several advantages of using PG
mirrors instead of conventional mirrors in such amplifiers. Not only are
PC mirrors capable of producing an unaberrated beam, but we have found
that no optical isolatlon of the mirrors, in the form of a Q switch, is
necessary in the cavity. Also, the mirrors themselves produce pulse
shortening. To demonstrate the operation of a KrF regenerative amplifier
with PC mirrors, we used the set up shown in Figure 2.24. The low
Lntensity injected oscillator pulse was passed through the Brillouin cell
(M,) into the regenerative amplifier. The output pulses obtained from the
intracavity beam splitter are shown in Figure 2.24(a). It can be seen
that the gain in the amplifier persists for three round trips of the
injected pulse. The shortening of the first pulse to a 2 ns FWHM second
pulse 1s a result of a combination of gain saturation and the reflection
from the PC wirror, Hz' In contrast, in Figure 2.24(b) we show the output
when the PC mirror, M,, 18 replaced by a 10% reflecting plane mirror
aligned with the centre of the discharge. The second pulse in Figure
2.24(b) 1s much longer than that obtained using two PC mirrors because of
an additional contribution produced by $BS of the broadband double-pass
ASE radiation reflected form the real mircor at M,. The observatlon that
this additional component to the output was of a much poorer beam quality
than the PC component further supports this explanation since in earlier
work (2.18) we found that unnarrowed KrF radiation produced a poor-quality
PC reflection. Thus the presence of the second PC mirror optically
Isolated the system from brogd-bandwidth ASE. Since Brillouln shifts are

~ 0.2 cm_l, and provided that the gain duration is long enough, many

2.32

:

cavity round trips are possible with the radiation still remaining within
the ~ 300 em ! galin bandwidth of KrF.

Another application of PC mirrors that has been suggested (2.21)(2.22) is
for use In the automatic alignment of targets (2.23). An example of such
a scheme 1s shown in Figure 2.25 whereby the reflection, or glint, of the
low powered oscillator form the target s sent through the amplifier and
automatically retroreflected at a much higher intensity back onto the
target by the PC mirror. To demonstrate this capability {see Figure 2.25)
using a 50 ¢m lens to focus the osclillator pulse onto a 500 pum diameter
plane alumlnium lollipop target, which was placed 1.5 cm inside and 0.2 cm
to one side of the focus of a 5 ¢m lens, L,, we were able to destroy the
target with the double pass output from the amplifier by using the PC SBS
mirror retroreflector. When the PC mirror was replaced by an aligned
plane 80% reflector, both the reflected amplified glint and the ASE from
the amplifier, which were focused by Ll’ completely missed the target and
left it undamaged. Furthermore, when the target was placed at the focus
of Lys it was destroyed by the focused broadband ASE from the amplifier.
It 1s possible therefore that, as well as for automatic alignment of
targets, this type of arrangement could be used to isolate the target from
prepulse ASE arising from the final amplifier stapges of a KrF fusion

driver system.

2.3.3(b) Phase Conjugatlon of an ArF laser at 193 mm

Usiog an ArF laser at 193 nm we have made the shortest wavelength
demonstration yet of phase conjugation. The line~narrowed oscillator/
single pass amplifier system used in this study and shown in Figure
2.26(a) 1is siﬁilar to that used in the KrF work described above, except
that the tuning element of the ArF line narrowed osclllator consisted of a
1200 line/mm grating blazed at 400 nm and was used in second order in the
grazing Incidence configuration. The apparent 5 cm™! linewidth of the
oscillator as seen in Flgure 2.26(b) 1is instrument limited. Higher
regolution measurements with a Fabry~Perot &talon showed this linewidth,
Avp, to be ~ 0.5 em™!, This is considerably narrower than the 10 cm !

bandwidth obtained (2.24) in the only other report to our knowledge of a
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line-narrowed ArF oscillator. In that work quartz prisms were used as
dispersive elements in the cavity. The line narrowed ArF oscillator
output in Figure 2.26(b) is compared with the familiar ArF amplified
spontaneous emisslon speetrum, which shows absorptlons as it propagates
through the atmosphere due to the (4-0) band of the x3zg“ + B3~

Schumann-Runge system of 0,

To £111 the amplifier volume better, the gscillator pulse (Figure 2.27(a))
is passed through a 50 cm focal length lens placed 110 cm in front of the
amplifier. The resulting diverging beam passes through the amplifier with
a net galn of ~ 600. The output from the amplifier (Figure 2.27(b)} is
then focused vertically by a 10 cm focal lemgth lens into a beaker
containing the scattering liquid. Beam divergences were obtained from
transmitted energy measurements through pinholes of known diameter placed
at the focus of long focal length lensea. To obtain absolute PC
reflectivity weasurements, signals were calibrated using conveational
mirrors of known reflectivity substituted In place of the scattering

cell.

Because the majority of commonly used solvents are highly absorbing below
200 nm, the cholce of Brillouin scattering media becomes more difficult
than at longer wavelengths. In the majority of the work reported here we
used spectroscopic grade (BDH, Spectrosol) 2,2,2,-grifluorcethanol
(CFacHZOH), which, after being purged with Nz gas to reduce the absorption
by dissolved oxygen, had an absorption coefficlent of < 0.3 cm~ ! at

193 nm. Furthermore, $BS was observed only when the focus of the pump
radiation was < 0.2 cm below the surface of the scattering liquid. We
were unable to measure the Brillouin frequency shift Avg of the
backscattered radition with our &talon - probably because it is
substantially less than our laser linewidth, Avy, = 0.5 ecm” !, We note

that for the majorlty of common solvents the Brillouin shift is between
0.15 and 0.25 em™! (2.25). The wave front reversal behaviour of SBS when
Avp > Avg has been studied theoretically by Bel'dyugin and Zemskov

(2.26). In Figure 2.27(c) we show the temporal evolution of the PC SBS
pulse. It can be seen that the SBS PC mirror produces a slight shortening
of the pulse. The PC pulse after it has passed through the amplifier with
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a net gain of ~ 30 1s shown in Figure 2.27(d). Whereas the beam
divergence 6f the amplified oscillator pulse (SBS pump beam) was found to
have a beam divergence of ~ 8 x the diffraction limit, from Figure 2.28 we
see that the amplified PC pulse had the same nearly diffraction limited
divergence as the oscillator. Thus, like the KrF system, the PC mirror

corrects for the aberrations induced on the wave front by the amplifier.

The PCR of the SBS mirror is shown in Fipure 2.29 as a function of the
laser intensity at the focus of the pump beam in the liguid. This
intensity was calculated from measurements of the beam divergence and
power of the pump radiaztion. It can be seen that the PCR is vrelatively
insensitive to the laser intensity - decreasing slightly at lower
intensities. Although the maximum PCR measured was ~ 11% when 2,2,2,-
trifluoroethanocl was used as the Brillouin medium, the PC mirror provides
sufficient feedback into the ArF amplifier to saturate it on the return
pass. Thus energy fluences and intengities of ~ 30 mJ/cm? and & MW/em2,
respectively, were extracted from the double pass amplifier in the PC

diffraction limited beam at 193 nm.

Similar PCR's were observed whenr 1,1,1,3,3,3-hexafluoropropan-2-ol
[(CF3)ZCHOH; absorption < 0.1 em~! at 193 nm] was used as the scattering
medium (see Figure 2.27{e)). However, for this liquid the PCR during the
latter half of the pump pulse 1s significantly reduced, possibly as a
result of the onset of an Intensity dependent absorption process, such as
exclted-state, photofragment, or two-photon absorption. Ethanol and
hexane, which produce high quality PC SBS signals at 249 nm are highly
absorbing at 193 nm and produced only poor quality and weak PC SBS

returns.
M C Gower (RAL)

2.3.4 Pulse Compression and Phase Conjugation by SBS

It is well-known that stimulated Brillouin scattering (SBS) of an intense
lLaser beam can produce phase conjugate reflection and the process has been

studied both experimentally {2.27}-(2.29) and theoretically (2.30).
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Recently investigations Into the use of pulse compression by S5BS have been
undertaken (2.31)-(2.34) and the efficiency and versatility of the
Brillouin mirror for this application has been demonstrated (2.34).

The characteristics of a Brillouin cavity formed by a pair of Brillouin
mirrors which takes advantage of both the phase conjugating and pulse
compressing mechanisms of the SBS process, has been Investigated. By
these means a phase conjugate resonator is produced which emits a train of

intense pulses of subnanosecond duration.

The experimental Investigation of the Brillouin cavity utilised the system
shown schematically in Figure 2.30. The ruby oscillator was operated on a
single longitudinal and a single transverse TEM,, mode and its output
pulse was amplified by double-passing the ruby amplifier. The amplified
pulses had duration ~ 40 ns, energies of < 100 mJ and linewidth of

< 0,01 em— !,

The radiation was focused {at focus 1) by a 15 cm focal length lens into a
chamber (£ = 157 cm) contalning methane at a pressure of 80 atm. A second
short focal iength lens (f = 5 cm) was positioned near the exit of the
methane chamber to form a second focus (focus 2). The windows of the
chamber were off-set at approximately 10° in order to minimise spurious
reflections. By the formation of two focal regions at either end of the
methane chamber, acting as Brillouin mirrors, a cavity was produced which

was capable of oscillation. This will be referred to as a “"Brillouin

cavity”.

The radiation reflected from the Brillouin cavity was monltored as shown
in Figure 2.30. Figures 2.3l and 2.32 show the temporal evelution of the
reflected radiation for an input laser pulse of * 40 ns duration and
depict some of the typlcal features exhibited by this arrangement. For
example, Figure 2.3l shows a broad pulse structure for approximately 50 ns
duration ctransforming into a perilodic train of short pulses with a
repetition time of = 12 ns (similar to the round trip time of the

Brillouin cavity). The pulse train persists for times > 100 ns.
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The experimental arrangement 1s shown schematically in Figure 2.33(a) and
Figure 2.33(b) is a simplified equivalent cavity configuration. The
purpose of the ruby oscillator in the system i1s to inject the input narrow
linewidth pulse into the arrangement to reach the threshold for S$BS and
initiate the oscillations. Its output mirror subsequently serves as a

resonator mirror for the ruby amplifier.

The amplified pulse travelling from left to right, when focused near the
front of the Brillouln cavity forms, by the Brillouin process, an acoustic
wave also travelling from left to right with an acoustic intensity profile
in the focal region forming a Brillouin mirror. This can backscacter the
laser pump pulse with high reflectivity and the reflected pulse may also
be highly phase conjugated by tight focusing (2.35). We shall for
simplicity call the reflectivity of the pump pulse from the front focus,
Rp, although it should be noted that the reflectivity is a function of
various parameters such as pump intensity, pulse shape, focal distribution
etc. Radiation reflected back from the Brillouln cavity will be
reamplified in the ruby amplifier rod and be reflected by the oscillatoer
mirrer (R,) to return to the Brillouln cavity after a round-trip time

Tp- A fraction of the pump pulse will alsc be transmitted through the
front focal region (focus) and may then be reflected by focus 2 with
reflectivity R,. This backscattered radiation will be refocused at focus
1 and reflected again with reflectlity R,. Two coupled cavities are
thereby formed; a Brillouin cavity between mirrors R, and R, and a pump

cavity between mirrors Rp and Ry.

In the normal backward phase-matched SBS process, the pump wave will only
interact with a copropagating acoustic wave and not with a
counterpropagating one. It 1s therefore emphasized that Rp and R,
although occupying the same focal regilon are independent reflectors under
the normal Brillouln process since they are formed by oppositely
travelling acoustlic waves. However, the situation may be more complex
than this simple model would indicate since stimulated anti-Stokes

scattering can occur between counterpropagating optical and acoustic

waves. In this case an acoustic photon (¥g) and a photon (Yg) are
B P 0

annihilated and a frequency up-shifted photon is created resulting in
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backscattering at frequemcy w, + wg. By this means a laser pulse
traveiling In one direction may couple to the acoustic wave deposited by a
counterpropagating pulse and provide a coupling mechanism between the two
resonators. Coupling may alsc occur in the reglon of focus 1 by Brillouin
resonance enhanced four-wave mixing, wherby, for example, two
counterpropagating waves of frequency can couple energy intc a Stokes

shifted wave (w-wg) and an anti-Stokes wave (uHig).

The generation of the short pulses relies on several mechanisms. The
nonlinear dependence of the Brillouln reflectivity on the input intensity
produces pulse shortening (2.35). However pulse compression is produced
by the interaction of the counterpropogating pulses in the tapered regions
produced by the focusing lenses and It is likely that this mechanism Is
responsible for the very rapid develeopment of the train of the short
pulses observed. The pulses become progressively shorter in duration
along the pulse train with gsubnanosecond pulses being produced under

optimal conditions.

Questions arise as to the detalled mechanism whereby radlatlon 1s coupled
from the regenerative ruby amplifier system into the Brillouin cavity. At
the power used in the experiment, the reflectivities of the Brillouin
mirrers are known to be close to unity and a pulse of radiation may be
trapped within the Brillouin cavity, experienclng compression and
consequent increase in power at each reflection. However it i1s also
possible to continue to supply energy from the external laser system
through focus 1. The pump radiation reflected from focus 1 may be
reamplified, reflected from the output mirror of the osclllator and asgain
be focused at focus 1. This will have the effect of sustaining the
acoustic wave at focus 1 which Ls travelling in the same direction as the
pump wave and which will provide anti-Stokes reflection for radiation
within the Brilleuin cavity. Thils means that the radiation reflected at
focus 2 and of frequency w,-wg will experience anti-Stokes scattering
with a resultant frequency (wo-wB) + wg = w. Thus the reflectivity at
focus 1 can be externally enhanced and an alternate down—shift and up-
snift in f;equency may be achieved for some fraction of the cavity

radiation.
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Fig. 2.31 Photograph showing backscattered pulses from Brillouin cavity. Fig. 2.32 Photograph displaying train of intense pulses emitted by Brillouin cavity.
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Further aspects and applications of the Brillouin cavity are currently
under study and include the synchronilsation of the length of the pump
cavity to that of the Brillouin cavity, an investigation of the
interactions within focal region 1 where anti-Stokes and four-wave mixing

interactions can occur, and the development of a numerical model to aid in

the understanding of the processes.

M J Damzen and M H R Hutchinson (Imperial College)
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CHAPTER 3 UV RADIATION FACILITY

3.1 Introduction

The U.V. Radiation Facility is a new activity of the CLF which formally
began operations im April 1982. The original aim was to give University
researchers access to the most up-to-date U.V. laser technolegy for use in
thelr research programs. In respongse to initial requirements the first
lager installed in the facility was a commercial, discharge-excited, rare
gas halide laser (Lambda Physik EMG 201). As an exanple of this laser's
capabilities it can produce 1J laser pulses at a repetition rate of 25Hz
on the KrF line at 249nm. The laser can also operate on XeF at 351 (0.4J/
pulse), ArF at 193nm (0.5J/pulse) and Fy at 157nm (15 w]/pulse). Other
major equipment avallable at the start—up of the facility included an

optical multichannel ana2lyzer and a Spex Triplemate Raman spectrometer.

Time on the facility is allocated to users by the UVRF Scheduling
Committee — authorised users are themselves the voting members of this
committee. The year is divided up into two scheduling periecds, Jan. -
June and July - December. In this reporting year a scheduling meeting was
held on 1lth May 1982 (the first such meeting) to schedule time on the
facility for the period July - December 1982. A second meeting was held
on the 5th November 1982 to schedule time for the period January - June
1983. At both meetings the bids for time on the facility greatly exceeded
the time available but with some compromise all around, schedules were
finally agreed. One % day per week 1s set aside for general maintenance
work. More lengthy periods of maintenmance and facility development have
to be bid for on the same basls as user experiments. Some time is also
set aside as "Division Head's Weeks.” This time, typically l-3 weeks/6
month period, can be allocated to users solely at the discretion of the
Head of RAL's Laser Division. This arrangement is seen mainly as a means
whereby potential new users can galn access to the facility to do
preliminary experiments before making more formal propogals to SERC Lo use

the UVRF.
During the reporting year the range of equipment available at the UVRF was

3.1

gradually expanded. A Lambda Physik EMG101E discharge laser was installed
for use as a line narrowed (<0.3cm'1) oscillator. The beam from this
oscillator is amplified in the EMG201 laser, An XeCl laser-pumped dye
lager has also been installed for use as a probe laser in conjunction with

the line narrowed UV system.

The UVRF has so far been used for various experiments in physics and
chemistry with the major amount of time being devoted to photochemiatry
and Raman Spectroscopy. As can be seen from the reporcts below all

applications have been very productive.

F.0'Neill.(RAL).

3.2 Description of the UV Radiation Facility.

During the past year we have carried out several development which have
considerably enhanced the quality of the output from the lasers in the v
facility. A schematic of the overall arrangement of the facility is showm
in Fig. 3.01. We have taken delivery of a Lamda-Physik EMG1O1E laser
module which we have modified using a grazing incidence grating type of
cavity to narrow, by a factor of over 200, the frequency output from the
laser. The output from this osclllator 1s of a diffraction limited beam
quality and so 15 a considerable improvement when compared to the ~500
times diffraction limited quality obtained from the conventional 'off the
shelf' excimer laser as obtained from the manufacturer. However, since
the output energy from this oscillator ig rather low (~5uJ), we use our
EMG201 laser in a double-pass anplifier configuration to inerease ite
energy. To preserve the high quality of the beam from the oscillator, we
use a phase conjugate stimulated Brillouin scattering mirror as the
retroreflector 1a this double-pass amplifier. We have previously shown
(3.01) that this type of mirror {a beaker of hexane with the beam focused
in it) has several advantages over more conventional mirrors - it corrects
for aberrations induced on the wavefront by the amplifier and poor qualiéy
optical components, as well as isolating the system from amplified

spontaneous emission {ASE).

3.2
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Fig. 3.02 Characteristics of line-narrowed oscillator/phase conjugate

amplifier system.

Using this system we have produced output emergies at 249nm (KrF) of
~130m]J in a 6 neec laser pulse with a near diffraction - limited bean
divergence and a linewldth of <0.3c¢m™!, The repetition rate can be as
high as 20pps. The 'spectral brightness’ (intensity per unit bandwidth)
which can be achieved with this source is ~107 times greater than that
obtainable from conventional commercial exclmer lenses. As such It
represents one of the highest spectral brightness ultraviclet sources in
the world. 1In Fig. 3.02 we show a burn pattern of the uniform beam
output of this system as well as an oscilloscope picture of the pulse
shape. To demonstrate the narrow linewldth of the source we also show the
circular fringes obtained in transmission through a low finesse Fabry Perot
etalon which had a free aspectral range of 0.8cm™!. We will carry out
further work in the near future to better synchronise the timing of this

osclllator/amplifer combination.

We have also installed a Lamda-Physik FL2001E dye laser which is pumped by
an XeCl (308nm) EMGL0lE laser. Thié system has a wavelength tunable
output between 320-980nm with linewidth of <0.2cm™ ! and energles of 2-5m]
at a repetition rate of <40pps in synchronism or with a predetermined time

delay relative to the main oscillator/amplfier system.
M.C.Gower (RAL).

3.3 Photochemical and Spectroscopic Studies Using High Power UV

Laser Radiation.

There has been considerable recent interest in non-linear spectrosocpic
and photochemical processes as it has been shown that previously
inaccessible electronic states and novel photochemical pathways become
avallable with non-linear techniques. In our work we are attempting to
make a detailed comparison between single photon, two-photon and other
non-linear processes, in order to obtain a fundamental understanding of
the excitation mechanisms and primary photechemical processes Involved.
By studying the energy disposal in the photodissociation process it is
possible to obtain information on the potential energy surface and the

initial states populated In the excitatlion step. A broadly based review

3.3



of our work in this area, which has been carried cut ma2inly at the

Rutherford Appleton Laboratory, is given In Ref. {3.02).

The study of highly excited electronic states, whether formed by non-
linear or single photon excitation, is also of interest as thess can lead
to new photochemical pathways. Thus in parallel with work on non-linear
excitation we have carried out a series of studies using vacuum
ultraviolet laser-radiation. In particular we have studied the
photodissociation of ICN at 1537.8nm (F laser} and both reactive and

inelasctic processes involving the lon-pailr states of the haleogens (1
and Brg).

3.3.1(2) Two-Photon Excitation of H O

Two-photon excitation of Hz0 at 248nm (KrF laser) leads to the formation

of electronically excited CH (A22+) radicals (3.03):

H,0 + 2hu(A=248 1) * on(a?sh) +

The 0H(A22+) radical can be observed in fluorescence 1n the region of

A = 310 om and with the high powers available from the EMG2QL system the
intensity is sufficient for a rotationally resolved spectrum to be
obtained {see Fig. 3.02).

The populations of the individual rotatiomal levels, for K=14-20, were
readlly determined using the known line strengths, as the Py and Py
branches associated with these higher levels are clearly resolved.
Careful analysis of the sharper features at shorter wavelength, several of
which are blends of only two lines, allowed a reasonable estimate to be
made of populations below K=14. These populations were then fed into a
computer program which could simnlate the fluoresceace spectrum (3.02).
Small adjustments were made to the populations until a good fit between
the experimental and simulated spectra was obtained. The best Eit to the
data in Fig. 3.02 was achleved with a distribution that peaked at about
K=16 and declined slowly up to K=20. Below K=16 the populations were

3.4

fairly constant. This distribution is clearly very different to the one
observed following single-photon excitation of HyD at 123.6 nmrwhere a
monotonically rising populatica of K levels, up to the maximum possible
level (i.e. K=20}, has been observed (3.04). The rotational distribution
produced by two~photon excitation is thus somewhat cooler than that
produced by single—photon excitation bul the 0H(A22+) fragment still

receives a considerable amount of angular momentum.

The different rotational distributions observed following single-photon
and two-photon excitation suggest that different upper electronic states

could be involved im the two absorption processes. In th lcase of single-

photon excitation both the bound ElBl and the repulsive ElAl states are

are populated. The ElBl is known to be mixed with a close lying LAZ

state, forming a Rydberg complex, and 1s also prediseociated by the Elhl
state (3.05). Transitions to the 1A2 state are forbidden for single-
photon absorption, but allowed For two-photon absorption. Thus two—photon
excitation of HpO can directly populate the 1A2 state which may

therefore play a more important role in the two—-photon process. As the

lAz state does mot correlate directly with 0H(A2{+), crossing to the

EIAI state is still required. As this crossing must oceur in a different

region of the hypersurface to that for the ElBlstate the dynamics of the
dissoclation process and the energy distribution in the products will
differ from those for the single-photon excitation process, despite the
similar total enmergies involved. We intend to examine this proposal in
more detail in the future using the output of the tunable, line-narrowed,

KrF laser.
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3.3.1(b) VUV Laser Photolysis of ICN

Relatively little work has yet been done using the vacuum ultraviolet
lines available from excimer lasers. As part of a larger programme Lo
investigate the single and multiphoton photodissociation of the cyanogen
halides we have examined the photofragment fluorescence from the CN
radicals formed by photolysis of ICN at 157.8 nm (Fp laser line).
Fluorescence was observed from both CN(BZE+) and CN(Azﬂi), as shown

in Fig. 3.04 and the vibrational emergy disposal imto both of these states
has been determined. Our observations on CN(Bzz+) are in reasonable
agreement with previous work (3.06) although we observe significantly
higher populaticns in the vibrational levels between v' = 3 and 5.
Fluorescence from CN(Azni) has not previocusly been reported from this
system and a detailed comparisem of the photodissociation dynamies leading

to these two different electronic states of the CN radical can now be

1ot
4,3.1(c) Reactive and Iinelastic Processes Involving IZ(D zu)

The collislonal quenching of the low lying (E = 20,000 e 1)
electronically excited states of the halogens, which are of valence

character, has been studied in considerable detall. Particular emphasis

+
has now been given to the B3H0u state of I2 which 1s readily populated
from the ground state with visible radiaticm.

In recent work the higher lying states of I, in the reglon of
approximately 45,000 cm— !, have also received attention. These states
have a high degree of ion-pair character and theilr collisional behaviour
may thus be expected to differ significantly from that of the lower
valence states. We have recently shown that IZ(DIZ:) is quenched with
essentlally unit collision efficiency by all the noble gases and that the
quenching process involves a cascade through other close lying ion-palr
states. Thls cascade ends in what is presumed to be the lowest ilon-pair

state, 12(3nzg), and provides the basis for the operation of an

3.6

efficent optically pumped Iy laser (3.07), which emits at 340 nm.

Willard and coworkexrs (3.08) have shown that excitation of IZ(DLZ:? at 185
nm leads to efficient reaction with CH4 and CHaCl, with quantum ylelds

of 0.3 and 0.4 respectively. The high efficliencles for quenching of
IZ(Dlﬂz), noted above, suggest that competition between inelastic and
reactive channels could account for the quantum ylelds of less than

unity.

The DlS: state of I2 can be convenlently pumped with ArF line at 193 nm
and this populates a group of two or three vibrational levels in the
region of v' = 130. Fluorescence from IZ(DIZ:) i3 readily monitored using
an EG&G optical multichannel analyser with single shots from the laser.
This has enabled us to wmake a wilde ranging series of studies of the
collisional behaviour of IZ(DlIZ). 0f particular interest has been the
observation of competition between reactive and inelastic collision
processes and we have studied the related series of molecules CHy,

CH3Cl, CF3Cl and CFg. With CF4 by far the most dominant process

is electronic energy transfer with the excited I, molecule being
transferred through Intermediate electronic states before finally reaching
the lowest lon-pair state (3H23) from which fluorescence is the main
removal process. With CH4 and CH3Cl reactive channels are important

and lead to the formatlon of CHyI and CHyICL. Reaction with carbon-
hydrogen bonds was found to be much more rapid than with carbon—~chlorine
bonds, desplte, the more favourable thermochemistry in the latter case.
Indeed, reaction with carbon-chlorine bonds is sufficiently slow that
CF3Cl behaves essentially like CF, and the dominatnt removal process

is again inter-state tranafer.
The ion-pair states of the halogens clearly have interesting chemical and

physical properties, and further studies are planned. A more detailed
account of the above work is given im (3.09) and {3.10).

3.7
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3.3.2 Spectroscoplc Studies of Brp Using VUV Laser Excitation

Following the work described above on the lon-pair states of Iy
exploratory work on the excitation of Brp fluorescence, ugsing the 157.8

nm excimer line (F;) was initiated. Strong fluorescence, assoclated

with three new bound-free transitions (oscillatory coautinua), was observed
in the regionm 210 - 440 nm. One of these systems, extending from 300 -
360 om is shown im Fig. 3.05. Relatively little work has yet been done on
the analysis of such oscillatory continua and our work on Brp ghould
provide a useful stimulus in this area. In collaberation with Dr
K.P.Lawley (Edinburgh} work on the apnalysis of these new spéctroscopic
systems 1s in progress. Further details of the spectra and the
collisional quenching behaviour of the initially populated ioco—palr state
of Brj are glven in (3.11}. It is clear from this work than an

optlcally pumped Brp laser, similar to the very efficient system
described for Ip(3.07), could be easily constructed.

R.J.Donovan, J.P.T. Wilkinson, A.Hopkirk, C.McKendrick, M.MacDonald
{Edinburgh) and M.C.Gower (RAL}.

3.4 Photochemistry and Raman Spectroscopy

3.4.1 Introduction and Adms of the Work

There are two general aims. The first is to exploit the line—narrowed
ultraviolet output of the RAL exciwer system for the excitation of Raman
and resonance Raman (RR) spectra of molecular species im solution. The
second is to use a controlled (in both wavelength and time) sequence of
pulses from two different laser systems to initiate (by photolysis) amd
then to probe by (RR spectroscopy) the mechanisms of chemical reactions in

golution.

Our work at the Rutherford Laboratory commenced in October, 1982, and to
the time of writing this report we have had access to the UVEF for
approximately 8 weeks. Although much of this time has necessarily been

spent in system development and calibraction we have been able to do

3.8

useful work on several different molecules and photochemlical reactions.

These may be summarized as follows:

3.4.1(a) Methyl viologen (HV2+)

This organic compound has the structure

As the dichloride it is called paraquat and is well kvown for its
herbicidal properties. 1In aquecus solution It has been much used zs an
electron relay in varfous reactions used for solar energy conversion. Its
free radical cation reduction product, HV+', is capable of reducing water
to hydrogen in the presence of 2 suitable catalyst. We have used
colloidal semiconductors in the form of aqueous sols as rhotosensitizers
for this reaction and have studied the coaversion of My2¥ ro Myt ar

the colloid surface by electron transfer from photopopulated coaduction

bands. Direct (i.e. unsensitized) photoreduction of MY2t algo has been
observed with 248 nm irradiation.

3.4.1(b) Stable dialkylnitroxyl free radicals, R_NO.

Ultra violet RR spectra of di-t-butyloitroxyl (I) and 4-hydroxyl
~2,2,6,6-tetragethylpiperiodinooxyl (II) radicals at ca. 10~2 M
concentration in wixed water/ methanol (95/5) solvent have bheen obtained.

CH3

O . HO O3
N—0
(CH,).C/ H
33 :

§) (I

3.9
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These stable radicals are close analogs of unstable alkylperoxyl radicals
which occur as important latermediates in the photo-oxidation of

hydrocarbons.

3.4,1{¢c) p-Benzosemiquinone (SQ)” and p,p'—biphenylsemiquinone (BSQ)~

free radical anions.

(SQ7) (BSQ)

These species both have been formed as trensient intermediates in the

agueous solution photolysis of rhelr respective hydrogquincone parents. The
radical anions may ferm by a process of direct multiphoton photoionization
in alkaline solution where the parent compounds are of the form ~0-Ar-07,

but their formation in acid solution depends strongly on pH and imvoelves a

chemically more complex mechanism.

3.4.2 Experimental Methods

Figure 3.06 shows in diagrammatic form the experimental arrangement of
lagers, Raman spectrometer and data capture system used. This is a
simplified scheme, the excimer laser component of which is specified in
detail in an earlier section of this Report. The Raman shifter and HY
pulser are available but have not yet been used. In additlen to its
function as a photochemistry 'pump' the excimer laser no. 1 also has been
used in this work in its line-narrowed (to ~0.3co™ }), configuration
(coupled and synchronized EMG 101 and 201 KrF lasers) as a direct Raman
excitation scurce. Since vibratlonal spectra of solution phase species
typically contain bands of bandwidth (FWHH) ca. 10 cm”! the normal
excimer laser bandwidcth of EE_BOcm'l 1g far too great to allow its use as
a vibrational Raman excitation source, although it is well suited to the

task of producing electrenically excited states by simple absorptionm.
Excimer no. 2 {an EMG 10l filled with XeCl to give 308 nm laser output}

3.10

YORK: Photochemistry and Raman Spectroscopy

EXCIMER 1

r-—-----l

t RAMAN
» SHIFTER

[ ]

A EXCIMER 2

A
DYE =

| IR |

25Hz PULSE
AND DELAY
GENERATOR

GATE
pULSE [ Hv JOATE

[IDECAYEDI[PULSER [puLsE

TRIPLE
SPECTROGRAPH

!

INTENSIFIED
DIODE ARRAY
OMA

Y

DATA STORAGE,
DISPLAY AND
PROCESSING

EXCIMER 1: To pump photochemical reaction in solution,

EXCIMER 2: To probe the resonance Raman spectra of
short-lived reaction intermediates.

DELAY GENERATOR: To time-resolve the photochemical
reaction profiles.

RAL: ULTRAVIOLET LASER FACILITY

Fig. 3.06 Diagram of equipment arrangement used for soluticn photo-
chemistry and Raman spectroscopy studies.




normally is used as a pump for the FL 2001 dye laser but we also have used
it directly as a photolysis pump for our samples. The line-narrowed

excimer 1 then is used as the Raman probe. The dye laser output linewidth
1s typleally ca. 0.05 em !, which makes it immediately sultable as a Raman

excitation source.

Laser pulse energies available at the sample vary with the exclmer gas
used but generally are sufficient to produce breakdown of the sample when
focused. A few millijoules is sufficient for this. To avold breakdown
and to avoid non-linear effects our experiments usually employ partially
defocused laser beams. To avoid problems of cell damage most of our work
has been done with rapidly flowing jets of solution samples pumped through
small syringe needles, with the laser beams impinging directly on the open
Jet as It emerges from the needle. Since the exclmer laser pulses
typlcally have widths (FWHH) of ca. 10 ns, only 10 mJ per pulse is
equivalent to a power of 1 MW. Focused to 10 um this gives a power
dengity of greater than 10!2 W cm ~2. Defocusing by several orders of
magnitude 1s necessary to avold stimulated Raman effects (thresheld ca.
108 em™2,

In order to obtain good signal/noise ratios in Reman spectra excited by
laser pulses of relatively low energy, repetitive pulsing of the laser 1is
necesgary. The practical limit on rep. rate 15 set by the EMG 201 laser
(excimer 1) and this 1s 25 Hz. Sample flow rates of ca. 200 cm s~ 1
correspond to residence times in the 'observation zome' {'seen' by the
spectrometer after magnification by the collection optics) of only ca. 20
p8, thus ensuring that a fresh portion of sample is presented to each

laser pulse.

A Spex 'Triplemate' spectrometer ie used for analysis of the Reman
scattered radiation. This is fitted with several sets of diffraction
gratings to enable 1t to be used over the full wavelength range from 200
to 800 nm. Xt consists of a double monochromator configurated for
subtractive dispersion, this acting as a stray light filter and bandpass
selector, followed by a spectrograph stage to which is attached an
intensified dlode array multichannel detector (PARC model 1420 and OMA-2).
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This multiplex spectrometer is well suited to the time-resolved
vibrational spectroscopic work in progress. Integration of the weak Raman
signals on the detector array is combined with a programmed sequence of
co-additions of data in the OMA-2 processor memory. Typically ca. 4000
laser pulses (or pulse pairs in the pump-then-probe sequences) accumulated

in an experiment of ca. 6 min. duratiom.

3.4.3 Results and Discussion

Examples of Raman spectra obtained from each of the three types of
chemical system referred to the Introduction are given here. 1In all cases
further experiments remain to be donme, although the results shown are all
significant in the context of the development of the methods and in
providing structural and/or mechanistic information on the chemical

species and reactions.

3.4.3(a) Methyl viologen, MV2+, on colloidal semiconductors.

Both Ti07 and CdS semiconductors have been used in aqueous dispersions
as photosensitizers. (3.12) - (3.14). Figure 3.07 shows a resonance
Raman spectrum (3.15) of the reduced species MVt at a concentration of
ca. 1 mM adsorbed at the surface of ca. 3mM Ti0y sol. This result was
obtained by pumping the system with 248 nm (KrF excimer) radiatlon and,
after a 100 ns delay, problng its resonance Raman spectrum with 395 nm
radlation from the dye laser. 248 nm radiation is capable of promoting
valence electrons through the bandgap in Ti0z. The resulting electron-
hole pairs are capable of inducing redox reactions in surface—-adsorbed

specled according to the following scheme:

Ox.

( e—

0! Ti02 Red.

4E*—-tTF \/
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Fig. 3.07 RR spectrum of methyl viologen radical, MV+, produced from ca. ! mM MV2+ in ca. 2 mM aqueous

colloidal TiO, at pH 11, Photoexcitation pump laser at 248 nm;

resonance Raman probe laser at 395 mm;
100 ns delay getween pump and probe.



Thus it was anticipated that Mv2* could be reduced to MV' at the

Ti02 colloid surface.

A similar, though weaker, spectrum of MV' was obtained using 193 nm (ArF
excimer) pump radiation in place of 248 nm and the spectrum showed a fall-
off in intensity as the delay between the pump and probe laser pulses was
incfeased to ca. 150 ps. This decay of the Myt spectral intensity could
be attributed to reaction of the MV* radical with dissolved oxygen.
However, 248 nm also coincides with an adsorption band (3.15) of Mvat

and we have hound that even in the absence of the Ti07 sensitizer

pumping MY ® golutions with the 248 nm laser also results in formation

of Myt radical spectrum. The mechanism for thias photoreduction 1s not
known but is currently under investigation.

3.4.3(b) Nitroxyl and alkylperoxyl radicals-

Figures 3.08 and 3.0%9 show resonance Raman spectra of di-t-butylaltroxyl
and 4-hydroxy-2,2,6,6-tetramethylpiperidinooxyl free radicals,
respectively, each at 1.1 x 1072 M concentration in 95% Hp0/5% CH4O0H
solvent. These were excited by the line-narrowed KrF laser radiation at
248 nm which coilncides with a strong adsorption band associated with the
N0 chromophore. Thus the NO bond stretching mode is most strongly
resonance enhanced in these Raman spectra and gives the bands at 1346 and
1361 cu~ 1, respectively. These band wavenumbers may be used to determine
N-0 bond force counstants and to infer the substituent effects in the two

radicals.

A preliminary experiment to observe the RR spectrum of an alkylperoxyl
radical waes unsuccessful. This involves two lasers, one at 308nm to
generate the species in situ by photolysis and the other (the probe laser)
at 248 nm to coincide with an absorption band of the peroxyl radical and
thus to excite its RR gpectrum. However, it has been possible to identify
the reasona for failure and it is hoped to overcome the problems in the

near future.

3.4.3(¢c) p-Benzosemiquinone and p,p' -biphenylsemiquincne (BSQ™)

free radical anions.

Figure 3.10 shows the RR spectrum of the BSQ™ radical formed from its
parent hydroqulnone at 10”2 M concentration in strongly alkaline aquecus
solution. The photolonization reaction was pumped by the KrF 248 nm
excimer laser and the RR spectrum probed with 441 nm dye laser excitation.
Delays between the two laser pulses from 20 ns to 5 ps were used and the
spectrum remained strong throughout, indicating a rapid formatiom and
good stability for this reaction intermediate. The spectrum is closely
similar to that produced previously by photolysis of the hydroquinone at

low temperature in glassy ethancl matrices (3.16).

Similar data have been obtained from benzosemiquinone (3.16) (3.17).

These enable comparisons with parent spectra to be made and concluaions to
be drawn regarding changes in electrenic structure and chemical bondling
which accompany the photooxidation reactions. Further experiments are
planned to explore the effect of changing pH on the spectra and thus on

the photoreaction meachanisms.

R.E.Hester, J.E.Bennett, W.E.L. Grossman, P.M.Killough and H.A.Virdee.
(University of York).

3.5 Pulsed UV Irradiation of Zn$ Films

Most of the effort on laser annealing of Zns:Mn thin films since the 1982
report to the LFC (Section 2.4.3) has heen devoted to a study of the
structure of the annealed material using reflection high energy electron
diffraction (RHEED) measurements. Thils has been investigated for a
variety of film/substrate, film deposition and annealing parameters.
Quantitative dopant profiles, before and after annealing, have been

ocbtained using secondary lon mass spectrometry {(SIMS).
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3.5.1 Experimental Details

The ZnS films were deposited onto n-type (100) 5i wafers either by
evaporation from solid source material in an.ultra—high vacuum {(UHY)
system or by radio-frequency (RF) sputtering from a solid target in an
argon atomosphere. Although Si has a good lattice match with the cubic
'phase of ZuS, the mismatch in the thermal expansion coefficlents is not
itasignificant. For this reason films were also deposited, by RF
sputtering only, onto (100) semiconducting n-type GaAs wafers for
comparison purposes. This materlal has a better thermal match with Zns
but the lattice match is poorer. The relevant thermal and lattice data is
summarised fn Table 3.01.

Filws deposited by evaporation in UHV onto oxide—free Si substrates were
single crystalline; all the sputtered speclmens were polycrystalline.

The film thicknesses employed ranged between ~ 0.2 - 1.0 pm. Selected
specimens were implanted with 300 KeV Mn fons at ~ 3-5 x 1015 ions em™2 at
A-E.R.E. Harwell. The laser anneals were carried out under pressure using
the 'ELF' excimer laser system at RAL and the procedure described
previously (3.18, 3.19). 1In addition to RHEED and SIMS measurements,
speclmen surfaces were also studied aoptically using Nomarski interference

microscopy (3.20).
3.5.2 Results

Figure 3.11 shows characteristic RHEED patterns from ~ 0.8 um thick single
crystal films on 51 subjected to various treatments. The data for the
virgin film, Figure 3.11(a) shows a épot pattern corresponding to cublc
Zn§ but addirional reflections are observed. These can be accounted for
by invoking the presence of twinning and double diffraction effects but
the preserice of a small amount of hexagonal material cannot be ruled out.
Results obtained after Mn implantation and a 1 hour, 500°C thermal anneal
of the implanted film are shown in Figure 3.11(b) and 3.11l(c)
respectively. From the re—emergence of the spots In Figure 3.11{c),
thermal annealing appears to be effective in restoring some structural

order. It 1s also interesting to note that there is no hint of the
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Fig. 3.11

RHEED patterns from v (0.8 um thick single erystal
films on Si (a) Virgin specimen (b} After Mn
implantion ({c¢) Implanted specimen after thermal
annealing (d) Implanted specimen after a

1.5 F cm=2 XeCl pulse under 100 psig Ar.
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1.5 J.cm™2

VIRGIN

Normarski micrographs of specimens of
Figure |: (a) Laser annealed film
(b) Virgin, as—implanted or thermally
annealed films.

additional satellite spots of Figure 3.11(a) in Figure 3.11{c), the latter
being characteristic of purely cublc materizl. The data shown in Figure
3-11(d)was obtained after the Mn implanted films had been irradiated with
a 1.5 J em 2 XeCl pulse under ~ 100 psig of Ar; sharp rings

characteristic of randomly orientated crystallites are observed.

Nomarski micrographs taken on the samples of Figure 3.11 are shown in
Figures 3.12(a) and (b). The latter shows the relatively rough surface
appearance of the virgin films. As-implanted and thermally annealed
speclments had an idential appearance. On the other hand, the micrograph
of the laser annealed speciment shown in Figure 3.12(a) is significantly
different, exhibiting a cellular structure. Behaviour similar to the
above has been seen on all our epltaxial films on 51, which lay in the
thickness range ~ 0.6 - 1.0 m, up to XeCl annealing energy densities of ~

2 J cw~2. Thinner epitaxial speclmens have not yet been investigated.

A more extensive study has been conducted on sputtered films using both
XeCl and XeF radiation. For this two film thicknesses of ~ 0.2 m and ~
1.0 pm were employed; also both undoped and Mon—implanted films were
investigated. All the As-deposited Films were polyerystalline with a
cuble structure and varying amounts of fibre texture. The latter was most
pronounced when 51 which had been argon-ion etched prior to deposition was
used as the substrate. Table 3.02 summarises the RHEED results obtained

after laser annealing these specimens.

In all cases polycrystalline regrowth is obtained irrespective of
substrate preparation, type or film doping effects. Any Initial fibre
texture in the films is eliminted except for the 1 pm £films where it
decreages with Increasing annealing energy density. Typlcal RHEED
patterns for the 0.2 m films on either Si or GaAs taken below and above
~2J co2 are shown in Figures 3.13 (a) and (b). The former exhibits
rings additional to those of cubic ZnS, like the data of Figure 3.11(d),
which are comsistent with the presence of either hexagonal ZnS or,
pessibly, double diffraction effects. Figure 3.11(b} on the other hand
suggests the presence of purely cublc phase material; the spots on the

rings lmply a larger grain size relative to films annealed at lower energy
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Fig. 3.13 Typical RHEED patterns from laser annealed 0.2 Em thick
films on Si or GaAs (a) 1.5 Jem 2 (b) 2.3 J cm™ <.
XeCl radiationm, 150 psig Ar pressure.



Fig. 3.14 Normarski micrographs of ~ 0.2 im thick sputtered
films on GaAs annealed at 1.3 J cm~2 under 150
psig of Ar (a) XeCl radiation <{(b) XeF radiation.



deneities. For the 1.0 ym films on Si, RHEED patterns similar o Figure
3.13(a) were obgerved up to ~ 2.5 J em 2. However, below ~1 J cm —2

evidence of initial fibre texture in the filws was also present.

Nomarskl micrographe of the 0.2 and 1.0 pm thick films on Si annealed
using XeF or XeCl radiation reveal varying amounts of surface rippling,
often with a cellular structure. On the other hand, the 0.2 ym films on
GaAs substrates exhibit severe cracking after XeCl anneals. This
deleterious effeet is however absent when XeF radiation is ugsed. These

latter observations are illustrated by the micrographs of Figure 3.l4.

Finally, Figure 3.15 shows the results of SIMS profile measurements on Man
implanted films before and after laser and thermal annealing. The data
was obtained on the specimens of Figure 3.11 and shows the flattening of
the initially Gaussian Mn profile in the first ~ 200 A of the film after
laser annealing. This supports the hypothesis of laser-induced surface
melting and dopant re-distribution within this ~ 2000 A thick molten

reglon.
3.5.3 Discussion

Our results show that XeCl and XeF pulsed laser annealing of ZnS films on
51 or GaAs results in polycrystalline regrowth uader the conditions
deseribed above. For the 1.0 um sputtered speclments, regrowth probably
occurs from the underlying polycrystalline film as it 1s unlikely that
melt front penetration to the underlying substrate occurs {see Figure
3.15). Similarly the Mn-implanted single crystal films probably regrow
from {mplantation damaged layers as Figure 3.15 suggests. Epitaxial
layers implanted atL lower energles are being investigated to clarify the
situation. In contrast, for 0.2 pm thick specimens, it is likely that
melt—front penetration to, and regrowth from, the underlying substrates
takes place, particularly above ~ 2 J cm ~Z2, Consequently these regrown
layers exhibit a purely cublc structure characteristic of the substrates.
The fact that both the ZnS/5i and ZnS/GaAs film/substrate combinacions

have elther imperfect thermal or lattice matches (see Table 3.01) may well

account for the observed polycrystalline nature of these cubic-phase
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TABLE 3.0l

Thermal expansion coefficlents and lattlice parameters for 81, GaAs and
Zns

Lattice Expansion
Seni conductor parameter coefficlent
CAY at 300 K
(107 k™ 1y
Si 5.431 2.33
Gas 5.654 5.8
Zas cubic 5.409
hexagonal a = 3.8l4, ¢ = 6.258 ~ 6.2
TABLE 3.02

Summary of RHEED Analyses on sputtered films aunealed under ~ 150 psig of
Ar.,

Sample Substratejins RHEED RESULTS
Type Cleaning |thickness
pm XeCl XeF

~ 0.6=1.8 J co2| »2Jem2|~1.3-1.8Jcm?

ZnS:Mn/S1i | Chemical | ~ 0.2 PR PS PR
only

ZnS/S1 Ar-ion ~ 0.2 PR PS PR
etching

Zns/si " ~ 1.0 PT PR PR

ZnS/GaAs Chemlcal | ~ 0.2 PR PS PR
only

PR = Sharp Polycrystalline rings cemsistent with cuble + hexagonal phase
material.

PS = Polycrystalline rings + spots; purely cuble phase material.

PT = As for PR but initial fibre texture of films also present at
<1 Jem™2.

regrown layers; 1In any case it could contribute, with other possible
factors, to the lack of epitaxial regrowth. It should also be noted that
Film crystallinity in chese specimens (and also in the other cases
studied) does not appear to depend on interface cleanliness or Mn doping

of the films.

0f the other points to note is the observation of a possible hexagenal
phase in the films after laser annealing, as described above. ZnS
exhibits two stable allotropes, cublc and hexagonal. The latter is the
stable form at high temperatures with the hexagonal to cubic transition
being reported to occur at ~ 1150°C. Thus competition between the two
allotropes may posslibly occur during regrowth after melting (the melring
point of ZnS being ~ 1830°C under pressure). For regrowth primarily
within the films (as for the thick specimens and for thinner samples
annealed at relatively low powers) this may lead to loss of crystallinity
and mixed cubic plus hexagonal material as observed. For regrowth

from the underlying cubic substrates, however, the hexagonal phase may
well be suppressed aud purely cubic material obtained as discussed above.
However further work i1z required to confirm this and the identification of
the additional structure in the RHEED patterns with a hexagonal phase,
rather than with twinning and double diffraction effects. This is

underway.

The room temperature absorption coefficient of Zn$ films at 351 nm and 308
nm has values of ~ & x 10% em ! and ~ 1 x 105em™ 1, respectively. Thus,
one might expect the cooling rates after laser amneallng to be greater for
the XeCl anneals. MHowever no significant effects due to this possiblility
have been observed in the crystal structure of the regrown material,
although it could perhaps explain why severe film cracking occurs on GaAs
substrates when uging XeCl radiation but not when the XeF line 1s used
(see Figure 3.14). Finally the cellular microstructure seen in many of
the annealed films, e.g. Figure 3.12(a), may alse be due to microcracking,
at least in the thin films. However, other explanations are also possible
and 2 fuller study using transmission electron microscopy (TEM) 1is

underway.



In couclusion the programme of research will continue with further studies
on film structure using TEM measurements. However, the effort will be
concentrated on studying the electroluminescent properties of the annealed
layers, together with their electrical properties using various dopant

ions.

H.5.Reehal, C.B.Thomas (University of Bradford)
C.B.Edwards (RAL).

3.6 Excimer laser lithography

Recently a serles of preliminary experiments have been conducted at the
Rutherford Appleton Laboratory UV Laser Facility. The work includes an
investigation of excimer laser lithography at 193 nw. Using contact
printing, gold zome plate masks and P.M.M.A reaist, feature sizes of < 0.5
um with excellent wall profiles have been demonstrated using a single ~ 15

ns pulse of ~ 80mJ/cn? energy density.
3.6.1 Introduction

The reselutfon, w, obtained in optical contact or proximity lithography
scales as YA. For higher resolution it is therefore advantageous to use
the shortest wavelength of light available. Traditionally deep - UV
deuterium (Dz ) or Xe-Hg are lamps have provided the shortest wavelengths
of 200 - 300um. However, these sources have low cutput powers at these
wavelengths (< 50mW). Hence for deep-UV resists such ags polymethylweth-
acrylate (PMMA) which 1s gensitive for A < 0.25 pm long exposure times
typlcally of several minutes are required. We have recently investigated
the use of a pulsed rare gas halide ArxF execimer which due to its high
power output at X=193nm {~ 20 MW) can reduce the exposure time to ~ 15
nanoseconds.. This remarkable decrease in exposure time essentially
elliminates problems due to mechanical vibrations in the system as well as
offering the potential of a much higher throughput of fabricated devices.
In addition, since the photosengitivity of the reslst Is no longer of
paramount fmportance, the use of an exclmer laser source will allow the

optimization of other resist properties such as higher image resolution

3.19

and wet—etch characteristics. Since exclmer lasers radiate very little
visible or infra-red radiation epecial precautions taken when using
conventlonal sources to prevent distortion of the mask

and wafer should not be necessary.

Thue there are several significant potential advantages of using excimer
laser sourcea to replace cconventicnal lamps. It 1s the purpose of the
experiments reported in this work to invectigate and demonstrate some of

these advantages.
3.6.2 Experiments

An Argon Fluoride (ArF) 193 nm Lambda Physik EMG 20l excimer laser was
used in these experiments to investigate the required energy demsity and

resolution obtainable in PMMA resist for contact lithography.

The resist used was a ~ lyu layer of cross-linked PMMA spun on a
borosilicate glass (Pyrex) substrate coated with a chromium layer 850 A +
50 A thick. This provided an overall master-grade quality structure flat
to ~ 3 ym over a two inch diameter circle. Gold zone plate foils which
were uged as the maks were sandwiched between the PMMA resist and a quartz
plate flat to ~ 2 ym s$o that fairly hard contact was provided between mask

aund resist.

The mask/resist sandwich was mounted normal to the laser beam. A card
with a suitable sized aperture was fixed to the quartz plate to single out

one zone plate at a time per illuminatiom.

To provide a range of energy densities at the resist the unfocused
50m)/cm? output of the laser was elther increased by using a S50cm focal
length quartz lens, or decreased by using a Rh6G + water absorption cell
and varylng the concentratiion of Rh6G. The lens or cell was placed
directly in front of the laser. The energy density incideﬁt on the quaftz
plate was measured by a GenTec ED 500 Joule meter placed at a pestion of
the plate, and the area of the beam was measured from burn patterns on IV

photosensitive paper.

3.20



Each zone plate was exposed by a single laser shot, of ~ 15ns duration,
with a dosage varying from ~ml/em? to 325mI/cm?. The exposed plates
were then developed using the "spray' technique - 240s of developemnt is
MIBK (methyl isobutyl ketone) followed by 20s rinsing in TIPA {isopropyl
alchol), and then 20s drying with Ny gas. The developed plates were
then examined using a CAMSCAN 5.E.M.

3.6.3 Results

The results of these experiments are summarized in Fig. 3.16 which shows
the amount of resist remalnlng is the exposed region after development, !
versus enecgy density. The threshold for PMMA resist removal during
development 1s seen to be ~ 30m)/cm?, with an increasing proportion of the
exposed resist being removed as the energy density Increased up to

BUEJ/sz and above which removal was complete.

We found that the underdeveloped reglons were patterned by
diffraction/interference fringes within the aperture boundaries. Because
cf interference effects some areas received less enerxgy density than
others and so were less well developed. However, above BOmJ/cm? there was
sufficient dosage to saturate the resist over the whole aperture so that

diffraction/interference effects were no longer observable.

The scanning electrton micrographs shown in Fig. 3.17 are of the exposed
photoresist using cthe Fresnel zone plate mask shown in Fig. 3.17(A) and
using a fluence of 100mt/cmZ. The photographs shown in Figs. 13.17(B}-(D}
were taken at an agle of 75° and show the relatively sharp wall profiles,

and sub 0.5 m lines.

We ¢onclude therefore from these preliminary experiments that with an ATF
laser operating at 193nm it is possible to expose feature sizes of

€ 0.5 um with good Iimage definitiom uvsing a PMMA pheotcresist. Further
experiments with shortly be carried out usingrfiner line masks in order to

determine the ultimate resolution of this type of contact printing.

C.E.Webb and G.Davis {(Oxford University)
M.C.Gower (RAL)
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Scamning electron micvrographs of exposed photoresist using Fresnel zone plate mask shown in (A).
. . 2 o .
Pxposure is 100 mJ/em* of ArF laser radiation.



3.7 UV Thomson Scattering on Non-Debye Discharge Plasmas and Assoclated

Lineshape Studies

Preliminary experiments on UV Thomson scattering in the dense (ng = 1013
cn~3), non-Debye (Np ~ 1) 2 ~ pinch plasma device developed at Imperial
College were carried out wsing the KrF 248 nm excimer laser system at the
Rutherford UV Radiation Faeility. Although the EMG 201 laser employed had
not been line-narrowed at that time (16-22nd December 1982) imnirial
experiments were carried out, including UV alignment of the %0°
experimental scattering geometry and synchronisation of the z-pinch and
laser pulses. Raylelgh scattering of the broadband 248nm radiation was
also performed in atmospheres of argon and nitrogen, and the scattered
signal was found to increase linearly with gas pressure (as expected).

The extrapolated signal at zero pressure gave a measure of the stray light
level, which when compared to the expected signal at ng = 1018y 3
{obtained from the Thomson to Rayleigh cress-section ratlo) was only 3%.
$ince in this high (3< @ <6) scattering experiment most of the scattered
signal (>90%) will be in the central lon feature, this level of stra—
light is a negligibly small amount. The chief density diagnostic will be
the separation of the electron feature from the ion feature (some tens of
&) and when the line narrowed exclmer laser becomes available at the UVRF
the visibility of the electron feature above the plasma background will be

tested in the complete Thomson scatterlng experiment.

During the second scheduled period (7th te 20th February, 1983)
experiments were performed on the production of tunable, coherent VUV
radiation for use in a future absorptiom experiment on the z—pinch plasma
at Lyman-¢. The FL200l excimer pumped dye laser was used to generate the
fundamental radiation at ~ 3650k, and pulses of 4ml in 4n§ (giving a
conversion efficiency from the excimer laser of 2.8%) were produced. The
fundamental beam at 3650A was focused into a krypton tripling cell
delevoped at I.C. and generation of VUV Lyman ¢ radiation was achleved

through 3-photon upconversion of the fundamental. The Lyman - « radiaticn
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generated was at least an order of magnitude greater than had previously
been produced at I.C. using a much smaller dye laser system, and varied
within a factor of 3 except near the limits of the maximum theoretical
range possible (+ 15 A from Lyman—a obtained by altering the pressure of
the krypton phase matching medium). A small newly constructed
monochromator used to monitor the Lyman—o radiation was succesully tested
and was shown to discriminte adequately between Lyman-a radiatiion and the
much greater (~105) fundamental signal. Measurement of the plasma
emission at Lyman—& showed the intensity to be of the same order as the
coherent Lyman-a signal, indicating that the Lyman—a absorption

experiments proposed for the next shcedduled period should be feasible,
D.D.Burgess, K.Baldwin and J.P.Marangos (Imperlal College)

3.8 Trial Experiments

3.8.1 UV Saturable Absorbers

The recent rapld developments in the area of high power excimer lasers has
lead to an urgent requirement for ultra-violet saturable absorbers
suitable for pulse shape control and optical isclation in oscillator-
amplifier chains. For KrF based excimer system operating at 248 onm the
aromatic molecule anthracene is a promising candidate due to its extremely
high absorption croes section at 248 nm. Anthracene solutions have the
added advantage that for a fixed low power transmlission level the
saturation characteristics and absorption recovery time can be varled to
some extent either by addition of excited state quenchers (e.g. oxygen) or
by varying the anthracene conenetration—absorption path length combination
used leading to a change in the rate of triplet-triplet annihilation

as shown in reaction (1).

3,6, 3% T Lk 1k (1)

The saturation characteristies of a series of anthracene-hexane solutions

were investigated using the ~ 1 J pulse of 20 ns duration from a Lambda
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Fig. 3.18 Saturation characteristics of anthracene — hexane solutions for KrF laser radiation.
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Fig. 3.20
saturation process.

7 x 10718 ¢cm2

7 % 1017 cm2*
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< 10" sec”!

2.5% 101 Tsec”
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Anthrzcene energy level scheme used for computer simulation of

Physik KrF excimer laser. Since the power output of the laser could not
be varjed directly without changing the remporal profile the output beam
was focused with 2 quartz lens and the power incident on the 1 mm path
length saturable absorber cell was varled by changing the position of the
cell relative to the beam focus. The results, shown in Figure 3.18, were
obtained by measuring the pulse energy transmitted using a calibrated
calorimeter. Temporal profiles of the incident and transmitted pulses
were monitored on UV photodiodes and typlcal profiles for a 140 mJ cm™2
pulse incident on a 2.75 x 10-% M solution are shown in Figure 3.19. In
figure 3.19 the transmitted pulse profiles have been normalised to the

same peak value as -that of the imcident pulse.

The computer simulations of the saturaction process, shown in figures 3.18
and 3.19, were based on the simple energy level scheme shown in figure
3.20 and available literature values for the appropriate rate constants.
Unfortunately accurate values of og and or at 248 nm are not available

so these parameters were varled to obtain the best fit to the experimental
results. Experiments are at present underway to determine accurate value
for og and oy at 248 nm and also to investigate the influence of
multiphoton absorption absorption processes at higher power densities

(i.e. > 1028 phorons sec™! cw™2).
T.Morrow and D.Denvir (Queen's University, Belfast)

3.8.2 Laser induced ionisation in proportionsl counters

The problem of laser induced fonisation in proportional counters has
recelved much attention during the‘last two or three years. The lwmpetus
for this study has come from two desparate fields of research. Firstly
the need to calibrate multiwire drift chambets can be satisfied by
slmulating particle tracks with laser induced lonisation(3.21) =(3.26).
Secondly the ultrasensitive analytic technique of multiphoton resonant
ionisation often requires the use of proportional or ifonisation chambers
(3.27) ~ (3.29).

lagsers operating at 337 nm with subnanosecond pulses.

Much of the work carried out to date, has used nitrogen
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It was felt thar a systematlic study of the lonlsation caused by different
types of laser, operating at different wavelengths and pulse lepgths was
necessary to eatablish the best kind of laser for this work. The present
study has compared the lonisation induced by a nitrogen laser at 337 nm

and pulse length 0.3 us with:-

a) An excimer laser using XeF (35lnm), XeCl (308), XxF (248) and ATF
(193 nm) with pulse length about 15 ns.

b) An exclmer pumped dye system operating at around 500 nm with pulse
length about 5 ns.

[a) & b) were carried out using the RAL UV Radiatiion Facility.)

<) A Nd- glass laser operting at its fundamental frequency (1060 nm),
doubled (530), tripled (354) and quadrupled (265) with pulse lengths
about 25 ns.

A proportional counter, carefully end corrected, shown ia Figure 3.21, was
used and ionlsation was induced at all wavélengthe. Fig 3.22 shows the
fonisation induced with the XeF excimer at 351 nm. In the ArF/10% CHg4
filling of the counter. It was found that the gpecific Intensity of the
jonisation increased considerably when the laser wavelength was decreased
from 350 nm to 193 nm. It is hoped to carry out further ipvestigations
using frequency doubling crystals between 200 - 300 nm and also varying
the pulase lengths of the lagers.

W.D. Kenneth Ledingham, Colin Raine, Kenway M. Smith (Glasgow University)

3.8.3 Fluorescence of Liquid Phase Toluene Excited By a KrF Laser

The unique combination of high pulse power and a varlety of output
wavelengths ranging from XeF (351 nm) te ATF (193 nm) avallable from
excimer lasers makes such systems invaluable in the studies of:-

a) two photon absorption processes
b) examination of basic photophysical properties of solvents as a
function of wavelength.

We have used the KrF excimer laser at the RAL UV Radiation Facility for an

3.25

initial part of a study of the absorptiom and emission properties of
toluene as a Function of laser power and wavelength. It 1s well known
that aromatic solvents can be excited in regions above their absorption
bands by two photon processes, though the relative efficlency of these

processes compared with monophotonic absorption 1s not known.

De-aerated samples of toluene were excited by the 249 nm line of a KrF
laser (pulse width = 20 ns) in the experimental arrangement shown 1in Fig.
3.23. vVariation in the laser intensity was achleved by using dilute
solutions of toluene in hexane as neutral density filters for the laser
beam. The laser intenstiy was monitored via the output of a calibrated
CENTEC ED 200 calorimeter using a reflected percentage of the beam. The
fluorescence output was monitored using an OMA 2 vidicon. The total
fluorescence yield was obtained by integration of the whole fluorescence
spectrum (after subtractiom of a background). The total counts per
channel was kept to well below maximum values and two detector voltages
were used in an attempt to malntain linearity (specified by EG and G to be
+ 2%3-

The data obtained is given in Fig. 3.24. The fluorescence yield for both
detector voltages may be reasonably fitted to an equation of the type Y =
AL + BI2 where I 1s the laser intensity and A and B are constants. The
golid lines are for best fite to the data, A and B differing only in a
factor of 0.39 to account for the different detector sensitivities.

8.0 k¥ A = 0.65 B = 0.0123
10.0 kv A = 1.67 B = 0.0346

The non linear production of toluene fluorescence may be due to one of two
processes.

1) singlet states produced by triplet—triplet annihilation

2) two photon excitation to higher excited states which also lead to

fluorescence via internal conversion rather than ionisation.

Since the time profiles of these two possibllities will differ, it is

hoped to distinguish them by further time resolved measurements. Use of

3.26



OPTICAL QUARTZ  THIN ALUMINIUM LASER
BEAM COLLIMATOR  ATTENUATOR WINDOW WINDOW BEAM LENS
SPLITTER r : / {

L MOLECTRON
——— | JOULEMETER

I

I -

' % ]

' LENS 7

I FIELD TUBES [3: &

It PERSPEX— |5 — ~

P =

D 504 WIRE / ORTEC

- ALUMINIUM ori e
—- 260mm -~

Fig. 3.21 Proportional counter.



COUNTER PULSE HEIGHT

10

10

10

10

10

v

T

20mJ/mm?

10 10° 10° 10*
LASER INTENSITY

Fig. 3.22 Tocisation induced by XeF at 35! nm. Counter filled with 103

Cll& in Ar,

10°

LAMBDA PHYSIK 201
EXCIMER LASER

ED-200

VARIABLE BEAM
ATTENUATQR

QUARTZ CELL

Y

HONOCHROMATOR

OMA 2 DETECTOR HEAD

FOWER SUFPLY
CONTROL AND
DATA HANDLING

LASER CONTROL

Fig. 3.23 Experimental arrangement.

/™

GRAPHICS DISPLAY




INTEGRATED FLUORESCENCE YIELD (ARBITARY UNITS)

|I6AA.A0A T
i208. A4 T
BAA .8 T
Hagy.ag@a T
SA.HAA |80 . AR I1SA0.17AA 208 .28
LASER INTENSITY mJ cm™ 2
L
Fd

Fig. 3.24 Fluorescence yilelds of toluene as a function of incident KrF laser energy density for two different
detector voltages.



other laser wavelengths will enable the efficiencles of the processes to

be compared.

R.B.Cundall and J.T.Richards (Department of Bicchemistry, University of

Salford).
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CHAPTER & LASER PLASMA INTERACTIONS

4.1 Introduction

This year has seen two notable new results together with the extension of
the study of plasma " jets" that has been reported in previous years. The
simultaneous observation of the spectra of ub/Z and 3u5/2 radiation

has shown that the mechanism for the generation of 3mo/2 light is the
photon plus plasmon process rather than the three plasmon process. The
same experiment suggests that the wolz emission is produced by the
analogous process of Raman down conversion but this process can only phase
match in an inhomogenous plasma due to refraction of the electron plasma

waves.

The observations of the spatial structure of the "burn through"” image in
thin foil targets shows the first evidence for unstable light filaments,
theorecical mechanisms for this have been suggested for mazny years and

some new ideas are also presented in this chapter.
Thin foil targets are expucted to be a continuing feature of the laser
plasma interaction programme since they offer a more controllable

evolution of tlw density profile than is available with solid targets.

4,2 Simultaneous Observations of wp/2 and 3wn/2 Harmonic Emission

from 526 nm Laser Produced Plasmas

Near the quartetr critical density surface, two mechanisms exist which
generate plasmons with frequency near mO/Z: the stimulated Raman
scattering (SRS) instability {4.01) where the incident photon deecays to
give a scattered photon and a plasmon, and the two plasmon decay
instability (4.02), where the incident photon decays to give two daughter
plasmons both with frequency mD/Z. Scattered light with frequency near
we/2 is produced directly by the SRS instability but may also be generated
from plasmons created by the two-plasmon decay process, either by Stokes

Raman scattering of the incident pump photon off these plasmons, or by

linear mode conversion {4.03). Similarly, scattered light with frequency
near 3ub/2 can arise either as a result of the interaction of a photon
with a plasmon, or the coalescence of threce plasmons. Besides the
intrinsic interest of these parametric instabilities they are also
important as sources of very energetic electrons which can produce

damaging levels of prelieat in compression experiments.

Recent observations (4.04, 4.05) of w,/2 harmonic emission spactra have
shown that It possesses a double peaked structure similar to that
previously reported in 3w /2 harmonic spectra (4.06, 4.07). Hence, it
was suggested (4.04, 4.05) that the generation mechanism for the w,/2
harmonic light is connected with processes involving the two—plasmon
instability. Scattered light at wo/Z due to a two—plasmon instability
re-emission process has been separately identified (4.08) in U¥-laser
produced plasmas. However, the mechanism by which the wO/Z plasmons are
converted to MO/Z photons is still unclear. The former of the two
processes suggested earlier would explain the similarity between the
wO/Z and 3w0/2 harmonic spectra, since they then represent the Stokes
and anti-Stokes lines, respectively, of Raman scattering of photons of
two-plasmon instability-generated plasmons, where the separation between
the peaks for both harmonics 1is given by the frequency spectrum of the

wo/Z plasma waves. Hence conservation of energy requires that
A = A
“Gr2) Y(3/2)

giving Al<]/2) =9 AA(3/2)

We present here new simultzneous obscrvations of the hackscattered mO/Z
and 3m0/2 harmonic emissions from nylon tube targets irradiated by

526 om laser light to lnvestigate the relationship between these two

harmonic spectra.

The experimental layout is shown in Figure 4.0l. The 1.05 um laser Iight
was frequency doubled by a KDP crystal and focused onto the target by an
£/l aspheric doublet lens. The residual fundamental light was attenuated

by an HR 1 pym mirror in the incident beam path. Incident energies of
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* 16 J on target were obtained for pulse lengths A 800 ps.

. Time resolved spectra of the ub/Z harmonic light backscattered through
(l ) the focusing lens were obtained by imaging the emissicon onto the slit of a
grating spectrograph (f = 0.5 m, 600 lines mm~! grating), optically
coupled by an £/1.4 lens to an S-1 streak camera. High temporal
resolution was not essential for this experiment and the streak camera was
chiefly used for its high gain in this spectral region (due to its image
intensifier). Temporal and spectral resolutions were " 160 ps and
ZOC)DS " 50 & respectively. Two red glass filters (transmitting for
A > 7000 &) and an IR transmitting black glass filter were placed in
front of the streak camera slit. The input optics were arranged to give a

spectral window of ™ 470 & at the streak camera slit, centred at [he

nominal wO/Z positions. Recordings of the time resolved spectra were

made on Iiford HP5 film. The spectral dispersion along the streak camera

RELATIVE INTENSITY

! » ! ! 1 o= slit was calibrated by recording low enetgy 1.05 um laser shots with the

1.05[.1!'\"\ A 1.05urn IOOE‘ A spectrograph at twe different wavelength counter settings.

Time integrated spectra of the backscattered 31,/2 harmonic light were

resolved on an f = 0.5 m, 1200 lines mm~! grating spectrograph and
(II ) recorded on Ilford HPS filme A UV-transmitting black glass filrer was
A 304 . _ _
- — first, second and third orders to obtain suitable recording levels of

light over the range investigated. Corresponding spectral resolutions

used in front of the spectrograph slit. The spectrograph was used in

were v 16 8, v 8 & and 4 8. A mercury lamp was used to provide

calibration lines For each shot.

A range of irradiances on target between 1014 and 2 x 16'° § cm72
was obtained by varying the focal spot size between 30-100 pn diameter.
Figure 4.02 shows the simultaneously observed w,/2 and 3u3,/2 harmonic

spectra for a typical shot. The pulsed nature of the wD/Z harmonic

RELATIVE INTENSITY

emission is due to mode beating in the main laser pulse. The 3u,/2

spectrum Is time-integrated and therefore represents an "average" peak

>’"

-3
A O.35U-m 10A separation during the laser pulse, whereas the wD/Z spectrum, despite
the poor temporal resolition, shows a variation in peak separation with

' time. Since the peak separation is proportional to the electron

Fi.g 45.02  Simultaneous spectra at m°/2 (time resolved) and 3 wo/2

(time integrated), 4.3



temperature (4.06, 4.07) the uh/Z spectrum reflects the temporal
variation in the temperature. Over the range investigated the separation
between the blue-shifted and red-shifted peaks For the h%/Z harmonic
spectra was observed to be AA(l/Z) . (206-330 &) and for

the 3w /2 harmonic emission to be BAagpy = (26-31 R).

These measurements show good agreement with the relationship

Biy7z) = 9BA(3/2) predicted by a Stokes and anti-Stokes Raman

scattering generation mechanism. However, in the absence of any other
process, the observed light should be split symmetrically (4.07) about
ub/l or 3u5/2 and cthe experimental observations show the mO/Z mean

is slightly blue-shifted, while the 3w /2 is slightly red-shifted.
Although this is conslstent with the ldea of Raman generatifon it suggests
that either the plasmons from the two—plasmon instability have lost some
energy, (perhaps due to lon aceustic turbulence or some other parametric
decay instability) or alternatively, the asymmetric splitting of the
spectra may be explained by k—matching considerations. Since the plasma
waves have to mix with the pump waves to give scattered light at w0/2

and 3ub/2, the plasma wave veckLors kpl,Z must satisfy both the

scattered wave dispersion relation and the usual conservation of momentum
and energy matching conditions, kg = kp + kg, and W =wp W,

(the subscripts s, p and o denote the scattered, plasma and pump wave
respectively). The matching conditions cannot be satisfied simultaneously
for both kpl

decay waves contribute to each peak.

and kpy (4.09), nence different pairs of two—plasmon

The observations do not support the generation of 3m0/2 harmonic

emission by the coalescence of three plasmons. Neither was any evidence
found for the production of W,/2 scattered light and w /2 electron

plasma waves by the SRS instability at the quarter critical density
surface, although scattered light due te a convective SRS instability has
been identified in plasma densities of 0.05 n, (4.08) and 0.1 ng

(4.05}).

In conclusion, the experimental cbservations have shown that

4.4

Awey oy = ﬁw(3/2), as predicted by the Stokes and anti-Stokes
Raman generation mechanism. However, the shift in the mean wavelengths of

the a,/2 and 3uw,/2 spectra have yet to be fully explained.

E McGoldrick, S M L Sim (Univ of Essex) and R E Turner (Lawrence Livermore

Mational Laboratory)

4.3 Instability of Filamentation and Backscatter in Laser Produced

Plasmas

The closely related instabilities of laser beam filamentation and
stimulated Brillouin scattering (8BS) play a vital rele in laser plasma
jinteraction experiments. Filawentation may cause laser energy to be
deposited locally causing non—unifermities Iin the ablation pressure and
the production of hot electrons and hard X-rays. On the other hand SBS
may cause a large fractlon of the incident laser energy to be scattered
back before it is absorbed. Both instabilities grow faster in large
underdense plasmas and consequently become lmportant in ablative implosion
experiments where long laser pulses and large focal spots are used. Laser
beam filamentation has recently been seen in laser produced plasmas by
optical probing and harmonic emission observations (4.10-4.12}. The
self-focused filaments have been predicred to be wunstable by several
models (4.13-4.15) but up Lo now no experimental observations have been
made that support this. We have performed two different kinds of
experimental observations with very high spatial and temporal resolutions.
Firstly observations taken on thimn foil targets which become underdense
during the laser pulse show that the laser light burming through is
spatially and temporally modulated indicating that the filamentation
process may be unstable. Secondly studies of time resolved back-scattered
w, Spectra show modulations on a time scale of ™ 10 ps, very much faster
than in any previous observations (4.16}, and only a few ion wave periods
in duration. This back—scattered laser light is turned off shortly after
the plasma becomes underdense indicating that it originates from plasma

densities close to critical.
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Targets consisting of parylene foils of thickness 0.5 um or wires of
various atomic number materials (CHp, Al, W) were irradiated with a

single laser beam (A = 0.53 Im) of the VULCAN Nd glass laser system
(4.17). The beam was focused onto targe: with an f/l aspheric doublet
lens. Beam enerxgies of up to 30 Joules were used with a pulse duration of
0.9 ns (FWHM)., Target irradiances between 2 x 10i2 and

5 x 10 y cn™? yere achieved. Ffigure 4.03 shows the experimental
arrangement with which two dif Ferent kinds of measurements were made.
Firstly the radiation back-scattered through the main focusing lens was
imaged onto the slit of a 0.5 um focal length, 600 lines/mm grating
spectrograph with a 20 x magnification. The output of the spectrograph
was relayed with a 2 x magnification onte the inmput slit of an IMACON 675
streak camera. To improve the temporal resolution of the combined
spectrograph—streak camera system a slit was inserted in front of the
grating giving temporal and spectral resolutions of 5 ps and 2.5 &
respectively. The spatial resolution was 5 uym. On some shots a biprism
element was inserted in front of the streak camera slit which made 1t
pessible to obtain two spectra on the same imapge originating from
different parts of the plasma (4.18). Simultaneously the temporal profile
of the incident laser pulse was monitored by focusing a part of the
incident laser beam onto the slit of the streak camera. Secondly when the
target consisted of thin folls the rear surface of the target was imaged
onte the slit of the streak camera in order to obtain a spatially and
temporally resolved image of the laser beam burning through the target.

Again the spatial resolution was 5 pm.

Figure 4.04 shows a streak camera image of the spatial distribution of the
light transmitted through a parylene foil 0.5 um in thickness. The
thickness of the foll was chosen such that it became underdense close to
the peak of the laser pulse. The target was irradiated with an average
intensity of 1.3 x 101 y cn2 in a focal spot of 50 Hm diameter.

As can be seen in Figure 4.04 the laser beam burns through in numerous
small spots. Spots as small as 5 pm diameter can be seen which is the
spatial resolution of the experimental arrangement. The envelope of the
spots spreads in radius as the size of the hole through the fell increases

with time. Each spot persists only for a few picoseconds. It 1is
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noticeable that at later times when the laser intensity and the plaspa
density are falling the transmitted spots are more stable in time. It 1s
interesting to note that the spots are smaller in size than the hot spots
in the incident laser beam measured in an equivalent target plane which
were between 10 and 12 ym in diameter. This may be an indication of
self-focusing effects within each filement. The temporal behaviour of the
laser beam profiles in the target plane was also recorded with the streak
camera. These observations clearly showed that the spatial beam

distribution in the target plane did not change during the laser pulse.

Further observations of very rapid changes in the plasma were provided by
time resolved spectra of the light back scattered into the focusing lens.
Figure 4.05 shows a spectrum taken on an aluminium wire target together

with the temporal profile of the incident laser pulse. The irradiance on

2 and the laser beam was incident at

targer was 3.8 x 1014 y ™
20° to the target normal. The back scattered spectrum shows very rapid
and apparently random fluctuations with a time scale of 5 to 20 ps whereas
no such modulations are observed in the incident laser pulse. Spactra
taken on various materials such as plastic, aluminium or tungsten and on
targets at varilous angles (0° to 45°) to the axis of the laser beam showed
similar temporal behaviour. In addition spectra from two different parts
of the plasma were obtained by using a biprism which was inserted in fromt
of the streak camera (4.18). By rotating the biprism with respect to the
slit of the streak camera either the same or different regions of the
plasma were imaged. If the same region was viewed, similar spectra were
obtained. However, the spectra did not have the same temporal behaviour

if two reglions of the plasma separated by only 10 um were imaged.

The backscattered spectrum and the burn through spatial image from a thin
foll target were also recorded simultaneously as shown in Figure 4.06
where the average Irradiance on target was 2 x 1014 g em™2, I

this set-up the backscattered signal was measured to be 45 ps earlier in
atrival at the streak camera than the transmitted signal. Consequently
the large reduction in the backscattered light (greater than the dynamic
range of the streak camera) observed between 15 and 55 ps on the streak

record corresponds to between 60 and 100 ps after the burn through first
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appears. Using a self-similar planar expansion model to describe the
motion of the foil wé can calculate the sound speed from the foil
thickness and the time delay from the beginning of the laser pulse until
burn through. Assuming that the peak density in the foil at the time of
burn through is the critical density n, We can then calculate the peak
density at the time when the backscatter turns off to be about 0.75 nge

We conclude that most of the backscattered light originates from densities

between 0.75 n, and N~

The multiplicity of small spots observed in the burn through images
suggest that burn through occurs first in the intense regions of
self-focused filaments. These filaments have been predicted theoretically
and have recently been observed in laser produced plasmas. The new and
important result of these observations is however that these filaments
appar to be unstable in the critical demsity region with a lifetime of
about 10 ps. Varlous models predict that the filaments may be unstable.
A possible 'kink' mode similar to the MHD mode of pinched plasmas was
suggested by Valeo (4.14). Parametric processes occurring within the
filaments can produce strong ponderomotive pressures due to decay waves
and thus destroy the filament. The locally increased light intensity can
produce a higher ablation rate and destroy the filament by injecting more
ablated material. It 1s also probable that filaments are surrounded by
self-induced thermoelectric magnetic fields. The neighbouring filaments
will attract each other like parallel currents. As an example a filament
of 1 ym radius and surrounded by a magnetic field of 3 MGauss carries a
current of 1.5 kamp. Two such filaments 50 Um apart in a plasma of

ng = 1021 o3 will initially accelerate toward each other at a

rate of 4 x 1017 cms™2 and will coalesce in rather less than

50 ps. Clearly there are many mechanisms that could give vise to unstable
filamentation but from the present data it is not possible to distinguish

between them.

The unstable filamentation could alse be a cause of the fluctuatioms in
backscatter but we believe this to be unlikely since the fluctuations are
seen from the beginning of the backscatter signal. The growth rates of

filamentation and Brillouin scatter differ by a factor (VW/uw;,), the
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ratio of the ion wave damping rate to its frequency. For a hot plasma
{T, = 300 ¢V) ard ZT,/T; >> | the ccllisional and fon Landau damping

are both small and the threshold for SBS will be exceeded long before
there is sufficient under dense plasma to cause filamentation. However
there is a straightforward explanation of the backscatter fluctuations .

purely in terms of SBS in an inhomogeneous plasma.

The ion wave driven by Brillouin backscatter always has a wave number k of
about 2k, where k, is the local value of the pump wave number.
kg = -Egll—ne/nc- Thus the driven ion wave frequency changes with
densitycwhich is an expression of the limited region of the plasma over
which any particular ion wave is amplified. It follows that the scattered
electromagnetic waves also have slightly different frequencies and will
interfere with each other with a characterlstic time scale of T = 1/ bw,
Since the behaviour of the pump wave near n, Will be described by an
Airy function we will not actually have the lon acoustic waves extending
down to zero frequency (ie k = 0) and so this time scale T will be a few
ion wave periods depending on the details of the plasma density profile.
Using the value of the sound speed deduced earlier {eg = 107 cm_1)
gives T = 10711 s, 1n very good agreement with the observations.
. The fluctuations are not truly periodic since the density profile evolwves

during the laser pulse.

in conclusion we have observed rapid changes in the spatial mttern of
thin foil burn through which is most easily explained by unstable
filamentation (or self focusing) of the laser light in the plasma. Rapld
modulation of the backscatter Light is probably caused by interference of
SBS from different densities but may also be influenced by the wnstable

filaments.

Z Q Lin (Institute of Optics and Fine Mechanics, Shanghai), 0 Willi
(University of Oxford), R G Evans and J Szechi (RAL)

4.4 Filamentation Instability in Laser Produced Plasmas

Laser beam filamentation {where the laser beam breaks up into small
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intense filaments) may play a vital role in laser plasma interaction and
ablative implosion experiments. Since the filamentation instabiliey is
strongly dependent on the scalelength of the underdense plasma ie 1t is
more effective in large, underdense plasmas, it gains in importance in
ablative implosion experiments where long laser pulses (several ns) and
large focal spots (up to several mm) are used. Initial small
perturbations on the laser beams or on the target surface may grow due to
self-focusing effects in the plasma. Various mechanisms, for example
ponderomotive force, thermal expansion and relativistic effects can give
rise to density depletions in the plasma leading to a focusing of either
the whole or part of the laser beam due to the changes in the refractive
index. The pondercmotive force processes are more likely to occur in
collisionless plasmas whereas thermal effects may initlate self-focusing
in collisional plasmas. Relativistic effects where the refractive index
changes due to the mass change should be negligible in the etperimental
observations described below since they were carried out at irradiances of
(A /1 um)2 = j0l2 - 1013 & cn™2.

The filamentation instability may be detrimental in various ways for laser
driven implosions and may be vital for any target design. Since the
irradiance is increased locally the threshold for resonance sbsorption and
parametric instabilities may be exceeded locally resulting in the
production of fast electrons aad hard X-rays. In particular electrons may
be trapped by the electron plasma waves which may originate from the two
plasmon decay and stimulated Raman scattering instabilities and may be
accelerated up to energies of several hundred keVs or even neVs causing
the fuel to be preheated. At shorter laser wavelengths the distance
between absorption and ablation regions 1s small and there is little
thermal smoothing of the non uniform illumination resulting from
filamentation. The non uniform ablation pressure 1s then imprinted on the

shell and an asymmetric implosion results.

The subcritical density region is investigated using various optical
probing techniques such as Interferometry, Faraday rotation, shad owgraphy
and Schlieren imaging. A short pulse (70-100 ps) generated by a

mode—locked cscillator which is synchronised to a long (0.5 to several ns)
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pulse provides a short optical probing pulse. In order to study the time
evolution of various physical processes such as laser beam filamentation,
plasma jetting etec a double pulse coptical probling system has been
developed. It allows two images sepated in time to be taken on each shot.
The short gaussian pulse is amplified in a high repetition rate amplifier
and is then passed through a multipass delay line in order to achieve
synchronization with the main beam. The 1.052 pm light is frequency
doubled in a CDA crystal cut for noneritical phase matching and Raman
shifted to the red (A = 622 nm) in a cell of ethanol for the purpose of
frequency discrimination against the harmonics of the heating laser beams
(4.11).

The ~ 20 ps red pulse iIs then split into orthogonally polarized pulses
using a Wollaston polarizer. These are time delayed relative to each
other by adjustable path lengths and after being recombined are directed
past the target. The target is imaged onto film by an £/3.3 microscope
objective with an overall magnification of 32. The two orthogonally
polarized pulses are separated again after the tarpet with a polarizing
prism giving two images at different times. The polarizing prism is
protected from the laser radiation scattered off the target by a red
filter when the target is heated with green light or by a HA3 filcter when
the target is irradiated with infrared laser light. Interference filters
(100 & in bandwidth) centred at 620 nm are mounted on the camera to

block radiation emitted fram the plasma. The spatial resolution of the

imaging system 1s 2 to 3 ym in the object plane.

X-ray images are taken using a pinhole camera equipped with two pinholes

5 um and 12.5 ym in diameter in a 10 pm thick platinum substrate which are
filtered with 15 ym and 40 um of Beryllium respectively giving an el
transmission at hv = 1.2 keV and 1.6 keV respectively. The pinholes are
placed 2.5 cm from the plasma and with an object to film distance of 10 cm
a 4 X magnification on the film is obtained. A spatial resolution of

6.5 tmn is achieved with the 5 pm pinhole. The images are recorded either

on Kodak No—Screen film or Kodak Industrex film.

. Laser fusion targets are much larger (several mm in diameter) than the
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targets (a few 100 um in diameter) used for previous experiments and
consequently are surrounded by much larger scalelength plasmas. In order
to simulate this situation longer scalelength plasmas were produced by
irradiating thin foil targets with a large prepulse.

Figure 4.07(a) shows an interferogram recorded on a plastic disc 270 mm in
diameter and 2 Mn in thickness. The target was irradiated with a single
100 ps (FWHM) infrared pulse at an intensity of 1 x 1015 y ™2,

The interferogram was taken 4 ns after the peak of the laser pulse using a
350 om probing beam. Notice the planar expansion of the plasma.

Figure 4.07(b) shows an interferogram recorded on a similar target which
was however irradiated with two pulses separated by 4 ns. The
interferogram was recorded shortly after the peak of the second pulse.

60% of the ineident laser energy was concentrated in the first pulse and
with a focal spot of 100 um in diameter the target was irradiated at an
intensity of 6.7 x 1014 W cm—z. Since the preformed plasma

expanded up to v 200 m towards the laser beam (which can be be seen in
Figure 4.07(a)) and an £/l lens was used to focus the laser beam, the
second pulse was focused to a focal spot of A 300 pm in diameter giving an

estimated irradiance of ~ 5 x 103 Wen 2,

Filamentary structures
can clearly be seen in Figure 4.07(b) where the laser beam is incident.
In addition however a thin splke about 28 ym in diameter is observed on
the rear side of the target suggesting that the whole beam may have

sel f—~focused.

Filamentation may cause the laser energy to be deposited locally and
consequently in order to obtain a uniform ablation pressure te drive an
implosion any non—uniformities have to be washed out between the
absorption and ablation region. However, at shorter laser wavelengths
thermal smoothing effects become inefficient arising from the short

distance between the absorption and ablation region.

Experimental observations were carried out to investigate the effects of
filamentation on the ablatlon pressure on planar targets irradiated with a
UV laser beam where tiny spots were clearly observed in X-ray pinhole

camera images. The laser beam was focused onto the target using an £/2.5
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a)

b)

Interferogram taken a 2 um thickness plaﬁtiﬂ:ﬂiggn
irradiated with a single laser pulse. '
As a) but irradiated by two laser pulses 4ns apart.



Fig. 4.08 X-ray pinhole camera (v lkeV energy) and optical images showing mnon uniform shock breakthrough caused by
laser beam filamentation.



fused silica spherical doublet lems and when the target was displaced from
the best focus of the lens a ring structure appeared on the target surface
arising from the spherical aberration in the lens. On medium and high

Z targets the annular ring broke up periodically into tiny spots.
Observations were carried cut ak 90° to the direcrion of the incident beam
using an X-ray pinhole camera and an £/3.3 microscope objective which
imaged the plasma onto a camera mounted with an interference filter
centred at 456 m {5 nm bandwidth) with a 30 X magnification. Figure 4.08
shows an X-ray plohole camera image and a time integrated optical image
taken on a gold foil 4 im in thickness which was irradiated with a 0.35 pm
laser beam. The irradiance on target was 3.2 x 1013 W cm'z. Tiny

spots can clearly be seen in the X-ray image. On the rear side of the
target foil structures with the same spatial scalelength as the X-ray
spots can be seen in the optical image. This indicates that non uniform
shock break—-through occurs if spots in the X-ray pinhole camera image are
observed. Similar observations were also made on 4l foils 25 ym in

thickness. The optical self-emission was however more uniform on plastic

foils which is consistent with X-ray images taken on plastic targets where

more wmiform X-ray images were obtained.

The regime in which no non-uniformities in the ablation pressure may be
expected is shown in Figure 4,09 where the dependence of the thermal
smoothing and the self~focusing effects on the irradiance and laser
wavelength are plotted. The scaling law for the ponderomotive force

self-focusing was derived by Max and Estabrook (4.19) and is given by

T

Is2x10" e
2 oX LA (8. /m)

where I is the incident irradiance in W em™2, T, is the electron
temperature in keV, L 1s the density scalelength in microns, Ap is the
laser wavelength in microns, and n, and n, are the electron density

and critical density respectively. On the other hand a wavelength scaling
for thermal diffusion effects depending on the separation between the
absorption region and ablation front was obtained by numerical

caleulations {4.20). Further analysis gives (4.21)
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where I 1s again the irradiance in W em™2 and Xy, 1s the laser

wavelength in microns. To obtain a uniform ablation pressure the
experimental parameters have to lie between the two curves. The crosses
in Figure 4.09 represent measurements made on plastic tarpets at three
different laser wavelengths using optical probing techniques. At the
indicated irradiances filamentary structures aligned along the laser beams
were clearly observed. These values of irradiance are well below the
theoretically predicted curve which is probably caused by initial
perturbaticns on the laser beams. The crosses at shorter laser wavelength
are below the thermal smoothing curve and consequently non—wniformities in
the ablation pressure may exist at these irradiances which is consistent
with X-ray pinhole images where some spottiness was observed. Notice that
non~unifermities in X-ray piahole camera images were observed even at
lower irradiances than those plotted in Figure 4.09 when high Z-targets
were used. Thermal self-focusing effects which are not shown in

Figure 4.08 may however have been responsible for the filamentary

structures in those observations.

0 Willi (University of Oxford), Z Q Lin (Shanghai Institute of Optics and
Fine Mechanics, Shanghal) and P T Rumsby (RAL)
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CHAPTER 5 TRANSPORT AND PARTICLE EMISSION STUDIES

5.1 Introduction

The activities of the Transport and particle Emission Group 1in 1982
covered a wider field than usual. Familiar techniques were applied in new
areas, In particular in dense matter physics, and additional techniques

were applied to old problems such as thermal smoothing and tramsport
inhibition.

It has been suggested in earlier reports that fast electron preheat in
long pulse irradiation might be very much less than observed with ghort
pulses and it has been shown that the bulk of long pulee preheat in planar
geometry occurs at large distances from the foecal spot. In section 5.2
data are presented which show very low levels of long pulse preheat in
spherical geometry indicating that very little of the fast electron energy

coupleas to the target. What little preheat was geen could be due to
radlation.

Two very different aspects of the physics of hot dense matter were the
subject of experiments: broadening of features in X-ray absorption spectra
is described in 5.3 and 5.4 and changes in alpha particle stopping power
in 5.8. The purpose of the time-resolved X-ray absorption experiment
described in 5.3 - the first such measurement — was to observe an
anticipated shift in the K edge of an ionised medium due to ionisation
depression. No shift was observed but the edge was substantially
broadened. 4Analysis shows that the ionisation depression is almost
exactly cancelled by an inerease in inner ghell {onisation energy due to
outer shell jonisation and rhat the edge broadening can be accounted for
by statistical variations in the continuum depression. The use of edge
broadening as a semsitive preheat diagnostic Is discussed. In section 5.4
a preliminary analysis of shifted and broadened absorption line spectra

from shock compressed and heated solid absorbers 1s presented.

The possibility of ion beam fusion has stimulated interest in the ion

gtopping power of hot dease plasmas. A novel experiment which might be

5.1

sald to be the firet alpha particle backlighting experiment is described
in section 5.8. Alpha particles from an exploding pusher implesion were
used as test particles whose energy lose in a separate, laser heated,
mylar foil was measured. In a first trial of the method the atopplng
power of the hot foil was found to be a factor of 1.33 times greater than

that of the same foil when cold, in agreement with theoretical estimates.

A new type of gas-filled target with a polymer shell is described in 5.5.
The advantages resulting from the low X-ray opacity and emissivity of
these shells are demonstrated by a study of chlorine emission spectra from
the cores of exploding pusher implosions. Such targets are well suited to

emission spectroscopic diagnesis of ablative compression implosions.

Further work has been done on thermal smoothing of lateral variations of
ablation pressure and ite wavelength and irradiance dependence. The X-ray
backlighting measurements reported last year were improved on by the use
of a longer drive pulse to reduce the effect of foil decompression. The
wavelength scaling between 1.05 pm and 0.53 ym agrees with simulation
results but the irradiance dependence is stronger than predicted. Some
decompression effects were still evident. Section 5.7 conteins
preliminary results of an experiment using a shock transit method to
measure lateral variations in ablatlon pressure which is capable of being
used at early times when decompression effects should be less marked.

This is the first experiment to observe smoothing at 0.35] nm.

The question of tramsport inhibition in large temperature gradients is
still open. A trial was made of a laser scattering method developed
elsewhere by the Imperial College group to measure thermal conductivity in
a laser heated, low demsity, Z-pinch plasma. An optical streak camera was
used to time resolve the spectrum of the scattered light with high
resolutlon, for the first time. It was demonstrated that the large values
of VI needed to attack the transport inhibition problem could be ‘
generated. Storng enhancement of the ion feature was observed, indicating

the presence of ion turbulence and an interesting asymmetry in the



spectrum of the electron feature was seen which may indicate substantial Isble 5.01 Time integrated data for fast electron energy deposition in

electron flow. spherical targets

W T Toner

5.2 Fast Electrons in $pherical Geometry Shot Target Intenaity | K _(J/Sr)

diameter in um| (W/cm?2)

Planar geometry experiments {5.01)(5.02) with long (> 1 ns), 1.05 im laser

pulses have shown that although the fast electron energy deposition 14210482 66 14.5 x 101%|g8.6 x 10°©
directly beneath the foecus is small (typically less than %% of incldent
energy for 1.3 ns pulses) there is significant (> 5% of incident) 08160482 89 6.1 x 101470 x 1076
deposition of energy by fast electrons at distances of up to 5 mm from the
focal spot in the plane of the target. In spherical geometry there is no 09070482 71 5.9 x 101%(4,8 x 1075
possibllity of radial tramsport, and thils “"remote energy depositlon” could -
signicantly increase the bulk preheat if It couples efficiently to the 11070482 B0 5.4 x 101439 x 1076
target.

02070482 89 5.0 x 101%14,2 x 107°

The ailm of this experiment was to determine the fast electron energy

deposition for spherical irradiation at 1.05 pm with 1.5 ns pulses. This 15070482 97 3.6 x 101%(4,9 x 107

was to be achieved by measuring the Ka emission from solid vanadium
gpherical targets with various thickneasses of coatings, using both time 11060482 107 2.8 x 10141 .4 x 107®

integrating and streaked X-ray spectrometers. Unfortunately, only a short

run was possible. However, the four useful data points we obtained showed 03130482{ 71 + 2 ym CH | 6.6 x 101% » 0

that the planar gecmetry remote deposition does not couple to the target

in spherical geometry and the preheating 1s small.

The experimental set up used 6-beam irradiation of solid V spheres, with
150 = 300 J of 1.05 um energy incident in 1.5 ns. The targets used were
60 — 220 m in diamter, either bare or with a 2 - 6 um parylene coating.
Incident intensities were in the range (1.5 - 15) x 1014y cm 2,

The spectra were recorded on & minlature time integrating spectrograph
using either & Ge{2d = 4A&) or LiF (2d = 4A) Bragg reflecting crystal, and
on the streaked X-ray spectrometer uging the Ge crystal. The time

integrated data is shown in Table 5.01.
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In all shots the V Ku yield was small, the largest measured yield being
8.6 x 1075 g sr~1. 1t is thought that this yileld may be dominantly
radiation pumped (the V XXII 1s3p - 182 can efficiently excite V Ka
emission). However, taking the measured Ka yield as an upper limit to the
fast electron lnduced yields gilves an energy deposition of 0.1 J out of
140 J 4incident (5.03). Problems with high laser prepulse levels made the
data from targets with plastic overlays difficult to interpret, though on
the one shot where the thin plastic layer suppressed the V plasma emission
the V Ku was not seen. This also tends to suggest that radietion is the
dominant pump for Ka emission, implying that the fast electron position

may be significantly below the upper limit of 0.07 % estimated above.

The single streak record with Ka enlssion shows that the emlssion follows
the level of the plasma X-ray continuum as would be expected with

photopumping.

The experiment is to be repeated later this year in collaboration with
colleagues from LASL. It is important to measure the changing behaviour
of fast lon emission and preheat with target size, fast ions belng the
likely sink for the radially spread fast electron energy in planar
experiments. The data already taken does show that the deposition is
small - it is possible that for any optimised ablative implosion, the
preheating will be dominantly due to X-rays.

D K Bradley, J D Hares and J D Kilkenny (Imperial College)

5.3 Measurement of K-Edge Broadening caused by Preheat from Laser

Plasmas

The width of the K shell pheotoabsorption edge in chlorine heated by laser
plasmas is seen to vary during the laser pulse. A broadening but
negligible shift of the edge, which correlates with the energy deposition
is cbserved. It is argued that this is due to microfield variations in

the continuum depression.

It is well known that when high intensity lasers interact with solids a

5.4

high temperature plasma at about the critical density for the wavelength
of the incident laser is formed. However at a depth of a few wm inte the
solid a much cooler plasma, albelt at approximately solid density is
formed, by the shock wave propagating through the solid (5.04), or by
radiative (5.053) or fast electron (5.06) preheat. This plasma is strongly
coupled, and can be degenerate. However its hlgh density and low
temperature (10 eV - 50 ¢V) necessitates the use of absorption rather than

emission spectroscopy for diagnosis.

X-ray absorption spectra have been taken before (5.07 to 5.10) from laser
produced plasmas using the continuum from the highly emitting core of
compresalon targets to backlight the surrounding glass which has been
heated by fast electrons, resulting in absorption lines from helium and .

lithium like states of ilonisation.

Here we report the first time-resolved measurements of X-ray absorption
spectra of solids heated to temperatures of ~ 10 eV by X-rays from laser

produced plaswmas.

The experiments were motivated by the expectation of a spectral shift of
the K shell photoabsorption edge (of chlorine): mo shift was observed but
the edge was seen to become broader during the laser pulse. A correlation
was observed between the time integrated width of the edge and the
independently measured energy deposition by X-ray preheat in an absorber
layer. The absence of a shift is explained as a result of an increase in
the photoionisation energy due to ifonilsation cancelling the decrease due
to lonisation depression. The width of the edge 15 due to a statistical

variation of the contiuum depression.

For targets with the absorber layer close to the X-ray emitter the width

of the edge was used to infer the degree of preheat.

The spectral position of the photoionisation edge of an isolated atom
shifts to higher energy as the atom becomes lonised, because of reduced
screening. Atomic calculations (5.10) show that the increase in the 1nner

shell photolonisation energy 1s essentially equal to increase of the outer
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shell ionisation potential. If the ion 13 immersed in a plasma there is a
depression of the continuum (5.12) which, for the case of the ion sphere
radlus rs = (3/47Na)1/3 being much less than the Debye length, is

AEK = 3232/2ra. Estimates of these two effects for chlorine in both solid
dengity KCZ and shock compressed KCA (at 10 Mbar) are shown in Figure 5.01
as a function of the state of ionisation of the solid. As can be seen the
two effects in Figure 5.0l nearly cancel. Furthermore there 1s some
uncertainty in the value of the continuum depression for stroangly coupled
plasma (5.13) hence it is unclear whether the K edge would shift to higher
or lower energy. Additlonally, as discussed below, a broadening of the

edge might be expected.

Experimental measurements of the position of the K edge of CR in XC2 were
made using a 0.20 J, 0.53 um wavelength laser beam with pulse lengths of
0.4 ns and 0.8 ns. The beam was focused by a £/1 lens. The irradiance
was varled by changing the focal position of the target, giving a minimum
spot size of 35 m and a corresponding maximm irradiance of

2 x 1015 9 co 2,

The targets had a layer of KC& (CL absorber) buried at various depths

(0 pm, 5 ym and 12 um) beneath mylar and a surface layer of Bi. Bismuth
was used as it has a bright X-ray emitting continuum near the C2 K edge
when irradiated by the laser beam. This Bl laser produced plasma was
viewed through the buried KCE absorber by a time regsolving and a time
integrating spectrometer at the back of the target as shown in Figure
5.02. Time resolved absorption spectra were recorded on a streaked X-ray
crystal spectrograph with temporal and spectral resolution of 150 ns and

3 eV respectively. A time integrating spectrometer was also positioned at
the front of the target to measure the spectral shape of BL 'backlighting'

emigsion in the regien of C£ absorption.

Figure 5.03 shows a streak record of the ¢& K edge. For this shot the
lager irradiance was 1.4 x 1015 4 cn™2 onto a target of 0.7 ym Bi, 5 um
KCZ, 5 ym mylar. The mlcrodensitometer tracings in Flgure 5.03 show that
initially the photoabsorption edge has a width of 10 eV which increases
with time, reaching 40 eV by the end of the pulse. The mean position of
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the edge does not change within a measurement error of 5 eV, caused
principally by the 'pin cushion' distortion of the streak-camera and

intensifier.

Figure 5.03 also shows C& XVI 182 - 1s2p emission lines (at 5.45 A) late
in time when the Bi has ablated off. Absorptiocn lines are also visible
which have been ldentified as ls—2p transitions in various lonlsation
stages of C& (5.11). These absorption features were only observed when
the KCL layer was close to the front of the target le just beneath Bi.
Broadenling of. the K edge was however observed when the KC£ layer was

buried under 12 pm of mylar.

The degree of preheat of the absorber layer was varied by altering its
depth in the substrate. During the laser pulse only a small amount of
material was ablated from the surface (5.14). Hence the heating of the
absorber layer was due to X-rays and shock waves from the Bi surface
plasma, the fast electron r7eheating belng negligible for the values of
1x2 ysed here. The X-ray preheatling was calculable and varied due to to
different absorpticn in the various thicknesses of mylar used. TFigure
5.04 shows the Bi spectrum viewed from the front and two absorption
spectra, one for a buried and therefore low temperature abaorber, aﬁd
one for a high temperature absorber corresponding to a layer of KCZ& just
below the Bi.

The low temperature absorber in Flgure 5.04 shows the CL Ka emission at a
high level, indicative of radiative and not fast electrom K shell
ionisation. The Ka line acts as a fiduclal and allows an accurate
measurement of the position of the K edge to be made. There is no shift
in the wavelength of the K edge but the edge width is 10 eV compared to a
source width of 5 eV, The high temperature absorber in Figure 5.04 shows

a much broader but unshifted edge.

Its absolute position was obtained by fitting a dispersion relation to the
Ka line and the CL XIV emission line seen. This allowed the absorption
features to be identified (5.15)(5.16) as ls-2p transitions in fonisarion
stages of Cf from C2% IX to CZ XIV with CR XVI appearing Iin emission.

5.7



FRONT SPECTRUM

(20100683)
CHLORINE K ox__

LOW TEMPERATURE
ABSORBER (5100683)

HIGH TEMPERATURE
ABSORBER (4110683)

Z= é+ | 1é+ |
| | | | 1
47 4.6 45 4;.4 4.3

— J\(a&)

|
UNSHIFTED
K.EDGE POSITION

Fig. 5.04 Time integrated spectra of both low temperature and high temperature Cl absorbers, also showing shape
of unfiltered backlighting spectrum.



Time resolved and time-integrated data were obtained for a wide range of 30F
targets and irradiation conditions. The intensity of Ka emission was not
a function of absorber depth. Fast electroms at these low values of IA2
have 2 relatively ghort range and therefore the Ka emission is driven by
photoicenisation by photons of enerxgy greater than the K ghell 20

photoionisation energy IPK, which have a large range In Mylar. WIDTH OF

PHOTOABSORPTION
EDGE {eV]

to penetrate the Bi layer {until it is ablated) and the 5 um or 12 um *

L.
P

Buried absorber lavers are subject only to radiative preheat that 1s able
DEPTH OF ABSORBER

x- 5um PLASTIC
o - 12Um PLASTIC

Mylar., Radlation with hv » IPK will produce K shell ionisation and hence 10

Ka emission. i

T
—

JE
For a gilven absorbed spectrum hy the Ka emission 1s (5.10): {

1 @ o 1 . ) | , {
Y - hv Ku . Q1 JR) . @ {P v " hv dhv 0 50 ev/atom 100

KX
RADIATIVE PREHEAT LEVEL

and the absorbed energy is
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K
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where JR is the K absorptien jump ratic and w is the fluorescence yield. -

THEORY -

The form of the absorbed spectrum in the region of the CZ K edge was -

obtalned from the comparison of front and rear spectra for several shots 20 WIDTH OF -

PHOTOABSORPTION -7
EDGE (eV}

absorbed spectrum was the sgame for all the targets. The size of the -

and account was made of angular variations of absorption length to obtain

—
\
AY
\
\

9E/3hv. Thus Y was related to Eabs (hv > IPK)’ assuming the form of the

radlatively preheated volume was obtalned from the X-ray pinhole image, ~ */ DEPTH OF ABSORBER
the spatial extent of the Ka emisslon regilom, the spatial extent of the 10 ~ x-5Km P:;fil;]_ﬁc
contiuum gource and the thickness of the absorber. A preheat level in eV /*/ o-1zpm

per atom by photons of hv > IPK' EP(IPK), was thus obtained. Figure P // 0- NO PLASTIC
5.05{a) shows a plot of average edge width Erom both static and streaked Ve +

/ ;

0 [} L 1 1 1 1 L 1
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RADIATIVE PREHEAT LEVEL

Fig. 5.05 a) Craph of meosured edge vidrh ve preheat level for KCI absorbers buried under 5um and 10pm Mylar,
Theorecical curve is also shown,
b) Edge width vs preheat level for Cl absorber directly underneach che Bi backlighting plasma.
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spectraz as a function of EP(IPK) for the three target types. Note that
the broadening for the 5 pm and 12 um Mylar targets is similar, suggesting
that 7 pm Mylar does not significantly attenuate the preheating spectrum.
We conclude that for these target types the radiative preheat is
dominantly due to the spectrum in the 2 keV reglon which is recorded.

For targets with the absorber on the gurface the broadening was much
greater, as shown in Figure 5.05(b). For this configuration the X-ray
preheating would not be due solely to X-rays in the region of the CL K
shell. Thére would be a contribution from goft X-rays which would not be
able to penetrate the mylar surface layer.

A simplistic model can be used to account for the broadening showm in
Figure 5.05(a). The absorber layer is at a high deneity corresponding to
a shock compressed solid. The ion density is about 1022 co 3 and the
temperature la of ~ 20 eV, thus the plasma is strongly coupled. The

continuum depression would therefore be given by the ion sphere model
(5.13).

{where rB is the radius of the ion sphere) as plotted in Figure 5.01. TFor
a gas of uncorrelated particles the probability of the nearest neighbour
being at a distance r is given by

W () = 3(x/r )% exp(- (x/T)?)
2
If the shift due to continuum depression is AEK a - %-%E— and is welghted
by W(r) then the width of the edge, G(AEk), would be given by

2
8(8E.) = 0.76 x g-éi_

The dependence on specific enerpgy arises from the 2 dependence in this
expression. Using an LTE approximation, the energy deposition of Figure

3.05(a) can be related to Z and hence an edge width corresponding to the

5.9

energy deposition. This 1is plotted in Figure 5.05(a) and is in broad

agreement with the observed edge width for buried absorbers.

An extrapolation of this crude theory to the observed edge width for the
laser of the surface absorber (of 20 eV) allows an estimate to be made of
the energy deposition for this case of ~ 150 eV/atom, as shown in Figure
5.05(b}. Estimates of the X~-ray conversion efficiency and hence soft X-
ray preheating of a surface layer of the KC% absorber lead to similar
values of the preheating, although over the relatively thick absorber

there would be a large variation in the level of heating.

In conclusion, we have made the first time resolved measurements of the C2
K absorption edge in high density matter. The edge is observed to broaden
in respomse to abgorber heating in approximate agreement with a simplistic
model based on statistical variations in the microfield. The degree of
absorber radiative preheating i1s obtained by measuring the radiatively
induced fluorescence in the absorber. The K edge width in material
subject te unknown (probably soft X-—ray) preheating 1s tentatively used as

a preheat diagnostic.

D K Bradley, J D Hares and J D Kilkenny (Imperial College)

5.4 Absorption Spectra from 1-2 Transltions in Heated C£ and Si at
- Solid Densities

Targets were made unintentionally with thin layers of 510 or KC%
sandwiched between layers of Bi (0.6 pm)} and mylar (~ 10 ym). On the time
scale of the laser pulse this material will not decompress. Furthermore
when subjected to a laser pulse on the Bl laser, the tracer layer will be
shock compressed. The ablation pressures will be ~ 10 Mbar which will
produce a quasl strong shock with a compression of C ~ 3. The electron
densities of the various states of ilonisation Z would then be quite well
defined at Cz-nI where n ig the ion number dengity. The electron
densities of SiX and C& XIII would then be 1.3 102* and 1.4 1024

respectively.



4As dlscussed in 5.3, absorption spectra were taken by viewing the
unresolved transition array {(UTA) continuum from the Bl plasma through the
absorber layer. Typical spectra are shown in Figure 5.06. The wavelength
for the Si case was determlned from the S1 XIIT 11 — 21P emission line
and the 51 Ko line. For the case of the CL absorption spectrum the
wavelength scale was fixed by the C% 115 - 21 emission line and the

dispersion of the spectrometer.

Time resolved measurements of these absorption features (5.3) showed that

they all appeared at the same time.

Theoretical spectra, from the Cowan code (5.16), are shown in Figure 5.06.
Comparison with the experimental spectra shows broadening which is
probably due to the high density. A measure of the instrumental width is
given by the width of the C& XVI 118 - 21P emission line seen.

Emission spectra have been obtained at lower density in laser produced
plasmas. Figure 5.07 and in tokamaks (5.17) showing similar shafted 1-2
transitions In Ti and Fe. The spectra reported here are simpler in that
they are absorption spectra and therefore start from the ground state. A

fuller analysis of these data 1s planned.

D K Bradley, J D Hares, J D Kilkenny (Imperial College) and B C Fawcett
(RAL)

5.5 X-ray Spectroscopy of Low Opaclty Polymer Targets

The use of polymer shells, filled with dichlero-difluoromethane in laser
compreslon experiments is described. The absence of shell emission leads
to chlorine spectra with little contamineting shell continuum emission.
The low X—~ray opacity of polymer indicates that chlorine helium-like
emission could be detected even with compressed shell areal dengities of
0.1 gm cm 2.

Laser compresslon targets have used glass microballeoons with a ahell

thickness that is practically limlited to & minimum of 1 ym, and & fuel
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Fig. 5.06 a) Absorption spectra of shock heated Si.
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Fig. 5.06 b} Absorption spectra of shock heated C1.
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doped with a dlagnostic gas for X-ray spectroscopy (5.18). 1In the
'exploding pusher' mode these simple targets readily produce hydrogen and
helium-like emission lines from elements up to argon. The photon energy
of these lines 1s high enough that they are not absorbed by the
surrounding compressed glass which, in thls mode has an areal density of
about 1073 gm cm ¢. However in the more desirable abaltive compresison
mode (5.19) higher areal densities of the compressed shell have been
achieved (5.08)(5.09(5.20). Glass shells are opaque to X-rays in the

3 keV region with these targets because of the high X-ray mass attenuation

coefficient (,/p) of 810, and the large compressed areal demsity.

In this paper we describe the manufacture of targets for which the glass
shell 1s replaced by polymer. The cold X-ray mass attenuation coefficlent
of plestic 1s a factor of four less than that of glass, and moreover the
absorption coefficient of the compressed shell will be further reduced by
any temperature rise. Exploding pusher experiments are described with
such targets that demonstrate their ease of fill and use. The f£ill gas 1is
dichlorodifluoromethane (5.21) and dlagnosis of the compressed chlorine
indicates electron densities typical of exploding pusher experiments.

High quality spectra, with little contiouum emission below the
recombination edgea results from the absence of any element of higher
atomic number than carbon in the shell. The advantages of these targets

for ablative implosions are discussed.

Polymer targets were made by using solvent-drying techniques (5.22).
Polystyrene was dissolved in dichlorcethane to form a 10% by weight
solution. Water was then added to this solution and the mixture beaten to
form an emulsion containing water droplets of the desired size. This
emulsion was then transferred to another vessel contalning water, during
which proceas each water droplet carried over with it an outer layer of
polystyrene soluticn. The mixture was stirred and heated alowly to 50°C
to evaporate the dichloroethane (under water) leaving hard water-filled
shells. After extraction by sleving the shells were maiﬁtained at 40°C
for a few days to diffuse out the water. Shells with diameters ranging
from 50 to 500 im and wall thicknesses from 1 to 20 have been produced by

these methods by varying the beating and mixing process. Uniformity and

5.12

wall thickness measurements were made using Interference microscopy since
the shells were transparent. Surface examination using a scanning
electron microscope Indicated that the shells were very smooth and free of

any defects greater than 0.1 um in size.

Targets selected to be sultable for Imploslon experiments were glued to
fine (5 pm diameter) carbon fibres and placed in a vessel which was
evacuated and filled with 1 atmcsphere of dichlorodifluoromethane
(CCL,F,)-

Measurements of the permeability of polystyrene to varlous gases were made
using films cast from 10% solution in dichloroethane. The results are
shown in Table 5.02. These data indicate that for the targets used in
these experiments {diameter 120 um, wall thickness 2 - 4 ym) ailr diffuses
from the shells and is replaced by CClez in times of order 2 hours.

The filled targets were rapldly transferred to the target chamber and
aligned in the focus of the six-beam, A = 1.05 pm laser of the Rutherford
Appleton Laboratory Central Laser Facility (5.23). Targets were
irradiated by 90 ps laser pusles of total energy 80 - 90 J and implosions
were thus In the exploding pusher mode where fast electrons dominate the
compression (5.18). An X-ray pinhole camera plcture of the implosion of a
polymer target compared to a similar glags target is shown in Figure 5.08.

The absence of any shell emission compared to the glass target ls clear.

Time-integrated X-ray spectra were taken with a PET crystal dispersing a
spectrun onto Kodak SB2 X—ray film. Coarse microdensitometer scans of the
spectra are shown in Figure 5.09 for three target shots with increasing
core electron density. Control shots with no fill gas showed no chlorine

emission.

The target parameters are shown in Table 5.03. For comparisou, the best
argon spectrum from a concurrent set of experiments with argon-filled
glass shell is shown in Figure 5.10. There are clear observable
advantages of the polymer shell targets viz: (1) the continuum emission at

energles below the helium—1like recombination edpge is considerably less
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W

2Lpum — =
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2 BAR ARGON | VV\,J Gas Permeability coefficient
‘ ; SHOT 09090682 | {cm? (STP). cm/em? cm Hg.rsec)x 1p71ce

He 2.6 x 10711
N, 1.0 x 10712
CC15F, 4,0 x 10714
— ‘]02}_"11 -
Table 5.02
25 Be + 5}.IITI Al 15).|m Al. Permeability coefficients for various gases through polystyrene films at 20°C.

Fig. 5.08 Pairs of X-ray pinhole camera pictures of plastic targets
filled with Freon 12 (upper) and a similar size glass target
filled with argon. The filtering on the pinholes is shown.



Target E Ax of C1 XVI Ne Te
Shot 2r Ar incident 1s2 1S - 1s4p p core core
um um | J mA x 10723(cm™3) eV
18100682 112 2.3 86 22 + 2 1.1 £ .1 810
13110682 1 3.7 92 25+ 2 1.4 + .1 740
12170682 118 2.9 82 32 3 2.0 £ .2 540
TABLE 5.03 Parameters for the spectra shown in Figure 5.09.




Fig. 5.09

o |
Isz—ishp Is-z—ISBp ls-2p Is-IsZp

Time integrated spectra of C1 XVI and Cl XVIT from p%astic
targets on shot numbers. 18100682 (top), I?IIOBBZ (middle)
12170682 {bottem). The fog level on the film next to the
spectrum is also shown.

then for the glass shell, and {(ii1) that therefore the recombination edge

is more pronounced.

Core densities have been obtained form the spectra of Figure 5.09.
Expanded traces give the line widths shown In Table 5.03. Elecktromn
densities an be obtained from calculation of the Stark broadening (6.24)
and are also shown In Table 5.03. The densities can also be obtained from
the ratios of the dielectronic satellites of the ls-2p line (Figure 5.11)
and the ratlos of dielectronic satellitea of the 1s? ls - 1g 2pl P lipes.
Additionally, the well-resolved and ahifted helium1like recombination
edpes can be used {5.25).

The temperatures in Table 5.03 are obtailned form the ratio of optically
thin helium-like to hydrogen-like lines (5-26}(5.27).

The greatest adventage of the polymer shells is in their low X-ray
opacity, which fs given in Table 5.04 for a varlety of temperatures
(5.28). For comparisom, the opacity of glass (5i0,) is shown at
comparabtle wavelength. For low temperatures there is a factor of &
difference, but at higher temperature 100 eV, the opacity of polymer
decreases significantly because of ilonisation into ite K shell.

Present ablative implosions have areal densitles of their compressed
shells of about 1072 g co~ 2. Glass shells cannot be used for argon
emission spectroscopy as the transmission of the argon lines is only 1Z%.
In contrast the transmission of the same area density of polymer at 100 eV
is 60% for chlorine lines. If the compressed polywmer were further heated
to, say, 200 eV by the core emission, significantly higher compressed
shell areal densities up te 10”1 gm cm 2, could be used with chlorine

enlsslon spectroscopy.

Fill gases other than Freon could be used if coatings of lower
permeabilicy material were placed on the plastic shell. A layer of low
diffusivity material thin enough to entrap the D-T fuel, yet of low enough
X-ray opacity, eg 0.1 pm Al, could be cecated onto the plastic targets.
This could then be overcoated with further plastic to reduce shell
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parameters to the plastic targets in Fig. 2.
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n argon filled glass shell of comparable
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Fig. 5.11
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Expanded tracing of the Cl XVII Lyman o transition and its
dielectronic satellites from the top tracing of Fig. 1. The
satellite triplet-singlet ratio is a density diagnostic

and is used in Table 2 to infer electron denmsities.

Electron temperature

(cm? gul)

Mass absorption coefficient (n/p)

Carbon (hv= 2.96 keV)

8i0p (hv= 3.13 keV)

Variation of the mass absorption coefficient for carben

Te
(ev) _ - _ _
p=lgm.cm 3 p=10gm .cm 3 p=lgm ,cm 3 p=10gm, cm 3
50 113 113 485 488
100 54 89 443 459
200 12 42
300 6.6 18 337 375
400 4.7 11
Table 5.04

and glass (5i0,)

with temperature and density. The hydrogen in the polymer will have a
negligible effect on the opacity of polymer shells.




emission.

In conelusion we have desecribed a new target fabrication technique that

demonstrably works and could be used for ablative implosions.

J D Kilkenny, B J MacGowan (Imperial College) and P T Rumsby (RAL)

5.6 Thermal Smoothing Effects under Steady-State Conditions

5.6.1 Experimental Investigation of Long Pulge Smoothing

Previous experiments using short pulse X-ray backlighting to observe the
target smoothing of an imposed laser beam modulation (5.29)(5.30),
indicated a scaling with laser irradiance and wavelength of the observed
smoothing like (IAL)I-s. Numerical simulations showed that because the
measurements wWere made after the emed of the laser pulse, target

decompression significantly affected the results.

In order to improve on these expeirments and attempt to make an
unambiguous meagurement of the effects of thermal smoothing further
experiments were performed. Making use of the synchronised long/short
pulse eoscillators developed in the interim period (5.31) it was possible
to drive a microdise target with a smooth 1 ns long laser pulse. A second
synchronised 100 ps pulse enabled short pulse X-ray shadowgraphy to be

carried out, as before.

A major improvement in the experiment is thus the ilncreased ratio of
TL:TBL, of about 10:1. The long drive pulse is better characterised in
its temporal power profile than the stacked pulse previously used. Also
the longer irradiation time allows an almost steady-state situation to be
reached in terms of plasma flow velocity and scalelength such that the
separatlion of the critical and ablation surfaces is determined by the
hydrodynamcis rather than by the laser pulse duration, over a signlficant

time interval.
A fived backlighting delay time was employed, the delay being mset so that
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the target was shadowgraphed at approximately the end of the drive laser
pulse. This ensured that the observation was made during the steady-state
phase and before the end of laser irradiation, whilst the target was still
being driven.

A consequence of the slower rising edge of the long drive laser pulse
compared to the previously used stacked pulse (particularly for

lL = 1.05 pm} is that the initial pressure exerted on the targets 1Is lower
than before. To ensure that the targets covered a sufficlently large
distance by the observation time to allow an accurate measurement of their
position it was found to be necegsary to reduce the target thickness by
1.05 pm irradiation to 3.5 um of Mylar. The higher absorption and
increased ablation pressure associated with 0.53 pn irradiation allowed a

target thickness of 12.5 um of Mylar to be used, as previously.

The line of sight mass density through the accelerated region of the thin
3.5 um targets is-‘reduced from that of the thicker 12.5 ym targets. To
ensure that the accelerated target material did not become transparent to
the backlighting X-rays filtering was reduced to 12.5 um of Mylar in the
backlighting target éubstrate with 15 pm of Beryllium over the recording
plnhole camera. This resulted in the l/e cut—off energy of the
backlighting X-rays being softened to 1.8 keV. Also the rear surfaces of
the targets were coated with a 50 nm layer of Bismuth {equivalent to =
0.5 um of Mylar by mass) to increase the attenuation of the rear side and

give a gharper edge to the shadowgrams.

The basic experimental arrangement was the same aes that used in the
earlier experiments and is shown in Figure 5.12. Shadowgrams were
obtained for two laser wavelengths as before, the drive pulse lengths
being 1.2 ns and 0.9 ns FWHM for AL = 1.03 um and 0.53 pm, respectively.
Using an X-ray streak camera with similar filtering the backlighting X-
ray pulse length was measured as 100 ps FWHM.

The backlighting pulse was timed to be coincident with the peak of the
1.05 pm main drive pulse and then delayed by 0.5 ns. This resulted in an

obgervation time of 1.3 ns sfter the start of the drive pulse for

5.16
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Fig. 5.12 Experimental arrangement showing a) beam modulation, b} £/1 focusing lens, c¢) microdise target,
d) backlighting target and e) recording pinhole camera.



1.05 micron

AL = 1.05 ym. The observation time for green irradiation was set at
1.5 ne after the start of the pulse. Shédowgrams were obtalned on Kodak
582 X-ray film using a pinhole camera equipped with a 10 ym platinun

pinhole.

The irradiance modulation depth was reduced to 2:1 to be similar to the
irradiance variation on a spherical target in & multibeam compression
experiment. A fixed focusing condition wae used of 250 m beyond the
target surface, in nearly all the experiments. This resulted in a
modulation wavelength A of 90 m in the .target plane. To achieve the
higheot green irradiances 1t was necesary to decrease the nominal focal

spot size to 200 ym, redueing Ap to 75 mm in the target plane.
5.6.2 Repults

Four shadowgrams obtafned with 1.05 ym irradiation are shown in Figure
5.13. The rear surface distance modularion can be seen to decrease as
the incident irradiance is increased, in a similar way to that seén in the
earlier experiment. As outlined above; all the results were obtained with
a fixed delay time so the distance travelled also increases with

increasing irradiance, as Figure 5.13 ghows.

The shadowgrams for both laser wavelengthg were measured by

microdenaitométry across the high and low drive regions and the distance

Maximum distance travelled
modulation A [defined a8 ‘Minimum distance travelled
initial target thickneas, and peak and trough pressureas were determined.

The data are liasted in Table 5.05.

J —1], corrected for

The distance modulation results are shown in Flgure (5.14) 2s a function

of the absorbed laser irradiance, caleulated using the absorption data

glven by Evans et al (5.32). As before the measurement accuracy increases (d}
as the irradiance is increased and the distance travelled by the target (C)
gets larger. At low irradiance the target modulation reflects the imposed Fig. 5.13  Shadowgrams for A, = 1.05um, long pulse, and a range of
irradiance modulation. The value of A at low irradiance 18 0.5-0.6 which absorbed irradiances,
12 =2
agrees.well with a pressure—firradiance relationship 1ike P a I9.7 apd a a} gagg = 7.4 x 10" Wem °, 250im foecal spot, Ap = 90um. & =
b) Iabs = 1.0 x 10'3owF2, 250um focal spot, Ap = 0um. 4 =
0.56. 15 -3
c) TIabs = 2,] % 10 “Wem » 250pm focal spot, Ap = 90pm, A =
5.17 0.44, 13, -2
d) Iabs = 3.1 x 10 “Wem » 250um focal spot, Ap = 90m., A =

0.10.
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Table 5.05

,AL = 1.05um
Shot Energy Iabs Focus Ap ZMAX IMIN  ZMAX -1 PMAX PMIN
I x103%en™® ym um um ym  ZMIN Mb Mb
29/6:13 13,1 1.6 250 90 43.4  29.0 0.50 3.8 2.6
30/6:06 24.6 2.8 250 %0 52,2  45.0 0.16 4.6 4.0
30/6:08 7.7 1.0 250 90 40.6 26,1 0,56 3.6 2.3
1/7:02 5.4 0.74 250 90 34,8 23.2 0.30 3,1 2.0
1/7:03 4,2 0,60 250 90 30.4 20.3  0.50 2.7 1.8
1/7:04 16.9 2.1 250 90 52.2  36.2 0.44 4.6 3.2
1/7:05 '20.0 2.3 250 50 46.4 34.8 0.33 4.1 3.1
1/7:07 28.5 3.1 250 90 8l.2 75.4 Q.10 7.1 6.0
1/7:08  15.4 1.8 250 90 63.8 40.6 0.57 5.6 3.6
Az = 0.53 um
26/7:01 b 250 90 21.8 13.1  0.70 4.4 2.7
26/7:04 11,6 3.3 250 90 42,1  29.0 0.45 8.5 5.8
28/7:12 16.2 4.5 250 - 90 58.0 40.6 0.40 11.6 8.2
28/7:18 22.2 6.1 250 20 72.5  49.3 - 0.47 14.2 9.9
28/7:21 10.8 3.2 250 90 43.5 24.7 0.76 8.7 5.0
29/7:03 24.1 9,7 200 75 81.2  76.9 0.06 16.0 15.5
29/7:08 18.9 7.8 200 75 78.3  62.4 0.25 15.7 12.5
29/7:10 24,5 9.9 200 75 89.9 79.8 0.12 17.8 16.0
29/7:16 20.8 8.5 200 75 94.2  78.3 0.20 18.8 15.6
29/7:19 25.4 10.3 200 75 94,2 92.8 0.02 18.8 18.6
29/7:20 26.6 7.1 250 90 84.1 63.8 0.32 16.8 12.8

2:1 irradiance modulation.

Above an irradiance of 2 x 1013 W en™ 2 the 1,05 im results start to ghow a

slgnificant decrease in the degree of target modulatiog. For AL = 0.53 um
this onset of smoothing occurs above Ia =6 x 1013 y op-2, The small
change in Ap for the high irradiance green data does not appear to have
had a large effect. Possibly the decrease in focal spot slze caused an
accompanying deerease in the plasma scalelengths, thus keeping the valuye
of D/AP constant.

Analytic fite to the data above the threshold irradiasnces Ffor smoothing
yleld the following approximate, empirical, relationship:

= 243
1/A 0.37(181L )
Ia in units of 1013 y ep=2
AL in unite of 1 um

This scaling of smoothing with laser wavelength is In good agreement with

numerical simulatiens (5.33) where a ALZ relationship was shown for both
the acaling D and the instantaneous pressure modulation. However the high

scaling with absorbed irradiance does not match with any oumerical
studiles.

The pressure data is shown in Figures 5.15 and 5.16 for the two laser
wavelengths. An allowance has been made for mass loss by laser ablation
which for the thin taargets is about 25% of the fnitial mass. A
comparison has been made with the data of Goldsack et al (5.14) and good
agreement can be seen between this data and the peak pressure points at
low irradiance for both laser wavelengths. For the 1.05 pm data (Figure
5.15) the pressure drops below the unperturbed level at abput

2 x 1013 W em2 5y for the 0.53 ¥m data (Figure 5.16) at about

8 x 1013 g cn~2. However, particularly for the green data, the fall-off
is less than might be expected from the degree of smoothing indicated in
Figure 5.14 for I_ > 8 x 1013 ¥ co™2. This fmplies that the total
distance travelled by the target is too great and may indicate some form

of decompression effect, possibly caused by preheating at these high
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irradiances. This may alsc explain the strong scaling of the obaserved
smoothling with absorbed laser irradiance with scme of the smoothing being
a result of decompression Iin the high denslty regionm of the target.

5.6.3 Simulations of Long Pulse Smoothing

The 2=-dimensional fluld code Pollux (5.34) was modified to simulate the
long pulse experiment described above. Two simulations were performed
with AL = 1.05 ym and a 4 ym thick plastic target ab absorbed irradiances
of 2 x 1013 and 5§ x 1013 W em~2, For AL = 0.53 ¥m a target thickness of
12 pm was used and simulations performed at absorbed irradiances of 5 x
1013 and 1 x 101" § em-2,

In Figure 5.17 the trajectories of the critical and ablation surfaces for

the four simulations are shown. The scaling of D can be determined as:
3y0,9
D a (Ia.\L )

This is wmid-way between the short pulse result of (IEALZ)U-6 {5.33) and
the l-dimensional simulation result of Gardner and Bodmer (5.35) of

3,8y0.7,
(I 39

A plot of the distance modulation as a function of time for the 1.05 pm
simulations is shown In Figure 3.18. At late time (» 1 ns) the value of 2
is nearly constant indicating a nearly steady-state situation has been
established. As cen be geen, the higher irradiance case shows less

remaining target modulation than the low irradlance case.

The degree of target modulation at the experimental observation time is
shown in Figure 5.l4. These simulation results straddle the experimental
data and agree with the experimentally determined wavelength scaling for
smoothing of hLZ. However a much slower varlation with absorbed
irradiance is indicated by the simulations, the overall scaling belmg:

a 240.9
1/A Z.T(IEAL )
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I, in units of 1013 ¥ em2

AL in wnlts of 1 pm

The irradiance scaling matches that found for the ecritical to ablation
separation distance D given above. The target smoothing however appears
to scale more slowly with laser wavelength than does the stand-off

distance D.

The simulation results alsc indicate that at high irradiance

(> 5 x 1013 ¥ em2) the measured distances travelled by the targets in the
experiments were too great by up to 15%. It therefore seems likely that
the strongly driven targets were experiencing some decompression and

expansion.
A J Cole, R G Evans (RAL) and J D Kilkenny (Imperial Cellege)

5.7 Thermal Smoothing Measurements by Shock Transit Time

In the past two years considerable experimental and theoretical evidence
(5.35-5.37) has been presented on the use of a heat diffusive mechanism to
improve implosion aymmetr}. In this process the ilnherent laser beam
inhomogenities are 'thermally' smoothed out by lateral diffusion of energy
driving transport from the critical density surface to the ablatlon front
thus tending to improve the effective beam quality by spatially
integrating the variations in laser beam profile. Of recent interest is

how such effects might scale with change of laser wavelength.

Previous studies of the effects of Imposed laser beam non uniformities on
ablatively accelerated targets have been performed using two distinet
techniques: the direct lateral observation of target modulation with X-ray
shadowgraphy using a backlighting beam (5.29)(5.30) at both 0.53 and 1.06
um and optical streak photography of non uniform blackbody emission from
the rear surface of double foll targets (5.38) at 1.06 ym. However in
both these studies practical difficulties have prevented measurements on a

sub nanosecond timescale. Computer simulations (5.29)(5.30) have shown

5.20

that the degree of smoothing observed way be anamously high due to effects
such as hydrodynamic flow and target decompression during a coasting

phase.

The experiment described here uses a different approach to measure the
smoothing of imposed beam modulations early in time (typlcally, at
0.5 ns). Moreover, the wavelength of irradiation used is AL = 0.35 ym

where previously no experimental data has yet been published.

It 1s well understood that during target irradiation materlal ablates off
drilling a shockwave forward inte the target, heating the foll material as
it goes. As irradiation continues the pressure rises and subsequent
shockwaves overtake the preceeding cnes to form a propagating shock front.
4s the shockfront approaches to within a few skin depths of the rear
surface of a plane target, the intensity of blackbody emission from the
target rises rapldly, reaches a maximum, as the shockfront breaks out and
thereafter falls slowly. The spatial profile of this emission corresponds
directly to any spatial variations in peak drive pressure on the ablation
front. Hence it 1s possible to measure a parameter which describes the
degree of mcdulation on a shockfront profile introducedbyrimposed laser
beam inhomogenities of known spatlal scalelength and intensity
modulations. It is important, however that in order to reliably interpret
the degree of modulatlon observed with an imposed beam non uniformtiy, the
profile of the shockfront breakout from an unmodulated beam should be
reasonably planar and have no significant structure on the shockfront
profile. Ta the experiment this requirement has been found to be
adequately fulfilled.

Experiment

The experimental layout is shown in Figure 5.19. A single beam of the
VULCAN Nd glass laser system (5.23) was frequency tripled to give up to
30 J in 750 ps FWHM. A small fraction of the beam was brought through
fibre opties to provide a timing fiducilal on the streak photographs. The
intengity of the laser beam was modulated by placing 2 cm wlde strips of
neutral density filter in the 10 cm wide incident beam. The beam was
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focused beyond the plane of the target to give a spot ~ 150 |m diamter at
the surface. A spatial period of 70 um and Intensity modulation ratio of
2:1 was measured from microdensitometer tracings of equivalent plane
photographs recorded on type 55 polareid film as shown in Figure 5.20.
The targets were 25 pm thick Aluminium foils a few mm wide mounted onto a
light shield to inhibit scattered laser light. The rear surface of the
targets were viewed with a 25 mm 0.1 NA microscope objective lens and re-
imaged with an achromatic relay lens onto a 100 pm slit on an optical
streak camera fitted with a 520 photocathode.

The static spatial resgolution was estimated to be 10 ym and the temporal

resoluticon 10 ps.

The streak photographs for the unmodulated and modulated beam profiles are
shown iIn Figure 5.21. The umnmodulated image profile shows planarity
corresponding to the unmodulated beam densitometer tracing (not shown
here) Limited by the spatial £ill factor of 0.5 in the £f/1.5 focusing

lens.

It 18 interesting to note that there is no indication of any precursor
emisglon occurring earlier in time before the emergence of the shockfront,
which shows a risetime of less than 30 ps. The structure observable on
the timing fiducilal image 1s due to the position of the fibre optic well

" inside the focus of the fiducial beam lems. The lack of any observable
structure In the unmodulated beam case negates the significance of fine
scale modulations from inhomogenities in the £/1.5 focusing lens, which

are known to exist.

The degree of smoothing is expressed by the parameter § where

TMIN is the time taken by the shockfront produced by a maximum in the

drive pressure to propagate through the target and TMAX is the time taken

by the shockfront produced by a minimum in the drive pressure.

5.22

The variation of 6 as a function of incident irradiance is plotted in
Figure 5.22 and found to vary accordingly to the relation
%= 0.012 (I/1013 4 en™2)1+3, There is little smoothing at low irradiance

but smoothing inecreases at higher irradiance.

The small dataset over a limited region of irradiation makes the
comparison of scaling with previous experimental results somewhat
tentative. However it is of interest to note thar the scaling from (5.29)
1s

= 0.5 (I/1013 W em~2)(A/1 pm)l.5

|~

whereas from Gardner and Bodner (5.35)

1
— 0.7 32,7
e I A

If no smoothing was present one would expect the shock transit time to
scale with the drive pressure by the simple inverse square law. Assumlng
the pressure varies as a function of irradiance according to P a 107
{5.14) using the measured irradiance modulation gives a low irradiance
limit of Z = 0.27 to be compared with the observed value of 1l.6.

This disagreement seemg difficult to explain. Shock transit fimes are
comparable te previous studies and although a wealth of processes exist to
inerease the observed smoothing parameter, anti-smoothing effects of
sufficlent significance are less abundant. Further analysis and
experimentation is belng performed to lnvestigate this anomaly more fully.
Although the zero smoothing value 13 somewhat questionable, a four—fold
smoothing has been observed inm the small irradiance region concerned. On
this basis significant ten fold smoothing requires an irradiance on the

limit of present laser performance. Further experiments will reveal

whether this level of smoothing 1s achieved.

Despite the limited dataset cbtained the experiment has demonstrated the
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ability to measure smoothing parameters on a sub-nanosecond timescale to
compare with previous longer time studies. Further experimentation and
computer simulations are being performed which will provide a
complementary dataset and an attempt will be made to directly quantify a
relationship between the previous backlighting technique studies and the
modulated shockfront technique. Of particular significance will be how
the degree of smoothing varies as a functlon of target thickness at

constant irradiance probing any time dependent smocthing processes.
A J Rankin, J D Kilkenny (Imperial College), A J Cole and M H Key (RAL)

5.8 A measurement of the Stopping Power of Hot Dense Matter

The rate at which fast, heavy, charged particles loose energy in materials
at ordinary temperatures has been extensively studied both theoretically
and experimentally (5.39). Much less work has been done on energy loss
in hot lonised media where the collisons are with free electrons so that
the ionisation potential no longer sets a lower bound to the energy loss
in a single collision and the total energy loss rate can be substantially
enhanced (by as much as a factor of two (5.40)), provided the velocities
of the free electrons are much less than the velocity of the heavy charged
particle (the test partiele). At st{ll higher temperatures where the
electron thermal velocity approaches or exceeds the velocity of the test
particle the collisonal loss rate decreases and can reach values much
below the rate in the corresponding cold material. There are also many
detailed considerations {(5.40)(5.41) including the ionisation balance in
the medium and the effective ionlsation potential of partly stripped
atoms, the effective charge of the test particle, the possibility of
energy 1055 to collective modes In the plasma and so on. Interest in this
topic has been raised by the possibllity that beams of energetic lons may
be used to heat and ablate the surface of a target containing D-T fuel,
compressing the fuel and raising it to thermenuclear temperatures. An
accurate knowledge of the stoppilng power of the hot ablating surface is
essential for the design of such schemes and the theoretical models should

be verified experimentally.



This is not easy. At a temperature of 100eV and a density of lgm/cm® the
energy density is ~ 5 x 108 Joules/cm?® and any material heated to this
temperature disasgsembles with the thermal velocity of the loms. There are
few ways to create such energy densities in the laboratory and still fewer
simultaneously to produce a sufficlent flux of test particles to make a
megsurement of energy loss. Only one previous experiment has been
reported (5.42). 1In it a 1 Mev deuteron beam with a current denglty at
peak power of 50 KAcm™ 2 was used to heat a sandwich target whose rear
surface was deuterated to a temperature ~ 40 &V. The residual energy of
the deuterons at the depth of the deuterated layer was obtalned from time
of flight measurements on forward produced neutrons from the reaction
D+D +Hed+ n. Broad agreement with a model calculatieon was obtained.
The temperatures and densities in such an experiment are limited by the
peak currents available from pulsed dicdes and only one type of projectile
is suitable.

In this paper we give the first results of an experiment which is capable
of obtaining data in a wider range of conditions and at higher energy
densities. The arrangement is shown in Figure 5.23. The test particles
were 3.5 Mev a's from D + T+ n + @ reactions in a laser-driven exploding
pusher Implosion. In the present experiment 1.5 x 108 a's were produced

~1 greradian _1) from a

having an instantanecus flux of 1022 (cm™ 2 gee
gource of 20um diameter. Four of the six beams of the VULCAN laser (5.23)
were used to produce this implosion. (The method is alse applicable to

3 MeV protons from D + D + p + T.) The other two beams were uwsed to heat
a small reglon of an energy losas foll placed at a distance of 3mm from the
implosion to a temperature ~ 100 eV. The heating pulse was timed by
introducing delays into the paths of the heating beams, so that its peak
colncided with the arrival of the a particles at the foll. Since all aix
beams were derived from the same pulse from a master oscillator, there was
no timing jitter other than might be due to the implosion dynamics. Those
particles which had traversed the heated area and others which had passed
through nearby cold regions of the same foll were registered in a CR-39

plastic detector 4cms from the source.
The excellent space and energy resolving properties of this detector(5.43)
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permit measurements of the energy spectrum of each group of particles so
that the change in dE/dX due to the heating can be directly cbserved. 1In
the present experiment, multiple Scattering in the energy loses foll led to
some mixing at the position of the detector. However, a pure sample of
"cold” tracks could be obtained and used to unfold the mixed distribution

in the central region where "hot" tracks were concentrated.

It was found necessary to protect the surface of the CR-39 from
bombardment by plasma particles with a 3.5um layer of mylar in order to
obtain tracks of reasonable quality. (In a subsequent experiment the
detector was placed further from the target, magnets were used to BwWeep
plasma particles awaj from the detector and further improvements were made

in the quality of the CR39 with the regult that there was no observalbe
surface damage.)

Figure 5.24 illustrates the method used to align the source, foll and
detector. The D-T filled microballoon was first aligned at the focus of
the four beams. A microballoon glued to the edge of the energy loss foil
was then positioned via an auxilliary laser and nicroscope so that it wasg
in the direct path from the centre of the detector to the « source. The
heating beams were focused on the microballoon by observing the
obscurat;on of each alignment beam on a telemicroscope sighting through
the opposing lens. The foil was then raised into position by centering
its shadow on the microscope image of the a source microballoon. The
diamter of the foil mieroballoon determined the size of the heated area.
The energy loss foil gave additional shielding to the CR-39 surface from
plasma damage and the shadow cast by the foil can be seen on the etched
material when it is suitably illuminated. A photograph is shown in Figure
5.25. The location of this shadow with respect to the fiducial marks on

the detector gives direct confirmation that the alignment procedure wasg
accurate.

The energy loss foll was 3.51m Mylar, inclined at 50° to present a 4.6um
line of flight path to the a particles. This was judged to leave Just
sufficient residual range for effective nmeasurement of the & particles in

the CR-39. The laser beam axls was at 50° to the normal to the surface of
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the energy loss foil. The two opposed converging beams do not completely
overlap (as 1s shown in Figure 5.26(a)). The intensity distribution at
the foill, projected on to the CR-39 13 ghown in Figure 5.26(b), and Figure
5.26(c) indicates the regilons in which tracks were measured.

Optical streak cameras were used to set the time of arrival of all six
beams. The implosion time of a simflar microballoon was measured during
the experimental run using an X-ray streak camera (5.44) to record both
the prompt X-rays produced when the laser beams strike the target surface
and the brief, delayed burst of X-rays at the peak of the implosiomn. The
time differential was 130%l5ps. In this type of implosion aplha particle
emission occurs very close to the peak of the implosion. A 400 psec delay
was Introduced into both heating beams so that 3.5 Mev a particles would
arrive at the foll in time with the peak of the heating pulse. Neutron
yields were measured with a plastic scintillator detector placed 2 m from
the target, outeide the vacuum chamber. WNo attempt was made during this
run to diagnose the behaviour of the foll. The greater part of the run
wag devoted to establishing the condirions under which good quality tracks
could be obtained In the CR-39. COCne shot was successful in all respects.
The shot parameters are given in Table 5.06.

The CR-39 polymer detector is manufactured under carefully controlled
conditions at Bristel. After exposure it was etched in 6.25N NaOH at
60°C, 6.52um of bulk surface being removed. These conditions were chosen
to provide optimum energy resolution for tracks of range 5.5 to 7.0 um and
dip angle 55°. The alpha particle tracks are clearly visible to the
practised eye and track selection can be confirmed by measuring the angle
that the major axis of the surface etch pit makes with the y-axls. The a~
particle track density gave a yleld of (1.8 % ,2) x 10° from the implosion
which is in good agreement with the neutron yield of (1.5 * .2) x 10% and
confirms that the track observatlon efficiency is high even in the
presence of plasma damage. Heassureable parameters of an etched track are
shown in Figure 5.27. 1In this experiment the etch plt minor diameter,

My, 1e the most sensitive measure of the residual range of the a

particle and the presence of a change in residual range with poaition

across the foll can be seen clearly in the raw data for the mean value of
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Table 5.06 Shot Parameters

Total Energy of 4 beams: 40 J

Total Energy of heating beams: 207

Pulse Length: 100 ps

DT Target Diameter: 77 mm

Wall Thickness: 1 um

Fill: 20 Atmos equimolar DT
Neutron Yield: ' (1.5 * 0.2) x 106
a~particle Yield: (1.8 £ 0.2) x 10°
Heating Beam Diameter: 100 ym nominal¥®
Energy Loss Foil: 3.5 pm Mylar

Orientation of normal te surface
relative to heating beams: 50°

Orientation of normal to surface
relative to a flight path: 50°

* See text.
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My as a function of position shown plotted in Figure 5.28. A pradual
linear variation due to the variation of dip angle with position has been
subtracted from the data in Fig 5.28(a). The peak in M; indicates a
reduction of residual range and it 1s centred within 0.1 mm of the
expected position of the shadow of the hot regiom iIn the y-direction and
within lmm in the x direction. The y -distribution has a width (FWHM) of
l.lmm and the x-distribution has a width of 3.3mm. Coulomb scattering
(computed from cold material radiation lengths) and the geometry o¢f the
irradiation with tilted foils suggest a width of l.65mm in y and Jmm in x,
although the temperature i1s expected to have some x dependence. The
spatial distribution of the signal is thus 1ln reasonable agreement with
expectations. The gcan could not usefully be extended fufther in the x
direction. Unfortunately, the plasma damage was too severe Lo measure

tracks in the region not shadowed by the energy loss foil.

The ctructures of the etched particle tracks in CR-39 are uniquely
deternined by the range and dip angle of the Incident particles together
with the variation of the track etch rate (Vp) with the residual range.
Measurement of the parameters of the etch plt (Figure 5.27) together with
sultable analysis can thus give a precise estimate of the range of the
incident particle (5.43). It 1s first necessary to determlne the
variarion of Vp with residual range. In this experiment it was

convenient to produce a graph of the variation of the track parameter X as
a function of M; and adjust the normalisation of the Vp-residual range
relation until the computed trajectory fitted the measured polnts. The
experimental X, My points are shown in Figure 5.29, together with some
theoretical trajectories. It is vot necegsary to know the residual Tanges

of the tracks used.

The best fit theoretical X - M, trajectory shown in Figure 5.29 has a V T
at 10um residuval range of 0.625 um hr~l. The other curve shows the
predicted trajectory where the whole Vp — residual range curve has been
gcaled to make Vp at 10 ym equel to 0.750 ym hr™1 1o indicate the
sensitivity of the procedure. This Vp calibration procedure has been
shown to be valid by using a-particles of known range from a C£252 source.

From the ¥ residual range curve thus obtained, the variation of My
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Fig., 5.29
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with o-particle range was computed, emabling the energy of each incident
u-particle to be determined. Figure 5.30 shows the varigtion of My with

VT (10}'1):0 750 the incident particle range for a variety of dip angles used in the
experiment.

6:0F - X (um)

We can make an immediate rough estimate of the peak value of the change 1in
residual range due to the hot reglon by using an approximate estimate of
Coulomb scattering dilution. AL the position of the peak we expect a

29) priorl ~ 1/3 of all tracks to be "hot". Thus the difference in My

( between hot and cold is three times the height of the peak in Figure 5.28,
VT (10“):0'625 or 1.3 pym. This translates into a 3 + 1 ym difference in residual range,
i.e. a 60 & 25 percent change in foil stopping power. Figure 5.31(¢a) iz a

5-0

histogram of the residual range of tracks displaced in ¥ by more than lmm
from the centre of the shadow of the heated reglon which the distribution
of Figure 5.28(a) suggests should have no contamination of "hot" tracks.

T

40

The meen residusl ramge is 7.0l 4+ . 05 ym corresponding to an energy of
1.7 Mev.

When corrected for the intervening materisl, using cold material stopping
powers, the a-particle range at source is 16.3 pm (CR-39 equivalent). The
range of a 3.5 Mev a particle in CR-39 is 17.5 pm. We attribute the

difference to the stagnated pusher material. It is equivalent to 2 x 1074

W
o
1

gm e 2 of cold $10; which is entirely conmsistent with exploding pusher
behaviour. The width of the dlstribution 1s much greater than the
resolution of the detector (which approaches the strapgling limit

(5.43)) and therefore represents the -spread in & energy at source. This
can be due to the source temperature (which gives = spread in CMS velocity

in the lab), to any possible space or time dependence of pusher pdR or to

0
(1)

20 B pulse length was less than the implosion time, we do not expect this last

a time-dependent gsource electrostatic potential (5.46). Because the laser

to be significant. If we assume the width to be wholly due to the source
temperature, we obtain a value of 1.2 + .4 keV. This can be compared with
a source teaperature deduced via a simple uniform temperature and density
model from the maganitude of the neutron yleld of 1.2 + .3 keV.
Mij (km)
1

In Figure 5.31(b) we show the corresponding histogram of tracks taken from

10 ' ' -
1-0 20 30 40 ' 5.29

Fig. 5.29 Track parameter correlation x vs Mi for various etch rates.
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the region 0> x >2mm, y < 0.5uvm (see Figure 5.26(b)) and in Figure
5.31(c) a subtraction of Figure 5.31(a) from Figure 5.31(b) in which the
number of tracks in Figure 5.31(a) has been normalised so that the region
with residual range » 7 m contains the same number of tracks as the
corresponding region of Figure 5.31(b)., The subtracted distribution has a
megn residval ramge of 5.45um CR-39. The change in stopping power dve to

T 0-8 of Cr-39 or 1.49 im aylar, L.e.

heating is thus equivalent to 1.56
there is 33 t ;GZenhancement. This 1s in agreement with the approximate
estimate based on predicred coulomb scattering mixing. The spread im hot
track residual energy is consistent with the value for cold tracks. This
confirms the validity of the {nonlinear) conversion of track width to
residual range and alsc gives us confidence that the changé 1n stopping
power 1s sufficilently uwniform for l-dimeneional modelling to be

meaningful.

Heating of the energy loss foil was modelled in 1-D using Medusa (5.47)
agsuming an sgbsorption of 25% of which 10%Z 1s in the form of hot electrons
with Thot = 10 keV. A half thickness foil with beam incident from one
side was considered.
computed by the method of Harach and Kidder (5.48).

The deposition of the hot electron energy was

The temporal history
of the median plane is shown in Figure 5.32(a). Very early in the pulse
there ig significant shock compression followed by a rapid decrease in
density due to the fast electron driven expansion. The temperature rises

to a peak towards the end of the pulse. Figure 5.32{b) shows the spatial
varlation of the foll parameters

The alpha

at t = 125 ps, corresponding to the peak
of the heatlug pulse.
112 £ 20 ps.

particles traverse the foil at

t =

The free electron stopping power was computed using binary collision
theory as quoted in (5.40) and is shown in Figure 5.32{c) for three time
The additional stopping power due to the remaining bound electrons
100 ps and a
The mean stopplng power passes

steps.
is small. We estimate a 5% increase in the mean value at t =
less than 2% increase at t = 125 ps.
through a maximum of 1560 MeV em? gm~! for 3.0 MeV alpha particles at

t = 112 ps so that our result is insensitive to any small timing error.
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Fig. 5.32 c) Free electrom stopping power of foil at three time intervals.

Because the low density plasma at large distances from the median plane of
the foil contributes very little to the total stopping power we are
insensitive to 2-dimensional effects in the plasma expansion. We have yet
to study in detall the effect of lateral variations in the irradiation
intensity. The resulte of Endo and Doke (5.49) and Zlegler (5.50) were
used to compute the stopping power of the cold foil. Taking account of
the varlation of stopping power with energy we find a predicted ratioc of
"hot" to "cold" stopping power of 1.40 which is in excellent agreement
with our experimental value of 1.33t g(l)g, where the error quoted 1s

purely statistical.

Further experiments are plammed covering a range of materials and

conditions.

A P Fews, D Henshaw (University of Bristol), R G Evans, C J Hooker,
D A Pepler and W T Tomer (RAL)

5.9 Laser Scatterlng Measurements of Heat Flow at High Temperature

Gradients

In this experiment the thermal conductivity of a uniform fleld free plasma
is measured under conditions where the electron mean free path Ae is equal
to the temperature gradient scale length, L = T/ VT . A z-pinch is used
to create a column of plasma at 4.5 eV some 3 cms in diameter and 25 em
long. The number density may be chosen to lie between 5 and

15 x 1016 cm'a, by varying the filling density of Hydrogen and the
capacitor bank voltage. The number demsity and temperature remain

constant for approximately 1 us.

1 ym radiation in a 4 ns flat topped pulse 1s focused radially at £/10
onto the axis of the plnch to form a spot estimated to be 120 im diameter.
The evolving thermal wave-front is then followed using laser (Thomson)
scattering at 90° of frequency doubled green light at 0.53 ym. Between 1.
and 12 J of green light was focused at £/10 to a spot size estimated to be
of slmilar dimensions to the infra-red beam. The scattered light was

collected at £/12 and directed into a Spex spectrometer and then fed Iamto
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a Hadland type 675 streak camera. This allowed temporal resolution of the

entire scattered spectrum.

In order to collect enough green scattered light to obtain sufficiently
good statistics to follow the changing plasma parameters with a time
regolution of about 500 ps, a slit of 200 um was used at the Spectrometer
input. It follows that the plasma parameters are measured along a
cylindrical volume 200 ym long and 120 pm diameter at 45° to the heated
volume. This is {llustrated in Figure 5.33 which shows the interaction

region at the axis of the pinch beth from above and fpom the side.

The measured parameters are therefore averaged over this volume. To
obtain information about the spatlal behaviour of the thermal wavefront
the infrared beam was wmoved horizontally and vertically. It was not
possible to measure accurately the position of the infrared beam with
respect of the scattering volume, although the amount by which the
infrared beam was moved is known with more certainty. Thus it was
necessary to scan the infrared beam until a temperature maximum was found
and thils was assumed to be the position of coincident focil of the two

beans. The positlons of the other measurements were then known.

The differential scattering vector, KS, could be chosen to be either
parallel or perpendicular to VI by having the green beam enter in either
of two opposing directions. Both were tried successfully. Because the
probe beam was derived from the infrared beam, it only lasted 4 ns. With
a longer probe beam pulse it would be possible to follow the whole time~
hlstory of a particular event. For many shots the relative timing of the
beams was such that the probe beam i1lluminated the plasma for 1 ns before
the arrival of the heating beam, allowing the initial z-pinch parameters

to be found.

It was not In fact pogsible to measure the unperturbed initial temperature
because the probe beam was sufficlently Intense to heat the plasma up to
8-9 eV 1n 4 ns (for a 10 J pulse, assumming Spitzer conductivity). The
initial temperature was assumed to be 4.5 eV from previous use of the

pineh. This means it is not pogsible to measure the temperature change
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due to the heating beam at distances greater than about 1 mm from the
beam axis as the Lemperature does not exceed 8 - 10 eV at any time in this
reglon, but this does not pose a serious limitation in interpreting the
results.

Results

An example of a typlcal streak with and without the heating beam is shown
in Figure 5.34, together with the corresponding microdensitomer traces at

one 500 ps sampling interval in each trace.

The traces show the broad electron feature which is spectrally resolved
and the central ion feature which is integrated over. The resolution of
the diagnostic wes approximately 7 A. In most shots where there is
encugh light in the electron feature to galn a good value for‘Ne and Te’
however, the lon feature saturates the film. The ion feature 1s enhanced
in nearly all shots where the plasma is heated by the 1 um beam, but
because of the saturation of the film it is only possible to put a lower
bound cn the degree of enhancement. This lower limit ranges between 2 and
7, and applies to the situation of Es perpendicular and Es parallel to VT.
This is very similar to the results of Grey and Kilkenny (5.53) and is
taken as direct evidence of fon-acoustic turbulence generated by the

return current assoclated with the heat flux.

The analysis of the electron feature yields a value for the density and
electron temperature. This analysis follews the method devised by Kunze
(5.52). 1In Figure 5.34 we see the value of alpha fall, corresponding to a
temperature Ilncrease as the plasma is heated. The two values for each

spectrum correspond to approximately 14 eV and 8 eV.
In a significant number of shets an asymmetry 1s observed in the shape of
the spectrum of the electron feature, the electron feature ylelding a

different value of alpha (and hence Ne and Te) for each side of the

spectrunm.
This asymmetry occurs particularly at the times of greatest VT. The
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asymmetry is evident at all positions with respect to the centre of the
heated region. In several instances the asymmetry is seen to relax as VT
decreases. This observation makes it uwnlikely that the effect could be
due to distortion or variations In spectral sensitivity of the camera

system.

The reproducibility of the spectra for nominally identical conditlons was
rather poor, showing particularly noticeable variations in the
temperature. The reason for this irreproducibility is not clear. It
could be due to varying initial conditions of the z-pinech or due to the

reslative wandering of the beams.

Interpretation

The measured values of density and particularly the temperature were
compared with a one-D cylindrically symmetric MHD code developed at
Imperial College by M § White, D Grey and E Wyndham. This code alsoc
allows for the non-linear part of the inverse-Bremsatrahlung coefficleat
of absorption at high irradiances. The temperatures which are cbserved
may be fitted assuming Spitzer conductivity limited at 5% of the frge—
streaming limit. It is interesting to see that this estimate compares
closely with that of D Grey (5.51) where anomalous enhancement of the lon

feature was seen and where Te/Ti wags estimated to be approximately four.

The maximum values of Ae/L inferred from the simulation are about unity,

about twice as high as Grey inferred from his observations.

It should be appreciated that this was a trial experiment to establish
that the 1 um laser beam available at the Rutheford Central Laser Facility
was sufficient to generate large values of VI in a very underdense plasma.
The CLF is particularly suitable because of the high quality of the
irradiating beams and because of the flexibility of the system. It was
also the first time that laser scattering data has been obtained using a

streak ‘camera, giving good time-resolved measurements.
A major objlective of these experiments 1s to study the ion feature in
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detail and hence obtain information about the effect of lon-acoustic
turbulence on the that flow. Information regarding the growth time, decay
time and saturation levels as well as the energy spectrum of the

turbulence can be obtained from this experiment.

E W Wyadham, A E Dangor, A K L Dymoke—~Bradshaw, J D Kilkenny (Imperial
College), A J Cole, D A Pepler and W T Tomer (RAL)
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CHAPTER 6§ ABLATIVE ACCELERATION AND COMPRESSION STUDIES

6.1 Introduction

Compression results renorted in this chapter cover a range of experiments
from dominantly explosing pusher (Section 6.5}, through implosions with a
moderate level of radiative preheat (Section 6.4) to implosions with
minimal preheat of the purely ablative type (Section 6.2). These results,
together with additional data on Raylelgh-Taylor instability growth rates
from rippled plane targets (Sectiom 6.3), have given further valuable
information on the parameters necessary for carrying out optimized
ablative implosions in terms of laser wavelength and Irradiation imtemsity
for good thermal smoothing, target wall thickness requirements to reduce
preheating to a tolerable level and shell aspect ratios required to
minimise hydrodynamic instabllity growth. The experiments are a vital
prelude to a lengthy campaign of ablative implosions to be carried out in
the Spring of 1983 using the enhanced output{ 500J in lns at

A = 0.53um) from the recently upgraded laser system (Sectiom 1.3.1):

6.2 Pulsed X~radiography of A = 0.53um driven ablative implosions
6.2.1 Introduction

The efficient implosion of a spherical shell target using laser beam
irradiation rquires an understanding of the importance of a wide range of
parameters and effects. For example appropriate parameters include target
geometry (r,Ar, structure and materials), irradlation conditions (Ep,

T, *, uniformity, focusing) and how these combine to influence effects
such as thermal smoothing, preheating and Raylelgh Taylor instability.

The experiment described here specifically sets out to study the quality
of lmplosions achieved from the irradiation of low aspect ratlo, empty,
plastic shell targets with green 1light (A = 0.53m) at incident irradiance
levels of I = 1014 ¥ em™2, We conclude that these targets perform
sigpificantly better than in previous experiments reported in earlier

annual reports.

6.2.2 Experimental Set—up

5ix second harmonic beams (A = 0.53um) delivered typically up to S50Joules
of energy onto the target in a pulse of duration 1.3 ns fwhm.
Synchronised to these target drive pulses a seventh fundamental beam (A =
1.06 pm) delivered 20-30 J in < 200 psec to a copper backlighting target.
The shells were irradlated under focusing conditions such that the maino
£/1 lenses were focused 3.5 target radii beyond the target centre.
Equivalent plane beam images showed the random intensity variation at the
target surface to be typically x 2 on a = 20 um scale length. Energy
monitors showed the rmws deviation between the six incident beam energies

to be less than 10Z of the average beam energy.

The E-ray emlssion from the backlipghting targét was imaged by a 5 pm
diameter pinhole (in 2 platinum substrate} onto the Csl photocathode of an
X-ray streak camera used in focus mode. The imploding shell was located
oa the line of sight at a distance = 500 im from the backlighting source
and % 1.4 cm from the pinhole (Fig. 6.0l). A standard pinhole camera (x
4.7) with two gold pinholes of 5 ym and 30 ym diameter filtered by 25 im
Be and 25 ym Be plus 5 um mylar respectively was used to view the X-rav
emission from each target separately. This gave an indication of the
relative brightness of the self emlssion from the shell target and the
uniformity of heating.

The streak camera imaging channel was filtered with 25 m mylar and 15m
Be in the cathode substrate giving an average X-ray probe emexrgy of 2 keVv
with a half intensity emergy spread of = 1.0 ke¥. This is well beyond the
lowest energy resonant lipe emission from neon-like copper at = 1.0 keV
and 1n the analysis described later the backlighting energy spectrum was

treated as a contiawum.

Irradiated targets were wade from polystyrene and had typical diameters in
the range ¢ = 120 — 150 ym, wall thickunesses 9-13 pm and aspect ratios 5-
7.5 (Table 6.01).



TABLE 6.01

Experimental Parameters Medusa ¢ Backlighting Detection
»
Enui I2,i . . ,
Zuinc Zwine  _ Line E T (Peak)| ¢ wm| B, J| 13 Fil G Del
p abs . ahs, (Pea n inc Llter, >aL1n elay w.r.t.
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6.2.3 Data Reduction

2-D imapes showing absorption features were recorded on HPS5 film and
processed to tranaform the information recorded into a mags density
distribution in the target plane. &Each original HP5 film record was
microdensitometered and an extrapolation made to simulate the
backlighting plasma image density in the absence of any absorption. Using
a calibration curve for HP5 film the transmisslon of the target to
backlighting X-rays was plotted as a function of radius. This profile was
divided into typically 10 radlal elements and input into an Abel inversion
program (POLYABEL) which took typically 4 minutes to rum on an Apple
microcomputer. As input data POLYABEL requires the experimental
conditions r, AR, Iahg, A, Ty, and the time into the event when the

pulsed 2-D image was recorded (‘probe)' It also requires a

single temperature Tpy, which characterises an exponentially decaying
distribution of the backlighting scurce spectrum. 1i.e. I(E) = I,

exp (-E/TBL) where E 1s the X-ray photon energy. The target material

is specified in terms of its initial density, p,, and a mass absorption
coefficient, uj, corresponding to E = 1 KeV. The program takes

p(E) = ul/Ea- The ¥-ray filter in front of the imaging system is
gpeclfied in terms of its thickness, t,, density, Pgs a@nd mass

absorption coefficlent, uj,. The transmission through a target with a
radial demnsity profile p(r) is then given by

R
E o
Y (xy - Jexp{-¢"/T) } exp {—(ulapata + 2 Io £(R) 4R)/E3} dE (6-01)

Jexp{-(®/1) ] exp {~Cu, o t )/E3} aE
where p (R} R y R 5 1s the boundary radius of the absorption

£R) = g2 - o)k
feature (i.e. T(Ry) = 1.0) and the limits of the energy integration are
typically 0.5-5 keV, with the peak of the probe spectrum at E = 2 keV. A

subroutine in POLYABEL calculates transmlssion for a suitable range of

6.3

denslty and length products In the form of an array and in the inversion
procedure equation 6.0l is solved by interpolation of the array elements
to find éRof (R) for an experimental value of T(r). Working inwards from
the outer shell the density of each shell can be deduced. (Although all
the data here deals with empty pure polymer shells the programme can
handle simple composite targets e.g. gas filled single material shells or
double layered empty shells.)

POLYABEL calculates the residual target mass at the probing time through

t
= 2 - P
M= 4z {ar p [O B(t) de |

where m (t) = 0.85 x 1051 , p g%-72 (1) is the ablation rate at
A = 0.53 um and the laser pulse profile is taken as triangular. This mass
Mr, is compared to the mass deduced from the Abel inversion deasity

profile

= Re 2
M = 4n Io p(r)ridre

which depends on the Ilnput parameters Tpp and p; and the agreement

‘of the fit is expressed as € = (M, (T, up) - Mr)/Mr x 100%Z. Hence

acceptable density profiles can be limited to a region of Ty and o

parameter space, which itself has other rstrictions as discussed later.

6.2-4 Experimental Results

Time integrated pinhole images of the backlighting source and the shell
self emission showed that at a filtered energy of = 1.4 keV the shell
emission intensity was < 20% of the source intensity. The source was
viewed at = 30° to the backlighting substrate normal and the contrast
should be improved as viewed by the streak camera i.e. almost edge-on into
the plasma. An attempt to record the shell self-emission enly with the X-
ray streak camera pinhole showed the CH self emission to be undetectable

with 2 keV filtering and thus no correction was used in the analysis.

Figure 6.02 shows a radiograph of an unirradiated shell and provides the

overall magnification and resolution of the imaging system (i.e. x 16 and

6.4
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10 pm in the target plane respectively.)

Figure 6.03 shows a very saturated X-tay atreak of the emlssion from =
flat copper target irradiated with the normal backlighting beam and ome of
the six shell driver beams., Filtering 18 the same as for radfography.
This streak gives the fwhm duration of the X-ray probe beam (< 200 psec)
and gives a calibration of the delay between the probe pulse and the peak
of the shell driver pulse agsuming the X-ray emission 1is symmetric about
the time of peak laser Intensity. (This particular shot showed temporal

structure in the long pulse due to mode-beating.)

Figure 6.04 shows a radiograph taken early in the implosion and
{llustrates that the shell 18 remaining intact. X-ray transmission
measurements through the centre of a shell image can be readily
deconvolved to given an estimate of the source temperature (TgL) as

the absorbing material is effectively planar and two shell walls thick.
Four estimates of this type were possible indicating a single temperature
source characteristic of Tp = 46%-t340 eV with an incident imtensity

scaling trend of the order TBL“ I .

Tigure 6.05 illustrates a radlograph taken close to the peak compression
phase, The U-shape of the microdensitometered absorption feature (as
opposed to V-shaped seen in earlier experiments) indlcates that the coxe

material is contained in a well defined volume of space.

Results from Abel inversiom fitting of the radiographs, described earlier
using POLYABEL, are illustrated in Figures 6.06, 6.08 and 6.10. These
correspond to radiographs taken at probe times Tp €T {mps Tp ¥

Timp and Tp > Tigp where Tigp is the time of peak compression

predicted by Medusa for a givem shot. The shaded regions correspond to
fits where the Abel integrated core mass and the estimated shell residual
mass agree to within 20% for assumed source temperatures in the range
Tgr = 350 -550 eV. Figures 6.07, 6.09 and 6.11 show the corresponding
range of Abel inverted core density profiles. The effective mass
absorption coefficient at 1 keV (p1) needed for the shaded fit reglons

consistently showed that at probe times corresponding to peak

6.5

compression (w1} eff << (u) for cold material while fits for
radiographs taken well after peak compression required (u3) eff < ()
for cold material.

6.2.5 Hydrodynamic Simulations

Hedusa hydrodynamlc simulations were run for each shot which provided a
useful radiograph. The following procedure was used to make comparisons
with experiment. A Medusa <imulation gave times of peak compression
Timp and peek laser intemsity Ty. The experimental probe times

were measured as delays Tp with respect to the peak of the laser pulse
generated X-ray emission from a flat target. (Tp is + depending on

whether probing is late or early with respect to laser pulse peak.)

The Medusa gsimulation time used for comparison with a given shot was then
taken as Ty = Ty, + Tp @nd TM/Tyyp was used as a normalising
time in plotting data to Indicate when a radlograph was tazken with respect

to the peak compression time.

The density length product (A%) through a chord of targer material
required to give a 50% transmission of the X-rays from a backlighting
source of temperature Tpy, With the experimental filtering can be
estimated from equation 6.0l using cold material mass absorption
coefficlents and is plotted in Fig. 6.12. Medusa p(r, t) outputs were
post-processed to find the chord giving an integrated density length
product equal to Ay(Tpp). Hence the trajectory of the 50%

transmission chord (rk(t)) MED can be found as a function of time and in
particular it can be compared to the experimental radius for 50%
transmission at t = Ty. Figure 6.13 shows a typilcal normalised
(*%/r,)upp trajectory. At early times, when the shell structure

remains intact ry comparison with Medusa was made at the midshell radius
as the experimental spatial resolution was comparable to the shell
thickness. Measured radii of the experimental absorption dips due to the
shell were corfécted slightly to allow for a welghting of the shell
absorption profile towards the inside edge.

6.6
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6.2.6 Conclusions

A illustrated in Flg. 6.14 we have found gocd agreement between

Ty EXP
including the peak compression phase. This agreement 1s significantly

D and (r 5) for radiographs taken at times up to and
better than from similar data taken earlier with thin walled, higher
aspect ratlc shells and lower irradiances and reported in previous annual
reports. The lmprovement in performance 1s attributed to longer implosion
times and higher irradiance both enmhancing thermal smoothing providing a
more uniform driving ablation pressure at the target surface. In addition
the lower aspect ratio, thicker wall targets reduce the level of radiative
preheat at the inner reglons of the shell making the volumetric

compression at later times greater.

Two sources of informatlion suggest that the temperature of the core
material is significantly higher than Medusa predicts (run without
radiation tramnsport}. These are (1) the low values of (y) eff. needed

to obtain reasonable fits in the Abel inversion procedure and (2) the
discrepancy of the (rg) EXP and (rk)HED values at times ’

after the peak compression phase. In these two cases we find (ul) eff.
can be as low as 40% ~* the cold material value and (ry)gyp can be

up to 50% larger than the Medusa simulatlion respectively. Both
observations can be attributed to the core at peak compression reaching
average temperatures in the region of 150 eV as compared to typleally 20
eV in the simulaticn. A temperature of = 150 eV 1s broadly congistent
with an adiebatic compression of the initial shell material at a preheated
temperature of < 10 eV, a value estimated from shock preheating and
radiative preheating obtained from absolute X-ray emlselon measurements
made of the continuum flux. The temperature of 150 eV was estimated from
two simple models, described in Section 6.2.7 and 6.2.8. These discuss
the temperature dependance of the mass absorption coefficilent due to
ionisation of carbon K-electrons and the time dependance of the absorption
profiles expected from adiabatically expanding plasma cores of different

initial temperatures.

Table 6.02 summarises the comparision between experiment and simulation.
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The average densities agree well at all times throughout the implosion,

where Py, 1s defined as

fo% p(r) 4wz dr/ P
The discrepancy in the peak densities at peak lmplosion time is a result
of spatial and temporal smearing of experimental data due to finite

resolution. The average Medusa temperature is defined as

3
5(p )

o IZ% p (1) Te(r) hﬂrz dr/ﬁfaﬂr av

(Te) av

No attempt was made to include spatial and temporal resolution in the Abel
inversion procedure or to iterate effective absorptlon coefficients as a
function of density but this will not effect the maln conclusions. We
have observed core demsities p » 5 g» cm ~% and Pr products of

> 10_23 cm_z. Finally we can polnt out that X-tay backlighting at
moderate probe energies can be carried out to high densitles if the high
density material is hot enough to have significant K-shell ionisation.
However this would require independant measurements of core temperatures,
perhaps through seeded impurities, and more sophlsticated modelling of

radiatlon transfer processes in these non-ideal plasmas.

6.2.7 Tonisation model of CH plasma

Saha's equation was used to find the fractional ionisation abundances of
carbon lons for a tange of plasma densities and temperatures. The
hydrogen atoms were assumed lonised at all times. Iteration of the
solution to glve a self-consistent average charge per atom gave the
fraction of each ion species present at a given density and temperature.
Higher densities suppress the lonisation level of the plasma at a fixed
temperature. From the lomisation fractions and cross-sections for
photolonisation of hydrogen and helium-like ifons an effective mass

absorption coefficient was estimated for 1 keV photons through

6.8

(ul) eff, = n e -] (GI(H) f (H) + ol(ﬂe)f(He) + Ucoldzf (rest))

where the cross-sections for H and He like lons were 2.4 x 10720 cm? and
4.0 x 10729 cp? respectively and the other plasma lomns were treated as
netural absorbers with Ogy1g = 4.43 X 1020 cp?. The fractional

abundances are

-3
nc(z) withn = *) cm , where mp is the proton mass

n oc 13m
oc P

f(z) =

The model predictions for effective mass absorptiom coefficients is shown
in Flgure 6.15 and indicates that the absorption éoe??lnignts needed for
gome Abel inversion fits correspond to plasma densities iA\Ehe\;egion of

>l g cm =3 at temperatures = 150 eV.

6.2.8 Self similar expansion model for a homogeneous, dense, gpherical

placsma

Assume the compressed core has uniform demnsity p,, temperature Tg and
boundary radius ry at a time t = 0 when conversion of plasma thermal
energy to kinetic energy of radially flowing plasma begins. If the
expansion ls gelf-similar and adiabatie the plasma remains homogeneous
such that at times, t, the plasma has a density p, temperature T and a
boundary at radius r which is expanding at a veloclty v. These varlables

are related by consideration of plasma emergy conservation which yield

r(e) =ro+ [o v (r) de (6.02)
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vir) = v (1 - (l‘olr)z)i (6.03)

2
p=p, (ro/r)3 and T = To (rolr) (6.04)
where Ve 1s the asymptotic expansion velocity given by ve = YCTq
and C ig a constant. Combining equations (6.02) and (6.03) solving

gives
vty = vl ¢t
(r°2+ Vﬂ'%'zt%i
and hence r(r) = (r 2+ ve? Bl (6.05)

A transmission profile measured by X-ray backlighting & homogeneous sphere
would show 50% transmission at a radius ry given by
2 2
ry(t) ={e(t) - A }!i
49° (8

where A is the density-length integration needed to give 50% transmission
of the appropriate source spectrum. Substituting from equations (6.04)
and {6.05) glves

% where a = ¢ To/ri .

£ (8) = £ (1 + at?® 1 - fag + a1
2p T
oo
The rk trajectories due to the expansion of similar cores but of different
initial temperatures can now be computed and compared . In particular,
the ratio of experimentally measured ri values to simulated (Medusa)
Ty, values can be estimated., This is to test the hypothesis that

experiment and simulation agree well up to the peak compression phase as

far as core dimenslons are concerned but differ afterwards due to hetter
cores in the experimental case. Figure 6.16 shows that ratio for
parameters typlcal of shot number 3/27/82 and indicates that the
hypothesis 1s not unreasonable. Parameters used in the calculation were
Te = 30 mm, p, = 8 g em= 2, (C Tc,);5 = 10% cm sec™! for Tos

= 20 eV corregponding to the simulation and the experimental core
temperature, {T,e), was taken in the range 20-300 eV indicted by Abel
inversion fits. The data points on the figure from radiographs taken
after the implosion indicate that ianitial core temperatures in excess of

the simulation are possible.

C.Lewls, S.Saadat, M.Lamb, P.McCavana, P.Cunningham {Queens University,
Belfast) M.Key, P.Rumsby, W.T.Toner, C.Hooker, S.Knight (RAL).

6.3 Stability studies on Ablatively Accelerated Rippled Foils

6.3.1 Introduction

The Rayleigh-Taylor (R-T) instability may represent an obstacle to
inertial confinement Fusion by disrupting the spherical symmetry of high
agpect ratio imploding shells. It is therefore lmpertant to obtain

quantitative evidence of the growth rate of the instability.

The experiment reported last year (6.01) presented the first clear
evidence for the growth of the R-T instability in a laser-accelerated
plane target. Subsequently a similar experiment has been carried out and

the results indicate reproducibility of the measured growth rate.

6.3.2 Obgservation of R-T growth

The target was an Aluminium disc of diameter 500 pm and thickness 1.7 um
with a corrugation of wavelength 20 pm and amplitude 0.5 uym. This was
symmetrically irradiated with three of the six orthogonal 0.53 m beams of
the 6 beam compression facility. Each of the beams was focused with an
£/1 lens at an angle of Incidence of 56°, allowing the target ncrmal

direction to be used for dizgnosis by streaked X-radlography.

6.11
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The previous experiment used the X-ray backlighting techunique to measure
the transmission, and hence mass per unit area modulations in the
accelerated target. However, in this case a backlight was not used and
the growth of the modulations was observed using the X-ray self-emlssion
of the target. Computer simulatiom using the 2-D hydrocode "POLLUX"
indicates that the source brightness of the self-emission does not vary by
more than + 5% throughout the laser pulse, 1l.e. the front surface of the

target acts as its own backlight.

The beams were focused 500 ym beyond the target and the laser energy

was 48J on target with a pulse length of 400ps. An X-ray streak
photograph of the target is ghown in Figure 6.17 with the corrugation
parallel to the direction of streaking. Initially there is no variation
of intensity across the target, but as the instabllity grows mass is
redistributed and modulations in the intensity with a wavelength of 20 im

can be seen.

The amplitude of the modulation of the film demsity, which is proportional
to the areal density modulation is shown in Figure 6.18 as a function of
time, the errors representing the spread in the amplitude of the five
modulations evident at late time in Figure 6.17. The average growth rate
is 2 0.7 x 10° S‘l, with clear evidence of saturation after the end of

the laser pulse.

The acceleration of the target was calculated using the measurements of
the previous experiment combined with independently measured ablation
pressure irradiance scaliung relationships (6.02) and allewing for
differences in target mass. The corresponding value of the classical
growth rate, (Ka)k, is shown on Figure 6.18. The observed growth rate
before saturation has a value of = 0.3 (Ka)s, in agreement with the

previous experiment.

A.Cole, J.Wark (Imperial College)

6.12

6.4 Analysis of A = 0.53 ym Driven Hot Ablative Implosion

Experiments

6.4.1 Introduction.

Laser driven implosion experiments to date have either been in the
exploding pusher mode or have been ablatively driven resulting in cooler
cores because of the low ablation pressures used. Targets irradiated by X
= 1.05 pm laser light have low ablation pressures if the criterlon to
avold fast electron preheating, 12 < 104 W em—2 um, is satisfied. At
shorter wavelengths higher ablatlon pressures, namely P = 5 (A/lum)"2

Mbar can be generated at the threshold for fast electron preheating.

Here we describe experiments in which A = 0.53 pm laser light has been
used to ablatively compress gas fllled glaes shells, preducing cores hot
enough to diagnose by X-ray and thermonuclear product emiseion. Core
temperatures of 200-400 eV are measured. The compressed glass shells had
densities of 3g.co ? and areal densities of & x 1073 g.cm'z. However,
measured compressions are substantially less than predicted by a one
dimensional simulation without preheat. The diacrepancy 1s attributed to
radiative preheat during the implosion, non uniferm irradiaticn and
possibly hydrodynamic instability. Preliminary results from these
experiments were reported briefly in last years report (6.03).

6.4.2 Experimental Results

The Laser Division six beam laser system generating 160 J in =.5 nsec at
A = =.53 ym was used to irradiate glass microballons of 100 to 180 m
diameter and 1 to 2 m wall thickness filled with Ne (10 bar) or DT (18
bar) + Ne (2 bar), at irradiances from 1 x 10!% § em™2 to 7 x 1014

Wem— 2, The beams were focused 3.6 radii beyond the target centre by f/1
aspheric lenses. Equivalent plane Iimages showed 2:1 irradiance varlations
on a scale length much less than the beam radius. SIx beam ray tracing

calculations (6.04) showed 1.2:1 variation In absorbed irradiance with
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is the clasgsical growth rate, The absolute amplitude is chosen
arbirrarily,

extrema at the centree and triple overlap points.

Fig. 6.19 shows a typlcal palr of filtered X-ray pinhole camera im ges in
(a) soft (hv ~ 1.5 keV) and (b) harder (hv ~ 2.4 keV) X-rays. Emiseion
from the compressed core is se¢en only in (a) and the observed lower hound
on brightness ratio of (a) to {(b) implies a temperature of 200 + 50 eV.

By contrast the outer ring of emission from the ablation plasma is of
similar brightness in the two images 1mplying & source temperature of 500
eV. The outer ring of ~missilon is a time smeared image of emission from
the front and back hot surfaces of the imploding shell. It has a sharp
fall in brightness at its inner boundary due to absorptiom of emission
from the back surface by stagnated cool glass shgll material in the core.
This self radiograph effect gives a measure of the minimum volume occupled
by that fraction of the glass shell remaining after the typically 30X mass
lose by ablation and thus a density ¢ and an areal demsity pr (can be
caleulated. (3 + 1 g.co 3 and 3 +I x 10—? gcmrz respectively in

Figure 6.19). Such low core temperatures and absorption features are not

seen in exploding pusher images.

Space reaolved X-ray spectra from the core and the outer ring (shell)
recorded via a 10 ym slit are shown im Figure 6.20. The strlug emisaion
from the core at photon energles below the shifted K absorption edge of 51
18 due to NeIX and NeX recombination continuum. Its slope implies a
temperature of 170 + 20eV corroborating the estimate from the pinhole
camera image. Absorption features ABC in this continuum are due to the
surrounding cool glass pusher material, being mainly due to L1 and Be like
silicon. Figure 6.20 also shows the S1 K absorption edge of this material
shifted to 5.65 A, consistent with Li to C like ioms of S1. Strong SIXIII
and SIXIV resonance line emission is mainly from the outer hot shell and

masks any underlying absorption features.

Time resolved X-ray spectra were recorded with a novel high brightness
focusing spectrometer in which a Von Hamos concave cylindrical
pentaerythritol {PET) crystel diffracted a spectrum onto the Csl

photocathode of an X-ray streak camera. Figure 6.21 shows a etreaked
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Fig. 6.19 A pair of pinhole images showing soft hv=i,5keV (10ym pinhole,
25um Af + 15 pm Be filtering) and hard hv = 2,4kev  (10pm
pinhole, 125um Be + 10um A2 filtering) images of a typical
implosieon.
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Fig. 6.20 Microdensitometer tracings of a space resolved spectrum(taken with an ammonium dihydrogen phosphate
crystallof a typical implosion.



spectrum in the region of the §i XIV le - 2p resonance line. The pulee of
gatellite line emission (densitometer trace b) follows closely the 500 ps
laser power pulse on the glaea.ahell but the adjacent Ne continuum

(densitometer trace a) is emitted in a 200 ps pulse whose peak shows that
maximum compression is approximately coincident with the peak of the laser

pulse.

The ablation pressure P (104 2 Mbar for incldent irradiance 1.6 x 1014
Wem 2 {n Figure 6.21) was measured from the implosion time by

iutegrating the equation of morion of the shell. The result is consistent
with other measurements of-ablatlon pressure on spherical targets at A =
0.53 um and implies ablation pressures ranging from 7 to 36 Mbar for the

101% o 7 x 10!* Wew™2? range of irradiance of the present work.

Neutron ylelds up to 10° were recorded from DT filled targets. Using the
plnhole camera measurements of the compression the lon temperatures were
egtimated to be in the range 200 to 350 eV. Ilon temperatures were roughly
proportional to the estimated specific kinetic energy pv2 ~ pr/ir (where
Ar is the thickness of the shell}.

Alpha particle yilelds and enerpy epectra were measured by analyais of
etched tracks in CR3% Polymer. Fig 6.22 shows a typlcal result from the
implosion of a thin-walled microballoon (Ar = 1.6 um) where the total
observed yileld is 10%Z ~" the meutron yleld. No alphas could be detected
when the microballoon walls were rhicker than l.6um. Making due allowance
for the tracks falling below the detection threshold, we may estimate that
between 0.3 and 0.5 of the a partlcles produced in the shot illustrated in
Fig 6.22 escaped the pusher whose mean pr 1s thus equivalent to 2.7 x

1072 g.em™2 of cold glass or 2.0 x 10~ 3 g.cm_z of glass at a

temperature of 200 eV. This is consistent with the data from radiography
discussed sbove. The straggling in the observed residual range of a 3.5
MeV o particle Is much greater than the resolution of the detector. A 10
to 15% spread in pr can be attributed to simple geometrical effects due to
an extended source inside a spherical shell: the additional straggling is

presumably due to either time or space-dependent variations in pr.
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Streaked X-ray spectrum of §i XIV Is=2p, its dielectronic
satellites, and the nearby continuum. The time resolution
of the system was 50 psec. An X-ray attenuation of 100
was used to record this spectrum.



One dimensional simulations with negligible hot electron preheating

predict values of p and pr In the pusher of 20 g en™d and 2 x 1072 g
cm~? respectively with compressed gas temperatures of 2.5 keV. These
predicted values are typically an order of magnitude higher than the

experimentally observed resulrs.

The eimulations did not include preheating by soft X-rays or non spherical
deformation of the shell by either Rayleigh Taylor instability or spatial
variatlions in ablation pressure due to non uniferm irradiance. These
processes all epread the mass of the imploding shell over a wider range of
radius, either homogeneously in the case of preheat induced decompression,
or inhomogeneously in the case of local deformation, and cause reduced
density and temperature in the implosion. Estimates below suggest all
three processes are significant in the present experiment although it is

more difficult to be sure which 1s the dominant cause.

The soft ¥-ray emisslon from the glass shell was measured in the region
0.9 < hv < 1.5 keV where it agreed with numerical simulation that
predicted a spectral flux Fg that peaked in the region of hv = 0.5keV,
and an X-ray conversion efficiency of about 5% of the incident energy.
Using these values (which are comslstent with other measurements of
conversion efficiency (Ref. 6.05), the apecific internal energy € of the
inside of the shell due to X~ray absorption was estimated to be between 3
% 105 and 3 x 105 Jg~l. The uncertainty is due to the effect of
tranamlssion near to the oxygen K edge, making the estimate sensitive to
the assumed shape of Fg in the 0.5 keV reglon. The higher estimate of €
glves pressures of 50 Mbar at solid density, implying significant in
flight decompression of the shell as the ablation pressure 1s only 10
Mbar.

Humerical simulations with homogeneous preheatlng at a comstant rate
predicted densities of the observed magnitude p =2 g cm~ 3 when preheating
reached 3 x 10% J co™! but fndicated temperatures several times higher
than the obszserved 200 eV. This suggests that other processes are also

important, a eonclusion relnforced by the observatlon that with a 1 to 2
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ym polymer.ablator layer glving about three times less preheat there was
no significant difference in the implosions.

Rayleigh Taylor instability growth for wavenumber ke=27/Ar, of 1000 is
estimated for these targets assuming a growth rate of about 0.3 of the
classlcal value. This would apread out the mass of the shell znd
significantly reduce its effective density. It would also mix cool shell
material with the hot gas reducing the temperature. One dimensional
simulations which inc¢lude the effects of preheat, indicate that the
decompression of the target due to radiation can reduce the density
gradients and hence the conditions required for Rayleigh Taylor growth.
Two dimensional simulation of the effect of decompression on Rayleigh

Taylor growth remains to be carried out.

Spatially non uniform ablation pressure due to the irradiance varlations
discussed above would also produce a lower density shell and coel core.
Thermal smoothing is quite effective for nanosecond pulses at the
typleally 4 x 10'% W cw~2 frradiance of this experiment but is much
reduced by the finite build up time of the separation between ablation
front and absorption region on the 250 psec time scale of these
implosions. Variations of up teo 1.2:1 in distance travelled by the
imploding shell are therefore expected with an assoclated reduction of the
nasy at aepy radius by an order of magnitude.

It seems that the only way to avold these problems is to use shells of
lower aspect ratio rfAr. For a given radius the increased Ar dramatically
reduces X-ray preheat. The lncreased mass lengthena the implosion time
and improves thermal smoothing. Also Rayleigh Tayl&r growth, which scales
as exp(r/br)sj in the low preheat limit, is reduced.

Estimates suggest that with r = 100 um and r/Ar = 15, implosions
approaching the ideal ablative mode may be obtained with temperature kT =
1 keV and density up te 20 g cm~3 suitable for emission based diagnosrics.
There 18 a minimum radius for shells of a given aspect ratio imposed by
the need to limit soft X-ray preheating and thus a minimum laser energy of
the order of 0.5 kJ.

B.J.MacGowan, J.D.Kilkenny, {Imperial Collge);
A.P.Fews, D.L.Henshaw, (Bristol);
M.H.Key, P.T.Rumsby, W.T.Toner (RAL}.
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Fig. 6.22 Histogram of alpha particle track lengthsdetected in CR39 polymer. The corresponding incident alpha
particle energy is shown. The neutron yields were a factor of 10 higher than the measured number of
alpha particles escaping from the target.
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6.5 Core Spectroscopy of high Intensity Green Implosions at KM

Fusion
6.5.1 Introduction

In order to continue the A = 0.53 implosion experiments described in
Section 6.4, a collaborative experiment was carried out at KMS Fusion Inc
using X-ray diagnostic equipment provided by RAL. The experiment was
performed using the spherically symmetric (TBIS) illumination system at
KMS in order to achieve greater target irradiation unifermity than that
possible with 6 beams at RAL. Uafortunately due to limitations caused by
mirror damage in the system it was not possible to carry out lomg pulse
(~ lns) experilments. Therefore the experiment was performed using pulses
of 100 (or 200)ps duration at incident irradiances of up to 1015 ¥ em 2,
Since target shell thicknesses were of order lum these implosions were
therefore dominated by fast electroms (IAZ » 2-3 x 10 !* Wem™2 ym?) and

hence were 'guasi - exploding pusher’ Implosions.

6.5.2 Experiment and diagnostics

Class microshells of 70 - 150 um diameter were irradiated with up to 1015
Wem™ 2 in 100 - 200 picoseconds. The Triple Bounce Illumination System
(TBIS) uses two hemispherical mirrors to focus light onto the target after
it has experienced three reflections. The illumination is then incident
on the target from almost 4w steradians. A narrow equatorial gap between
the mirrors allows diagnostic access to the target, the absence of
illumination in this equatorlal region 1s prevented by defocusing the

mirrers slightly so that rays overlap on the equator.

Three different classes of target were imploded and found to emit seed gas

spectra.

(1) Small (70m diameter), thin-walled (0.9 um) glass
microballoons filled with 0.4 atmospheres of Argon.
(i1) Larger (~ 110 um diameter) glass microballoons with
wall thicknesses between 0.9 um and 1.5 um filled
with 2 atmospheres of Argon.
(ii1) Microballoons as in (1i) but with an extra fill of

Deuterium gas (Dp) of the order of 100 atmospheres.

X-ray diagnostics employed in this experiment included time-resolved and
time-integrated spectroscopy. Time-resolved spectra were recorded using a
flat RbAP erystal (Rubidium acid phthalate, 2d = 26.12 A) to diffract X-
rays onte the photo-cathode of an X-ray streak camera {on lean from
Rutherford Appleton Laboratory).Figure 6.23 is a typical streaked Argon
spectrum. The time resolution is 40 picoseconds, sufficient to show the
delay between the bright contipuum, corresponding to the laser ablating
the shell, and the appearance of Argon lines. The Argon 152 I, - 1s2p

lp; (Hea) and Lya are seen on this streak.

Time-integrated spectra were observed using a minispectrometer containing
a PET crystal (Pentaerythritel, 2d = 8.74 A&). The spectrometer was
positioned with its entrance slit 6 cm from the target instead of its
usual position 5 mm from the target. The large separation between
spectrometer and target (necessary due to the TBIS geometry) meant that
space-resolved spectroscopy was not possible. However the larger
separation meant higher dispersion spectra, at the expense of reduced

spectral range. A typical Argon spectrum is shown in Fig. 6.24.

The electron number density ng in the compressed core was caleculated

from the Stark-broademed line profiles of Argon Hef and HeY. The profiles
were taken from time-integrated spectra such as that of Fig. 6.24 and
digitised. The line profiles were then fitted in Ng, Ny & parameter

space to the optically-thin Helium-like profiles of R.W. Lee with L.T.E.
opacity broadening(6.06). Here nji is the line density of Heliumlike
Argon ions (Ar XVIII) io the ground state contributing to the opacity

broadening of the line. Electron densities were found to be in rthe range
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Fig. 6.24

A typical time integrated Argon spectrum from a KMS green
implosion. Density diagnosis was possible through line shape
analysis. Temperature determination was achieved by comparison
of He = like and H - like line intensities.



1023 e 3 ¢o 3 1023 cw? equivalent to mass densitites between 0.3 and 1

e cm 3.

The ratio of Helium-like to Hydrogen-like Argon lines served as a
diagnostic of electron temperature in the compressed core. The relative
intensities of the different lines were calculated using the populatiom
caleulations of R.W.Lee. The collisional and radiative rate equations are
solved for a homogeneous plasma and the optleally thin line ratlos
calculated. The collisional excitation rates were updated to agree with
the calculations of Pradhan et al. and Lee {6.07, 6.08)}. The results of
the calculations are summarised in Flgure 6.25 where various line ratios
are plotted as a function of electron temperature for two different
electron number demsities. The ratic used for temperature dlagnosis in
this experiment was that of the Lya to Hey. The ratio is seen in Fip.
6.25 to be rapldly varying with temperature in the range 500 - 900 &V and

insensitive to electron density changes.
6.5.3 Results

The electron densities and electron temperatures observed are summarised
in Table 6.02. The specific absorbed energy quoted is obtained by
dividing the absorbed energy, as measured by an array of four plasma
calorimeters, by the initial mass of the target. The error quoted for the
electron temperature is from the uncertainty in measuring the line ratios.
The firal column in Table 6.02 gives a qualitative measure of the
brightness of the time—integrated spectra obtained. The brightness quoted
is proportional to the Intemsity of the group of lines near the Argon Heax
line that includes the ls2 1§, - 1s2p 1P| resonance line and 1s? 15,

- laZp Jp intercombination line.

The brighness of the spectra is a function of the shell thickness. The
electron temperature is also a function of the shell thickness but varying
the shell thickness also affects the specific absorbed energy. The final
temperature in these quasi-exploding pusher imploslons should be linearly
dependent on the absorbed specific energy. Figure 6.26 shows the electron

temperatures plotted as a function of specific absorbed energy for the
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shots in Table 6.02. The target type in the key of Fig. 6.26 refers to
the description in Section 6.5.2.

There 1s an obvious correlation between temperature and specifiec absorbed
energy. Comparing shot 5508 with 5509 (in Table 6.02) which have similar
electron temperatures and densities, the brightness is seen to be lower by
a factor of three in the latter shot. The target diameter and aArgon fill
density were similar for these two shots but the shell thickness was
greater for 5509. A possible explanation for the reduced brightness in
the spectrum of shot 5509 is that the higher compressed shell pr, expected
due to the greater initial shell thickness, 1s attenuating the Argon
emission. The transmission of glass (5105) as a function of pusher Pr
and temperature is plotted in Fig. 6.27 for an X-ray wavelength of 3.964
(Argon Hea). The possibly lower pusher temperature assoclated with the ti
thicker shell of 5509 coupled with a higher expected pr, indicates that
the glass tranamission could be significantly different between shot 5508
and §509. The reglon of rapid variation of shell transmlssion with pr of
2 107? g cn™ 2, Hence in the ablative implesions deseribed in Section 6.4
any Argon lines excited in the core would be severely attenuated by the

high line density of the pusher (3 - 6.1073 g cm™2),

Shot 5523, which was of simllar diameter to 5508 and 5509 but had a wall
thickness of 1.4 um, produced very weak spectra (see Table 6.02). The
core temperature in this implosion was possibly lower but the weakness of
the Argon lines observed meant that the electron teémperature determination

was less accurate.
The electron temperatures chserved with Dy filled targets were lower
than for pure Argon filled targets but the specific absorbed enerpies were

also lower (see Flgure 6.28).

B.J.MacGowan, J.D.Kilkeany (Imperial College)
J.A.Tarvin (KMS Fusion)
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TABLE 6.02

—
! probe L :
w.r.t .y Core Radius at = 507 ABEL FITS Medusa ABEL FIT Medusa
.T.t. w.r.t. Transmission Point

T, Peak of the

imp Driver pulse
Shot no., Date Ip(exp)(:) Tp(Ned) r;(exp) rl(Hed at ) Peak Dens. Au.de%s_ Peak %ens. Av.degs.(Te)av. (Te)av.

1 Lov. .cm— - u
ns ns um pm g%im_ m E-cm g.cm B.cm eV eV

05,26/8/82 -0.85 0.85 49.5+3.5 50.2+3. 3.2+0.1 1.640.1 2.1
08,26/8/82 -0.65 0.65 46.6+3.0 45.2+3. 3.440.2 1.740.) 2.3
10,26/8/82 -0.3 0.5 35.0+1.5 31.3+2. 1.4+0.3 0.740.2 3.740.2 0.9+0.2 | 9045 2.6
17,26/8/82 -0.75 0.95 51.7+1.5 51 #2. 3.241.03 | 1.6+0.1 2.1
21,26/8/82 -0.05 0.45 2i42.2 18.0+2. 47411 2.5+0.5 24.8+1.2 | 3.5+0.8 | 160+10 12.0
01,27/8/82 0.1 0.3 18.1+1.4 17.9+2. 6.5+1.5 3.9+0.8 10 +5 3.041.6| 185¢20 13.2
03,27/8/82 0.2 0.4 18.8+1.6 21.6+3. 5.641.4 3.6+10.8 9.5+4.0 | 2.5+1.2 | 200430 6.5
06,27/8/82 0.35 0.35 22.4+2.2 W 43 3.3+0.7 1.7+0.3 4.6+0.8 { 1.2¢0.2| 135+10 2.7
08,27/8/82 -0.1 0.8 56.4+2 25.343. 23.3+16.8 | 1.9+0.5 5.1
07,2/9/82 -1.05 0.75 72.144.0 60.7+3. 3.040.01 | 1.5+0.5 1.8
10,2/9/82 -0.85 0.35 43.3+4.3 51.3+3. 3.5+40.1 | 1.8+0.1 2.2
15,2/9/82 0.65 0.65 28.7+1.8 33.8+2, 2.7+0.5 0.6+40.1 1.940.4 | 0.69+0.1 4045 1.5
17,2/8/82 0.85 0.75 51.6+6.0 34.3+2. 1.9+0.4 0.640.1 1.250.3 | 0.7 +3.1  80+10 0.8
19,2/9/82 1.05 0.75 53.75%2.0 35 #5. 1.0+0.1 0.4+0.1 1.0+40.1 [D.9+0.356 30+5 1.4

1
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CHAPTER SEVEN SPECTROSCOPY AND XUV LASERS

7.1 Introduction

In the past year the effort of the group has been directed into two main
ateas. NV laser development and XUV and x-ray spectroscopy as a
diagnostic tool. It is erpected that this pattern will contlinue inr the
future. However, as experimental techniques allow it 1s anticipated that
the efforts of the group will also be directed to investigating the

properties of high density plasmas developed by compression.

Specific experiments in the diagnostic field have been concerned both with
plasma and neutral states. The analysls and measurements of dielectronic

satellite spectra hag been investigated as a measure of plasma parameters

in hot dense media. The problem of electron density measurements by Stark
broadening in such plasmas has been studled experimentally to compare with
detailed calculationes of such line profiles. In the hot tenuous plasmas of
the corona free-bound recombination radiation has been used to measure

electron distribution functions.

In the atomic state x-ray absorption spectroscopy has been used to examine
behaviour near the lonilsation edge, in particular the occurance of EXAFS,
and density induced line shifts. In a similar experiment the role of

pre-heat in the target lnterior from a surface laser plasma was examined.

Work has proceeeded on the carbon fibre XUV laser programme. The major
steps have been technological involving the use of 0.53um green light and
Eour beam Irradiation. Sigunificant gain has been measured, but the system
is at present not optimised. Computer modelling is In qualitative
agreement with the experiments, and should allow future work to be

directed towards higher gain conditions.

7.2 CVI Experiment

7.2.] Introduction

The development of the working XUV laser based on the carbon fibre
expansion-recombination scheme 1s perhaps the most likely approach ﬁt
present in thils field. However before the proof of principle experiments
performed at Hull can be realised as a working laser system, important
technological modifications must be made to the pumping configuration.
Since the Hull experiments were concerned only with a demonstration of a
useable gain coefficient, sufficient in principle to construct a laser,
the experimental arrangement could be devised In a simple manner not
necessarily readily scaled. To this end a simple single beam, one-glded
illumination system using fundamental Nd: glass radiation was used (7.01).
In a working laser attention must be given to technological constraints of
beam focusing, fibre alignment etc., to construct a system scalable to a

sufficlently, large gain~length product.

Such design considerations based on currently available lens systems make
one slded i1llumination extremely complex. A wmore attractive technological
solution using multi-beam illumination 1s a symmetric lens arrangement.

In such a system simple microscope alignment as used at Hull becomes
unpracticable and techniques such as those already used at the Central
Laser Facility must be employed (7.02). With thin fibres such methods are
conslderably more accurate if used with visible green radiation, rather
than infrared. The technological constralints thus indicate the use of
0.53um radiations with its attendant advantages in laser-fibre coupling,
higher flux limiting ete.

The experiments carrled out over the past year have been performed with
these constraints in mind. The role of green light as a target i1lluminant
was studlied initially in single beam, one sided 1llumination, and later iﬁ
a four beam experiment. In the latter serles, galn was measured in four
runs, and an indication of gain in several more. However more importantly
the experiments correlate well with theory and allow us to identify the

problems assoclated with the present arrangement. As will be discussed
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in a subsequent section, these prinecipally concern the matching of the

fibre characteristics to the lsser. Three solutions may be auggested.

1) Use of thinner fibres {3-4 um. diameter)
2) Improved heating symmetry
k) Modified laser pulse characteristics

Of these the use of thinner fibres is the most straight forward, but may
be subject to technologicel difficulty: the best option has not as yet

been fully examined.

7.2.2 Experiment with single greem beam illuwination

The CVI experiments described in the last Annual Report (7.02) were
deslgned to characterize the energy coupling of a 1.06ym ~ 100 ps pulse
inte a ~ 2mm length of 5um diameter carbon fibre. It was found that the
average energy coupling was ~ 5.5% with a peak value ~ 9.5%. The
alignment technique using a lpm laser was extremely difficult and time
consuming, suggesting that a full scale gain experiment at the Central
Laser Facility would have to be done using the second harmonic. An
experiment using four green beam illumination was planned but thought to
be rather ambitious to attempt in a simple step, soc an ilntermediate,
single green beam experiment was carried out first. From this experiment
a direct comparison with earlier 1 pm results could be obtained, and it
was hoped that some optimization of the laser characteristics would also
be possible. Additionally a comparlson of the spectrograph sensitivites
would allow an appropriate cholce to be made for the four beam

experiment.

7.2.2(a) Energy coupling data

Two calorimeter arrays were used throughout the experiments: a six
element and a four element. The six element array was kept fixed at a
position 50° below the North lens. The four element array was moved to
various positions around the fibre axis so that the assumption of

cylindrical symmetry, used in the calculation of the coupling, could be
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checked. Both calorimeters were ~ 20 cm from the target. After allowing
for the different sensitivities and applying appropriate corrections to
the signals the symmetry was demonstrated to be very gooed (Fig. 7.01). 1In
this figure the solid points are actual measurements whilst the open
points have been obtained by invoking symmetry alomg the north-south line.
The point which lies directly on the north-scuth line was obtained by
placing a single calormieter element in the centre of the focusing (north)
lens. 1In all cases the peak signal from the six element array has been
used for normalization. The good symmetry 1s 1n agreement with space—

resolved measurements at Hull (7.01).

The initial experiments used a pulse length ~ 100 ps with a 20% prepulse
200 ps before the main pulse. The average coupling was ~ 5.5% with a peak
~ 9.5% and so is comparable with the measurements using the fundamental.
The fact that the second harmonic does not give an appreciably different
coupling is not particularly surprising since the emnergy absorption is
strongly affected by the asize of the critical density surface of the

prepulse plasma, which is smaller for the second harmonic.

Code modelling does suggest, however, that a higher coupling can be
achieved with a longer pulse length, with ~ 200 ps being optimum. This is
confirmed by the measurements made using a 200 ps pulse which show an
average coupling ~ 9% with a peak ~ 17%: a 20% prepulse and 200 ps- delay
was used again. Similar measurements using ~ 160 ps pulses at the
fundamental wavelength have also shown improved coupling over 100 ps
pulses in experiments at Hull. Fig. 7.01 showed the symmetry of the
expansion and this is once again highlighted in Fig. 7.02, which shows
calorimeter measurements for arrays almost diametrically oppesite each
other. The similarity between the profiles is quite evident and both

measurements indicate ~ 14.5% coupling in this case.

Inereasing the prepulse/main pulse delay to 500 ps for some shots had no
appreciable effect on the coupling confirmling the conclusions from the
measurements at the fundamental wavelength that the delay i1s not critical
(7.02). Whether the delay affects the gain as little as the coupling 1is

less certain and requires further work.
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Fig. 7.02 Calorimeter measurements for arrays almost diametrically

opposite each ather. The similarity between the profiles is
evident. Both measurewents indicate ~14.5% coupling in this
case.

7.2.2(b) Spectrograph comparison

Throughout the experiment the fibre plasma was viewed axially by a compact
1 m grazing Incidence spectrograph. No transverse spectrograph was used
8¢ that galn measurements were not possible. For a few shots the fibre
was tllted at a small angle and the cylindrical lens rotated to form the
line forms at this angle. Comparison of these “transverse"” spectra with
the axlal spectra suggested a gain length product af ~ 1, although the
uncertainties in focusing and energy coupling make quantitative comparilson

diffieult. Nevertheless, these results were encouraging.

For the four beam experiment twe spectrographs would be used and field of
view considerations meant that it was preferable to use a spectrograph
with high sensitivity at 182A for the transverse position. This was
because the transverse spectrograph had to be further from the plasma than
the axlal instrument. The asingle beam experiment allowed a qualitative
comparison of the sensitivities which showed that the QUB spectrograph was
better at 1824 than the Hull instrument by a2 facter ~ 2. Consequently,
the QUB instrument was more sultable for the transverse position. The
resolution of either imstrument was expected to be insufficient to resolve
the He "doublet™ but the higher dispersion of the Hull spectrograph would
be more likely to show any structure which did appear in the axial
gpectrum. A number of shots In the single beam experiment did show a
sharp central feature im the Ha line which was better seen in the four

beam experiments.

7.2.3(a) Experiment with multiple green beam illumination

This experiment was designed to measure gain on the C VI Ha line (182A) in
a symmetrically cylindrically expanding carbon fibre. Fibres of
approximately 5 ym diameter were aligned at the common focus of four green
beams which were focused into ~ 3.3 mm line focl using a combination of a
-3.3 m focal length plano—concave cylindrical lens and a 10.8 cm spherical
lens in each beam (Fig. 7.03). In practice this focus was marked dewn so

that only the central region of the gaussian beam was used, thus
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( SPECTROGRAPHS OMITTED)

preventing the formation of cold abscorbing plasma by the low intensity
wings of the beam. The laser pulse duration was 200 ps, with a 207
prepulse. The delay time between pulses was 400 ps. Up to 10 J of second
harmonic energy was available per beam with the beam energies balanced to
better than = 10%. The heated fibre length was = 1.8 mm. Fibre alignment
was greatly simplified with the use of visible green light from a cw
argon—ion laser and the availabllity of a speclally designed gonimeter
mount for gupporting the fibre. A4 North—South axie, in which the fibre
would lie, was initially defined by stretching a 50 pym diameter wire along
a target chamber diameter. The orientation of the 4 cylindrical leunses
was adjusted to glve total obscuration of green light in the near field
using opposite lens pairs. The defining wire was imaged to a distant
reference plane with a high rescluticn microscope objective at x 100
magnification. The fibre was then positioned to first order. accuracy
using the reference position and fine tuned with €, ¢, x, ¥ and z
gonlometer movements to simultaneously glve thé'makimum obscuratlon with
the highest symmetry from egch lens. The free end of the fibre pointed
directly into an axlal spectrograph.

7.2.3(b) Gain Measurements

Galn measurements were made using two 1 m grazing incldence spectrographs
arranged as shown in Fig. 7.04. The first looked axlally along the

length of the plasma, the second viewed the plasma transversely at an
angle of 50°., Because of the high aspect ratio of the plasma at the onset
of gain, emplification will oecur aleng ite lepgth and will therefore be
manifested by an ancmalously high Intensity He signal recorded by the
axial spectrograph. In practice we looked for an anomalous ratic of axial
signal/transverse signal. The spectrographs were crosas—calibrated using
the backlighting beam in a spot focus on a suitably angled solid carben
target to establish what this ratio would be in a non-gain medium. 1In the
cross—calibration experiments, precautions were taken to ensure that both
spectrographs viewed exactly the same plasma.

F F

if IA’ IT and Ii, Ig are the axlal and trangverse signals for fibre shots
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and cross—calibration shots respectively, then we may show that the

amplification 18 given by
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where @ 18 the gain coefficient (em™ 1) and 2 is the length of the active

medium (cm).

The energy coupled into the plasms was measured using the two plasma
calorimeter arrays used in the previous single green beam illumination
experiment., Their arrangement 1s shown in Fig. 7.03. The 6 element and 4
eleﬁent calorimeters were respectively 20 cm and 23 cm from the target.
The energies mesured by the calorimeters Indicated symmetrical, highly
directional expansion with an averape energy coupling of » 10%, the
meximum coupling was ~ 24% (Fig. 7.05). The plasma flow was contalned
within an angular spread of < 10° in the plane perpendicular to the fibre

axis.

7.2.4 Data and Analysis

A computer program was developed at QUB and used with Joyce-Loebl auto-
densitometer to integrate the intensity under the spectral lines of
interest. Integration over line profiles to measure the relative energy
emitted in a given line transition required a knowledge of the
spectrograph film (Kodak 10101) characteristic response cutve. This
calibration was dome using the QUB Nd/glass laser and will be reported
elsewhere (7.03). The main counclusion of interest here was that the film
responded linearly up to exposed densities of ® 0.5 D above film fog for
radlation at 182 A. Since the data in the present experiment was within
this linear response reglon relative line intensities were evaluated by
calculating D dx over a line profile. TFigure 7.06 shows the integrated
axial vs transverse Ha signals. The golld line is that obtaiuned from the
cross—calibration points, the dotted lines represent the maximum errors in

the crogs—calibration ratio. The fibre shots are indicated by crosses,
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those lying above the creoss—calibration line show amplification, those
below show absorption. Fig. 7.07 summarizes the values of «f obtailned,
the largest being af ~ 0.7 (G = 1l.44) at 0.5 J/mm energy absorbed.
Absorption is chiefly due to non—~uniformity of plasmaz temperature along
ite length as shown in the pinhole picture of a heated fibre, (Fig. 7.08).
The colder plasma lying in the galn path absorbs the radiation and
destroys any gain. The presence of this cold plasma is discussed in more
detail in section 7.2.5.

The irreproducible behaviour of the gain and its apparent independence on
abosrbed energy is basically due to poor design of the experiment. The
fibre diametera used were not properly matched to the laser energy
avallable. Using too thick fibres meant that a relatively large absorbing
cold residual core was left after the expansion, whose behaviour was

erratic and unpredictable {c¢f Section 7.2.5).

A very interesting observation is that in the fibre shots which did
exhibit gain, there was a central feature (resolution limited) on the Ha
iine (Fig. 7.09). This strucutre was present only on the Ha line and only
on the axial spectra. The fact that it was not observed on the LyB line
which is also optically thin would support the suggetion thet it is
attributable to gsin on the Ha line. Close examination of the axlal
spectra obtained in the previous single green beam experiment also showed
this central line structure, although galn measurements were not made on

this occasion.

E Mahoney, C L § Lewls, M J Lamb (GUB), L Shorrock, G Pert (Hull),
M H Key, C Hooker and R Eason (RAL)

7.2.5 Computer Modelling of Fibre Under Green Beam Iliumination

In order to model the four beam fibre heating experlments a series of
simulations using the codes POLLUX and GAIN have been carried cut. The
two dimensional hydro code POLLUX was modified to consider one quadrant of
the cylindrical fibre only. Although the code considers only the

hydrodynamices of a two fluid ideal gas, a simple correction for ionisation
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LINE SHOWING CENTRAL
FEATURE

(b) MICRODENSITOMETER TRACING OF Ha LINE

FIG.7.09. CENTRAL FEATURE ON Ha LINE

could be made to allow the data to be compared with the results from the
ionisation code GAIN.

The basic behaviour of the flow in a fibre heated by laser was described
in reference (7.0l). 1In a thick fibre the burn is incomplete, and at the
end of the laser heating a cold dense core (residual core) is left
surrounded by a blanket of hot plasma. Once the heating phase ceases, the
hot’ plasma expands, and heating of the residual core by thermal conduction
ceases. Since the residuel core is relatively small it plays little part
In the subsequent expansion of the hot plasma, which if well formed is
nearly isothermal and symmetric. In this case the expansion of the hot
plasma is well described by the simllarity model used in the code GAIN.
The develepment of ionisation may thus be calculated with the latter code
provided the hot plasma mass — effective mass — is used Ilnstead of the

actual fibre mass; an hypothesis justified by experiment (7.01).

In Figure 7.10 we present results obtained in this way. The effective

mags m .. calculated by POLLUX, and corrected for lonisation m1 are

plotted as functions of the absorbed laser energy per cm of fi;ii length.
This mway be compared with the graph of the required absorbed energy, Gmax,
for maximum gain. The data i1s calculated for a2 5 um diameter fibre
irradiated by a 0.53 um laser of pulse length 200 ps, with a 20% pre-pulse
of delay 400 ps, corresponding to the actual experimental conditions used
in the four beam experiments. It is immediately apparent that there are
two reglmes of operation - one at high absorbed energy (~ 40 J/cm) in
which the fibre is completely burnt through, and one at low (< 5 J/cm) in

which only a small fraction of the fibre i1s heated.

In order to asegess the importance of non—optimisation we have also plotted
the required energy to give a gain peak half the optimum, a value which in
view of the nature of the galn profile, corresponds roughly to the limit
of detectable gain in & time Integrated experiment. It can be clearly
seen that in the range of absorbed energy 10 - 30 J/cm no gain should be

detected.
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If the fibre could be heated symmetrically these results could be markedly
changed, as shown by the effective mass, ngg, under symmetric heating.

In this case the heated mass curve closely matches the required emergy
curve, and good gain should be achieved over the entire range. The
difference in these two modes of heating appears to be due to eddy
stryuctures develeped by the higher total intensity on the diagonals of the

iliuwmination pattern: checks show it is not a code effect.

The behaviour described above 1s quite genreral, thus Figure 7.11 shows an
almost identical heating pattern for a single beam one sided i1llumination
of 1.06 ym radiation, pulse length 150 ps, with a 20% pre-pulse, delay
200 ps. In this case algo gain is detectable only if the absorbed energy
is less than 10 J/cm or greater than 35 J/em. This‘syatem corresponds to
the Hull experiments (7.01), which were performed with thinner fibres.
Here the low energy regime corresponds to non—symmetric heating and
therefore to an unreliable condition due to the behaviour of residual

core.

The optimum gains obtained on the matched heating curves, Gmax' are
plotted in Figure 7.12 for the above cases. The difference in gain
between the two sltuations is primarily due to the lounger pre-pulse in the
Central Laser Facility experiments, which causes the gain to occur later,

and therefore at lower density, Iin the expanslon.

In a practical aystem at high gain the residual core, which is cold and
therefore strongly absorbing, may seriously intexfere with the optical
path for laser action. If the beam intensities {(in a multiple beam
experiment) are not well matched along the entire length of the fibre,
regions of cold core may be driven into the gain path and prevent laser
action, Although these effects are avoided by one sided illumination
other consilderations probably rule out this solution. The problem may
obviously be eliminated if the fibre is burnt through. However the use of
thinner fibres, such that thermal conduction enhances the symmetry of the
burn, should reduce core movement into the gaim region, and overcome this

problem.
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The behaviour observed in the four beam experiments is in good accord with
these simulations. Galn was obaserved, but irreproducibly and of low
value in the two spectrograph experiments, occurring principally at the
lower absorbed energies 5-10 J/cm., In this comtext the observation of 2
narrow {resolution limited) line superimposed on a broad emission at Ha
occurring only on Ha and in the axial spectrograph alone is Important.

The broad Ha enission must occur earlier in the expansion, and cerresponds
to a plasma ilnadequately heated for its mass. However even in such cases
gain will set in (but may not be measurable in a comparative test) at a
later, low density cold stage of the expansion. This effect probably
accounts for the narrow line, which exhibits gain with an (ai) of about

2.

G J Pert {Hull)

7.3 Dielectronic Satellite Spectra

7.3.1 Density-dependent Si XII dielectronic satellite spectra

In the laser implosion of gas—filled glass microballoon targets both the
ablation plasma and the implosion core plasma are intense sources of x-ray
line radiation from multiply-charged ions. The radiative decay of doubly-
exclited levels of helium-like lons rasults ilu the emission of spectral
lines that are long-wavelength satellite lines of the hydrogenlc rescnance
lines. It has been shown (7.04) that the relative Intensitles of the Si
XIII satellite features of the 5i XIV Lyman—a line vary with electron
density in the plasma, and represent a promising density diasgnostic
technique for electron densities in the range 1022 ro 102% e ¥, It has
also been predicted (7.05) that the relative Iintensities of the Si XIT
satellite spectrum on the long-wavelength side of the ls2p lp-152i3
resonance line of the helium-like fon Si XIII are density dependent. This
letter reports the experimental observation of these density-dependent
effects In the x—ray spectrum of Si XKIT emitted from laser-imploded

microballoons.
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The relative intensities of the satellites of the helium-1ike ls2p lP-
1521g 1ine have been calculated for medium-Z elements by Gabriel (7.06)
and Bhalla et al (7.07) using a corona model theory, which assumes that
the upper levels in the radlative transitions are populated only by
dielectronic capture and Inner-shell electron colligional excitation.

This calculation leads to relatlve satellite intensities that are
indpendent of electron density. In a more complete calculation {7.05)
electron collislional transitions between closely-lying autolonising levels
are also taken into account. For electron densities exceeding 1022 em 3
¢ollisional transitions between the autoionising states lead to an
enhancement of the intensities of the 182p2 2p-1322p 2¢ and the
132p(1P)232P—lsz2s 25 satellite lines. These are denoted {a-d) and (q,T)
respectively, using the key letter description of Gabriel (7.06). It is
also predicted that for electron densities up to 102%n™ 2 the Intensity of
the 182p24D - 1522p 2P lines (denoted by k, 1, i) are only weakly affected
by these collisional transitions between the autolonising levels, and that
the sum of their intensities relative to the 152p2P-152!S helium—like
resonance line 1s mainly a function of the electron temperature. Thus,
for electron densities in the range 1022-102% cm™3 it is predicted that
the intensities of the (q,r) and (a-d) satellite lines will increase
relative to the (k,1,3) satellites.

The Si XIII IsZplP—ISZIS and assoclated satellite line intensity
distributiens were cbtained from the space-resolved x-ray spectra recorded
for a serles of two-beam laser implsolons at the Rutherford Laboratory
(7.08). The parameters of three representative laser shots are shown in
table 7.01. The electron temperature Is calculated from the slopes of the
51 XIII and S5i XIV recomblnation continua, and the electron density is
determined from the Stark broadening of the 51 XIII and Si XIV resonance
lines, corrected for optical opacity (7.08).

The 1s2p 1p ~15215 and satellite line spectra from the ablation plasma on'
shot 328 and the implesion core plasmas on shots 323 and 321 are shown in
figure 7.13. It is clearly seen that the intensities of the (q,r) and (a-
d) satellites relative to the (k,1,j) satellites increase with increasing

electron density. This effect 1s reproducible, as is observed in the
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Table 7.01 Parameters for the three laser shots.

Plasma parameters

Laser Shell Shell Gas Electron Electron
Shot power dlameter thickness fill temperature density
number (TW)  (ym) Cum) {bar) (eV) (cm™ ¥
328 0.34 67 0.71 0.4 Ar 470 1.2x1022+
323 0.17 50 0.59 10 DT 580 2x10224
321 0.19 51 0.53 10 DT 510 8x10224

the Rutherford Laboratory.
+ Ablation plasma.

+# Implosion core plasma.

The shot numbers refer to the numbering system for laser shots used at

3
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Experimental spectra showing the $i XIIT Is2p IP-ISZIS(w).
intercombinacion {(y), and dielectronic and inner-shell

satellite lines For the three shots shown in table 7.01. Spectra
(a) and (b) are from the implosion core plasmas in shots 321

and 323 respectively, while spectrum (e} is From the ablation
plasma on shot 328. The full curves show theoretical fits to

the satellite features as descirbed in the rext.



spectra recorded from six other implosion core plasmas and a much larger
numbexr of ablation plasmas. The spectra shown in figure 1 are
representative of the electron density range over which the observations

extend.

To compare the relative Intensities of the satellite lines with theory a
theoretical spectrum is computed at each electron dengity and fitted to
the experimental spectra. The generalised emission rate coefficients

describing dielectronic recombination, inner-shell electron collisional

excitation, and collisional mixing between the autolonising levels as a
function of electron temperature and density are tabulated for the
spectral lines of interest here {(7.05). This tabulation is used to
calculate the relative satelllte intensities as a function of electron
density for an electron temperature fo 500 eV. Since the temperature
dependence of the satellite line ratios 1s relatively weak a calculation
at a single tempetrature 1ls adequate for comparison with the three spectra
shown in figure 7.13. In the calculation of the theoretical spectrum the
wavelengths of the satellite lines are taken from Valnshtein and
Safronova (7.02). 1In order to fit the linewidths of the experimental
spectra the theoretical spectrum was computed using a Gaussian profile
with FWHM equal to 7 x 10734 on each line. The {nstrumental Iinewidth,
due to the crystal rocking curve and the source size, is only about 5 x
10-34, which suggests that these satellite lines may be Stark broadened at
the electron densities enceuntered here. The experimental spectrum is
fitted by normalising the theoretical spectrum on the (k,l,]) spectral
feature and then varying the fraction of Li-like siliecon to fit the
spectral feature comprised of the satellites (q,r) and {a-d). Inner-shell
excitation makes a small contributiem to the (k,l,j) satellites, but is
wore important for the (q,r) and (a—d) satellites. On shot 328 the
population density ratie is

(n(1s%2s28)tac1s22p%8)) /(152 18) = 0.03,

while on shot 323 and 321 this ratlo is 0.065. At the electron densitles

2,2
encountered here, electron collisions will ensure that the 157285 and
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2, 2
1a"2p" P states are populated in proportion to their statistical weights.
In a calculation of the steady-state ionisation balance in a silicen
plasma with an electron temperature of 500 eV and an electron density of

1022¢m™3 it is found that the population density ratio is (7.10)
2
(n{ls 2523)+n(1522p21’))/n(IBZIS) = 0.01

That calculation uses the ifonisation model described by Stravrakas and Lee
(7.11). The apparently high fraction of Li-like silicon revealed by the
experimental spectra is probably due to the inhomogeneocus nature of the
plasma; there being a reglon of cooler plasma with more Li-like and less
He~like and H-like lons than the reglon of plasma that is diagnosed by the
He-like and H-like line emissions. Figure 7.14 shows the experimental
values of the intensity of the sum of the (q,r) and (a-d) satellites
relative to the (k,1,j) satellites as a function of electrom demnsity. The
theoretical ratio calculated from (7.05) is also shown for two cases. In
Figure 7.14 curve A shows the satellite ratio as a fuaction of electron
density when the number density of Li-like gilicon is taken to be zZero, So
that fnner-shell collisional exeitation makes mo contribution to the
satellite intensities. Clearly, such a calculation does not agree with
the experimental observations. Also in Figure 7.14, curve B shows the
satellite intensity ratio when inner-shell collisional excitation is
included by taking

(n(1%2578)4n(1622p2P)) /n(1s2'8) = 0.065

There 1s good agreement between theory and experiment for the increase in

the satellite intensity ratio
(Iq,c}+I(a-d)/I(k,1,])

with increasing electron density. This increase is due to electron
collisonal transitions between the autoiconising states. In the
experimental spectra the lncrese of the (a-d) satellite group relative to
the {(q,r) satellite group is less than 1s predicted by theory. This may

be due to optical cpacity on the satellite transitions, in a manner
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Fig. 7.14 The intensity ratio of the sum of the (q,r) and (a-d) satellit
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satellite at an electron temperature of 500eV for two cases: A, without inner-shell excitation; B,

with inner-shell excitation using
(n(l522528)+n(1922p2P))/n(15215)=0.065.

Also shown are the experimentally observed intensity ratios.



analogous to the effects of optical opacity on the Lyman-a satellites
(7-12). Considering only Doppler broadening it is estimated, for example,
that for shot 323 the peak opacity of the (a) satellite 1s about one. For
plasma density diagnosis it 1s clearly preferable to arrange for the
patellite lines to be optically thin. The usefulness of these satellite
line intensity ratios for the dlagnosis of the plasma density is somewhat
diminished by the fact that the satellite intemsity ratlo depends on both
the electron density and the population demsity ratio beween helium-like

and lithium-like lons.

J 6 Lunney {(Trinity College, Dublin)

7.3.2 The Density Dependence of Dielectronic Satellites of Helium-Like

Transitions

7.3.2¢a) Introduction

Dielectronic satellites to helium-like rescnance lines are & prominent
feature in both low (7.13) and in high density (7.14) plasmas. The
transitions arise from three electron spectra of the form 1sZng - ls28'
n%. When the spectator electron nf has principal quantum number n = 2,
there are about 26 lines. At low density their relative population is
essentially coronal (7.15) whereas at high density the levels become
statistically populated. There is, however, an intermediate region where
the population ratio of groups of dielectronic satellites is a function of
the electron density (7.05). Moreover, because of the low opacity of the
dielectronic satellites, their intensity can be used as a diagnostic of
the level population. A simlilar dependence has been observed for the

satellites to the hydrogen like resonance lines (7.16).

We present for the first time results of new caleculations of the rate
equations for arbitraty Z plasmas. The excited levels of Li, He and H
like ifons are represented. The most accurate detalled rates available are
used and results are presented for the relative intensities of Li like
satellite to the He like 1-2 transition for a variety of materials useful

for laser plasma diagnosis. It is shown that useful density diagnesis can
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be achieved over a range of about 20 for any element 1f the resolution is
sufficient to resolve emission from the abed (1s22p 2P-1s2p2 2p) complex
from gqr. (ls22s 25 - lsZsZp(lP)lsZP) (see Gabriel (7.06) for the
nomenclature)., Otherwise the ratio of the combined abed + qr ko jk2
intensity (1s22p 2p - lssz 2py gives a useful range of about 10 in the
diagnosis of plasma density. The density at which the ratios are usefully
density-dependent is about 3 x 1021 em™3 for Na up to 4 x 1023 oo 3 for

Ar. Such denslties are readily achieved in laser plasmas.

The model is also used to predict the intensity of the dielectronie
satellites lying close to the intercombinatlion line (1s2 1p - 15 2p 3p).
The results show that these underlying satellites make it difficult to
measure the intensity of the intercombination line at high density.
Results from the calculation are compared with spectra from ablation

plasmas and the cores of exploding pushers.

Ablation plasmas produced by the interaction of 1 ns, 0.53 ym and 1.05 um
light at 1015 § en™ 2 with solids, emit X-ray at approximately the critilcal
density, fe 4 x 102! cn™3 and 1 x 102! cw™ 3 respectively. The long time-
scale of these plasmas allows an equilibrium lonisation model to be used
with some confidence. A sultable element 1illustrating applicabllity of
the model to the satellite line ratios is Na. In contrast, results from a
Si gpectra produced by an ablation plasma show that very goed resclution
15 required tc enable the low density to be diagnosed.

Higher densities can be achleved using so—called exploding pusher targets
(7.17). Although existing for only 0.1 ns, these plasmas are at a high
enough density to equilibriate the populations of different stages.
Densities of 2.5 x 1023 em™3 are produced by 1.05 ¥m irradiation, and
densities up to 4 = 1023 ¢ 3 are produced with shorter wavelength
irradiation. Experimental results are presented illustrating the
satellice ratios foxr Cl and Ar, and are contrasted with a much lower
density Cl ablation plasma. Again agreement with the theoretical medel is

demonstrated.



7.3.2(b) The Model

The rate equation model used for the ratio fo the Li-like dielectronic
satellites is based on a steady state equilibrium model for the ionigation
balance. The atomic data required for the calculation are the energy

levels, the collision cross—-sections and the transition rates-

The model is solved for the ground states of all states of lonisation
stages from the neutral atom up to the Be-like ilon, and then several
energy levels of the Li, He and H-like ions, and bare nuclei. The energy

levels considered and their socurces are shown in Table 7.02.

The colllslon rates are cruclally ilmportant because thelr value determines
the temperature and density at which the ratios of dielectronic satellites
start to respond as density diagnostics. The sources of collisional rates
between the different etates are shown in Table 7.03. The most critical
rates are between the autoionlsing levels of the lithlum-like species.

For these, the calculated cross—sections of Jacobs and Blaha (7.05)
supplemented by the high energy effective Bethe Gaunt factor, are used. A
parameterisation of cross sections, similar to that used by Sampson et al
(7.25) ig used to facilitate the Integration over the Maxwellign velocity
distribution. Since data are only available for Lithium-like ions of AR,
the cross secitons are scaled as ngf, defined by Golden et al (7.24}.
This should not cause a substantial error over the range of Z considered

here, le Na to Ar.

7.3.2(c) Numerical Results

Figure 7.15 shows results of the calculations for S1. The ratios of the
emission Intensities of the three satellite complexes, abee, qr and mo, to
the intensity of the dominant jk& complex, are shown as a function of
density at a temperature of 500 eV. For the qr/jk% and abed/jk% ratio
results are also given at a temperature of 750 eV showing that the
variation with temperature is negligible compared to the density
variation. The mn/jk% ratio is also shown although the sensitivity to
density 1s small.
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TABLE 7.02

THE LEVELS INCLUDED IN THE MODEL

Ion Stage Spectroscopic Comment Source
Specification for Energies
Icns up Ground states Kelly and
to Li-like Harrison (7.18)
Li~like 1s*2s 23 Ground state
15%22p 2P Excited state Clark et al. (7.19)
1s25% *5 Mixed, auto Gabriel (7.06)
* ionising {op)
Is2p(*P}2s” 2p Uixed, auto- n '
ionising (qr)
lsZp(’P)2s2 p Mixed, auto " !
ionising (st)
1s2p? ?D Autoionising(jkl) " "
152p* 2p " (abed) " "
Is2p® 258 Mixed, auto- " '
ionising {mn)
He-1like 18 lS0 Ground state
1s2s 38 Extrapolation
Is2s 18 Dipole forbidden Clark et al. (7.19)
Is2p p Intercombination Seofield (7.20)
1s2p lp Resonance " "
1s3 Lumped state Scofield (7.20)
Is4 " " " "
185 {etc.) " " " "
252 15 Autoinising Vainshtein &
Safrannova (7.09)
2s2p 3P "
2p2 3p "
2p% 1D "
ZPZ ls n
252p P "
2s? 13 "
Hydrogenie n =1 teo 5 Lumped Scofield (7.20)



TABLE 7.03

COLLISION RATES REFERENCES

TRANSITION

REFERENCE

Li-like bound to bound

Li-like bound to autoionising
Li-like autoionising to autoionising
He—1like bound to bound

He-like bound to autoionising
He-like autoionising to autoionising

Hydrogenic bound to bound

Clark et al. (7.19)
Sampson et al. (7.21)
Jacobs and Blaha (7.05)
Vinogradov et al. (7.22)
Sampson et al. (7.21)
Clark et al. (7.23)

Golden et al. (7.24)

B qr/jkl -
___-—j =_— o ———
==
— Ta=500eV x —
x X X
X mn/jkl
abed /jkl~g
0.1 1
_ 1 | | ] | |
17 18 19 23 24
-3
LOGyg Ne{cm ™)
Fig. 7.15 The telative intensities of satellite complexes abed/jKZ,

qr/jKe, mn/jk2 and {abed+qr)/jki as a function of electron
density for §i. The variation with temperature is shown for

T = 500 eV and Te = 750 ev. Results from Jacobs and Blaha are
shown as(73 .



It might appear from Figure 7.15 that the most suitable ratlo for a
density diagnostic is abcd/3ikR. For Si, Figure 7.15 ghows that this ratio
is sensitive from 1020 to 102% electrons/cm3. However below

n, = 1022 cp~3 the variation of the ratio with n, is weak, a factor of 1.5
for a factor of 10 variation in n.. Moreover the spectral proximity of
abed to the more intense qr line makes the (abed+qr)/jkR ratio easier to
measure. Figure 7.153 shows there 1s a strong varilation in this ratio only

for n, > 1022 cp~3, when the ratio R = n%.% up to n, = 1024 cp~3.

The temperature variation of (abed+qr)/jki is weaker, At about 1023 cm3
the ratio scales as Te'o-l. Although inner shell excitation for Lithium—
like 51 is ineluded (7.05), the variation of the ratio 1is still
negligible.

The ratlo of (abedtqr)/jk2 taken from Jacobs and Blaha (7.05) is also
shown in Figure 7.15. The discrepancy shown has caused the model in this
paper to be scrutinised. At low n, the results of this calculation agree
with coronal limits (7.07) however the caleculation coutained in (7.05)
does not appear to be converging to the coromal limit. Further there
appears to be an error in the graphs of (7.05), as these values disagree

with thelr tables.

Figure 7.16 shows the diagnostically simple ratio (abed+qr)/jkf for Na,
51, CL and Ar. The density sensitive region increases with atomic number
approximately as ZE, the inflexion polut on Figure 7.16 occurring at an
electron density ne* given by ne* = (E 18 x 1023 ¢cn™3, The scaling of the
maximum ratio with demsity varies from 0.4 to 0.6 ia Figure 7.l16. The
useful densiﬁy range is approximately a facteor of 20 for Na decreasing to
about 10 for Ar. Calculations have not been carried out for any element
beyond Ar because the Jkf transitions split at higher Z and overlap the

abcd complex.

The ratlio of the intercombination line (115 - 23P) to the resonance

trangition iz principally a density diagnostic. However the problems are

7.18

RATIOS OF (abcd+qr)/jkl
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The intensity ratio (abed*qr)/ikf for Na, Si, Cf and Ar at
temperatures of 500 eV, 500 eV, 500 eV and 750 eV respectively.
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firstly that there are underlying satellites mn and st that are difflculr
to resolve from the Intercombination line and secondly that the 1l - 21p
line is optically thick. The intensity of Lhe satellites relative to the
intercombination line can be evaluated from the code. To avold opacity
problems in measuring the 11s - 21p transition a higher member of the
series can be used, although this latroduces a slight temperature
dependence to the ratic. The ratio of the 113 — 41p 1ine to the
intercombination line is shown in Figure 7.17 for the usual case when
satellites are omitted, and for the case when the uwnderlying st and mn
satellites are included. As can be seen the satellites only make a

significant change to predicted ratio at high density.

7.3.2(d) Experimental Results

(1) Ablation Plasma

Results were taken with 0.5 — 1.0 ns laser pulses preoducing ablation
plasmas by irradiating NaC% and glass targets, with 0.53 pm radiation at
an Intensity of 5 x 101% & o2, The foil targets werg viewed with a
time-resolving X-ray crystal spectrometer (7.26) using a flat Rubidium
acid phthalate (RbAP) crystal and both a flat and curved Pentaerythrictol
(PET) crystal for Na and Si respectively. The time resolutlon was 100 ps.
Data were recorded on calibrated photographic film and converted to fillm
density and hence relative inteunsity by scanning a Joyce Loebel
microdensitometer. A spectrum for Na i1s shown in Figure 7.18. It 1s
notable that hte resonance and intercombination transitiems

152 13 - 152p 1P and 152 I3 = 152p P are long-lived, le 4 ns comparaed
with the dielectronic satellites which are only emitted during the laser

pulse. This clearly illustrates:

(a) The advantage of the satellite lines as a density diagnostic as
they record the highest density, and are only emitted during the laser

pulse.

(b) the {naccuracy of time integrated measurements especially of the

resonance line.

0.1

1's- 41 P/ INTERCOMBINATION

L 5i, 500eV

e ¥ — WITH SATELLITES

Ar, 750eV

— WITH
SATELLITES

1 IIIIIII| 1 1|IIIII| 1 IIIIIIII 1 I!lIIIII

20 21 22 23

logyg (?"e)

The 1'8—4'P to intercombination line intensity ratio with and
without the mn and st satellites included in the intensity of
the 'intercombination' line.

Fig. 7.17



Microdensitometer tracings of the spectrum are shown in Figure 7.18,

150 ps before and 150 ps after the peak of the laser pulse. (The line
identificarions for Figures 7.18, 7.20, 7.21, 7.22, 7.23 and 7.24 are given in
Table 7.04.) At the earlier time the ratio of inteansities

ES%EEEi&El = 0.8 £ 0.1
jk2

Figure 7.16 shows that the corresponding electron density is
0.4 £ 0.1 x 1022 en~3.,  The abed comple# is not clearly resolved from qr
in Figure 7.18, but abcd appears to be slightly less intense than qr.
Figure 7.19 shows numerical predictions for Wa, and it can be seen that qr
and abed would have equal intensity at 0.3 x 1022 cp™3, which is
consistent with their combined vatio to jki& above.

The tracing at late time im Figure 7.18 shows that the abedtqr complex is
substantially broader than jk&, glving

I(a¥°d+ X) 1.5 0.3
ik

and from Figure 7.16 this iIindicates o, = 3% 1.5 x 1022 e 3,
Correspondingly the tracing shows that abcd 18 more intense by possibly a
factor of 1.6, which frowm Figure 7.19% indicates a, » 1022 en~3, The
increase 1in the intensity of the satellites, with respect to the
intercombination lines also indicates an increase in dengity at late time.
Further the predictions are in concurrence with recently obtalned density
nmeasurements made by time resolved Stark broadening which show densities
of 1022 em™3,

Figure 7.20 shows the S1 spectrum of an ablation plasma from a glass
microballoon irradiated atr 101% W em~2 for 1 ns with 1.05 pm laser lighkt,
The use of a PET crystal in the spectrometer gave a greater dispersion
than Eor the spectrum of Flgure 7.18, and hence pgreater spectral

resolution. The tracing and the print show the usual ni2f dielectronic

TABLE 7.04

The identification of the limes on

Figures 7.18, 7.20, 7.21, 7.22, 7.23, 7.24
Identification Transition
on Figures
i 1s? 's - 1s2p 1P
Q
ii ls2 lS - Is2p 3PI and the
mn and st dielectronic satellites
iii qr dielectronic satellites
iv abed dielectronic satellites
v jki dielectronic satellites
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Fig. 7.18 A time-resolved spectrum of the He-like i - 2 complex in Na from a NaC{ plasma. The laser pulse lasts

for the length of the continuum emission. Microdensitometer tracings at early and late times in the
laser pulse are shown. The identifications are given in Table 7.02.
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Fig., 7.19 Model predictioms of the intensity of the ratios of the abecd/
jk% and the qr/jk? complexes in Na as a function of electron
density at 500 eV.
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Fig. 7.20 Time-resolved spectrum of Si ablation plasma with 1.05 ym irradiation of a glass microballoon. The
laser pulse is | nsec and because of the longer wavelength has a lower critical density than in Fig.
7.18. Consequently the satellite ratio is not a useful density diagnostic (see text).



satellites and unresolved satellites close to the resonance line,

presumably due to n = 3 spectator electrons (7.28)(7.13).

The n = 2 satellites give a lower electron density than for the 0.53 um
irradiation of NaCf, Figure 7.18, as would be expected for the lower
critical density, viz 102! e¢n~3 for 1.05 um irradiation, cf 4 x 1021 cm 3
for 0.53 um irraediation.

The densitometer tracing shows

I({abcd+qr)

TEITH) = 0.30 = 0.1

which, from Figure 7.16 indicates an electron density ne< 2 x 1021 cp~3.
This 1s too low for the ratio to be an effective diagnostic in S5i. The

abed complex is not well resoclved but gives

I{abcd) "

T(3kE) 0.16

Figure 7.15 vould then give n = 2 x 1021 op 3,

Ablation plagmas were also produced by irradiating plane silicon targets
with 0.53 um lager light at 5 x 1014 ¥ en™2.

5ilicon spectra are ghown in Figure 7.21 with densitometer tracings at two
different times. It is notable that at the later time the ratios are
higher, that is

I(qr} I{abed) -

TZEEEY = 0.42 IKD 0.2
I(qr) I(abed)
cf earlier E?EEET = 0,16 TFEEET_ 0.065

Figure 7.15 then shows that for silicon this indicates n, < 102! at early
time, increasing to 2 x 1022 cm 3 at later time. However inspection of
Figure 7.15 shows that despite the higher density than in Figure 7.20 Si

7.21

is only just becoming viable as a density diagnostic. Figure 7.21
illustrates that although in principle the ratio abed/jkf is a density
diagnestic for very low o, in practice the proximity of abcd to qr, which
15 constant and larger than abed at low density, makes it diffult to use

as a low level density diagnostic.

(i1) Compressed Core Plasmas

Higher electron densities have been achieved with so—-called exploding
pusher plasmas. In these targets densities can be varied from about

1 x 1023 cp-3 up to 5 x 1023 cm'a for thick shell targets or 0.53 Mm
implosions. A time-integrated spectrum from an expleding pusher plastic
target filled with Freon 12 (CCEZFZ) and consequently emitting X-ray lines
from Hellum—1like C%, is shown in Figure 7.22. The abcd complex is not

well reesolved from qr in this case and

1(abedtqr) a1 4
T(IkE) 1 % 0.1
which from Figure 7.16 shows that m_ = 3.0 £ 0.5 x 1022 e~ 3,  The
electron denslty can alsc be obtained from the Stark broadening of the
Helium-1ike C% 1s2 15 — la4p 1P 1ine on this shot. Comparison with
theoretical calculations (7.29) gives n, = 1.5 *+ 0.5 x 1023 cm 3.

In contrast, the emission from a low density C& plasma is shown in Figure
7.23. This plasma, as in Flgure 7.18, was produced by irradiating plane
NaCL targets by 0.53 pm laser light at 5 x 10% § em™2, In Figure 7.23
the helium1like chlorine lines are shown. The ratio

I{abedtqr) _ 0.2
I(jke)

which, from Figure 7.l6, implies that the density is not high enough for

the ratio to be useful as a diagnostic, ie n_ < 1022 o3,

Finally, Figure 7.24 shows the spectrum from a high density argon—filled
exploding pusher irradiated at 0.53 pm. The abedtqr complex is 5% more

7.22
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Fig. 7.21 Time-resolved spectrum of a Sz ablation plasma produced by irradiating a planar Si0, target with an

0.53 ym laser beam at 5 x 10 W en™2.  The spectrum indicates a higher density than Fig. 7.20.
g g



Fig.
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Time-integrated spectrum showing the helium-like [ — 2 complex
in C% from an exploding pusher plasma. This was produced by
symmetrically irradiating a plastic microballcon filled with

I Bar of Freon 12, with 80 J of 1.05 um laser light in a 100
psec pulse,
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Fig. 7.23 Time-resolved spectrum showing the helium-like | - 2 complex in C% from an ablation plasma, This was

produced by irrggiating a NaCf planar target with a single 0.53 um laser beam at an intensity of
5.0 x 1014°W cm 2.



intense than jk2, Iindicating n, = 5 % 1023 cwm 3, 1t is also notable that
the dielectronic satellites are more intengse than the intercombination
line at these densities. Line broadening on this shot indicates

o = 4 x 1029 cp~3,

7.3.2(e) Discussion and Conclusion

The use of the He satellite ratios as a density diagnostic depends con
accurate prediction of the collisicnal cross-sections between the
autoionising lévels and the Li-like species and, less importantly, on the
ionisation balance. Direct experimental verlfication of the collision
rates is difficult; however there 1s little reason to doubt the accuracy
of the theoretical predictions. The lonisation balance has alsc to be
elther koown, or calculated. In the laser plasmas described here, long
laser pulses {ie 1 ns) have been used, allowing sufficieant time for a

colligfonal radiative equilibrium to be set up im the ablation plasma.

It has been pointed out by eome workers (7.05)(7.30) that inner shell

lonisation is unecessary for accurate prediections of the satellites to

i ii v v Lyman-like transitions. These are implicit in the present calculation.

The present calculation shows that the satellite ratio abediqr to jk& is
esgentially a density diaguostic with a useful dynamic range of 10 for
Z = 10 up to 20 for Z =18.

Predictions of the code are verified by results form six different
Fig. 7.24 Time-integrated spectrum of the He-like 1 — 2 complex imn Ar. experiments. Experiments on ablation plasmas with Te T 1022 co? ghow
This was produced by irradiating argon—filled glass micro- that Na can be used as a density diagnostic, whereas the atomic number of
balloons with 0.53 um laser light. - 51 is too high for it to be particularly useful and that of CR is much too
high. The S1 data indicate some consistency 1n that the densities
indicated by the abed/jk2 ratio are similar to the densities indicated by

the qr/jkt ratios.
Results from higher density exploding pusher targets, where Stark
broadening has been used to corroborate the density independently, are

aleo presented. for densities 2 x 1023 cn™3, Cg 15 used as a density
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diagnostic, and at 4 x 1 3, Ar is used.

J D Kilkeuny, 3 J MacGowan, D K Bradley (laperial College), R W Lee and
B L whittean {LLNL)

7.4 ¥-Edge Fiducials to see Absorption Shift in Resonance Line

Positions

A preliminary experiment has been carried out ia order to absolutely
measure the spectral position of resonance lines emitted from laser
compressed plasmas. A&rgon filled exploding pusher targets produced 500 eV
- 800 eV cores of density about 1023 electrons per cc. The density was
measured by fitting the experimental line profiles to the theoretical line
shapes generated from the optically-thin Hellum-like profiles of R W Lee
with LTE opacity broadening (7.31). Measurement of assoclated line shifts
due to the high density was attempted using the K absorption edge of
Potassliun as a spectrometer calibration. Figure 7.25 shows an Argom core
gpectruu taken through a 1.5 um thick layer of KGl. The proximity of the
Potassium edge to the Argon XVIL 152 - 1s3p (HeB) resonance line coupled
with a knowledge of the spectrometer dispersion allowed determination of

the line positiom to an accuracy of * 0.7 mA.

Figure 7.26 shows the digirized experimental HeB line compared with the
-3

theoretical 1ine position at an electron deasity of 1.6 x 1023 em

B J MacGowan (Imperial College)

7.5 Quantitative ¥-ray Measurements for Radiative Preheat

Determination

The absolute ¥-ray eunission of laser irradiated 5i0, microsphere targets
has heo neasured in the 0.9 to 1.5 keV region. Recenr theoretlcal (7.32)
and exparimental study {(7.33) of A = 0.53 pn ablatively driven wmicroshell
implosions has polnted to X-radilation frem the laser Lateracrion region as
a onsslble sourse of target preheat. Preheating of the shell during

avcslzrarion will canse it to decoapress resulting la reduced dynaaic

pressure and a paorec implosioa.

Some work on measuring radiatioa production has been published {7.34) but
the bulk of the data 1s for 1.06 pm Irradtatlon of planar targets and none
at all is directly applicable to 0.53 pm irradlatfon of glass

micraspheres.

The measucements performed at Rutherford Appleton Laboratory were obtained
using 20 - 50 J of green light in three beams to 1lluninate a hemisphere
of a microballeoon target. The three beams were incident alomg three
mutually orthogonal axes with the spectrometer collectlng X-rays from the
point on the sphere midway between the three beawms. Only three of the
usual slx green beams were avallable at the time of these measurements.
The f/l beams were defocused by 3.5 target radii beyond the target centre
producing an average irradiance oa the region of the target observed by

the spectrometer equal to:

i
X = ____z_inc L Woem™2
inc Inr TL

T the laser pulse width at full width half wmaximum power was neasured as
900 ps.

The spectrometer used was a Mark 4 minispectrometer described in previous
reports (7.35). A calibrated TLAP Bragg diffracting crystal

(2d = 25.75 A) was used te produce a spectrum on No Screen X-ray film
whizh has beea extengively callbrated (7.36). A 5.5 po thick Aluminium
filcer was placed over the spectrometer slit Iin order to shield the
crystal froma debris from the target. A 5.3 um filter was used despite its
low transmittance (6% at 925 =V) iu order to strongly attenuate Silicon
resonance lines which werz observed in second order. The weak second
order lines served as a useful wavelengih callbracion but were not hright
enough to affect the first order continuum as they are quite close to the

u

X absorptlon edge of Alumlaiun and ware thus severely attenuated.

The ohs2vved specrral intensicv IE is showr in Figure 7.27 for the five
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targets lrradiated, Detalls of the targets are shown in Table 7.05.

5imulations (7.32) indicate arpeak in the spectrun In the region of

SHOT TARGET MATERIAL
0% evV. Extrapolations of the spectra to 500 eV iadicate total coaversion
fractions of 4 - 12%Z of incident energy into X-rays for 510, targets, 03 131182 Sl02
dependiag on the spectral form assumed for T_ below 900 eV. For plastic 24 231182 Sioz
shell targets {CH) the conversion fractions were down by a factor of 2.5
08 231182 510
and were in the range 1.5 - 5%. 2
16 181182 CH
The main value of these measurements was to enable normalisation of the 12 181182 CH

radiation transport package (7.32) included in the one dimensional MEDUSA
simulation. The code was In quite good agreement with the measurements

and reproduced the sharp fall-off in Ie (~ exp—[hv/lﬁo eV]) in the region
900 eV - L.5 keV.

B J MacGowan (Imperial College)

7.6 Time dependent Stark Broadening measurements in Planar-Laser

Target Experiments

7.6.1 Introduction

The interest in plasmas produced by laser irradiatiom of a planar target
has increased due to the relation of these plasmas to direct-drive laser
compression studies; to a fundamental interest in the ablation plasma
charactericstics; and finally to the desire to perfect dlagnostic
techniques for transient high density plasmas. For these planar target

plasmas are convenient for their ease of observability and simplicity.

The methods to predict density from these laser plasmas have relied on
spectroscople information such as line ratles, line widths, and
scattering weasurements, (7.37) (7.38). The scattering measurements are
limited to densities much less than critical density, l.e. << 4,1021 far a
frequency doubled Nd laser, and therafore do not address the problem of
the physical conditions ia the critlcal density region. The scattering
measurements, however, have been tlme and space resolved. The

spectroscopic methods, whieh rely on spectrally resclved data have tended
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to be tiwme Integrated, but space resolution has been obtained (7.3%). The
basic argument to justLfy time integrated data is that a time avaraged

result reprasents the system.

The difficulty with these spatial lategrations can be surmounted by using
a small amount of the element of interest inm a localized spot (7.39).

This tracer will then be localized in the plasma and can give some spatial
information about a localized position in the plasma. However, thls still
requires assumptlons concerning the time dependence of the plasma to
extract Information. Thus one major step to Improve Sspectroscople
dlagnostic procedures 1s to use time rescolved spectroscopy to determine
the temporal variatlons of the electron density in the region ahnut the
critical density. In the present work, we report on the use of an x-ray
crystal streak spectrograph te study the time-dependent electron density
of an ablation plasma by using the Stark broadening of the higher

principal quantum number stataes from the Lyman series of hydrogenic ions.

This work goes some way to completing the necessary dlagnostics studies
which will eventually lead to a time resolved, space resolved experimental
knowledge of these ablation plasmas. The present experiment which has
time resolution of 80 psec does not have gpatial information. However,
the present work 1s conclusive proof that streak camera data can be used

in a spectrally resolving mode to produce line profile information.

7.6.2 Experimental design

The experiments were performed at the Central Laser Facility of Rutherford
Laboratory ian a collaborative effort between Imperial College, London, the
l.aser Program at Lawrence Livermore National Laboratory, and the
Ruthecvford Laboratory. The experiments used the single beam target
chamber where one heam of frequency-doubled 1.05um laser was feocused by a
f/1 lens onto planar targets. The pulse length was nominally 900 psec and
the average intensity was ~1015%W/cm2 (7.40).

The erperimental diagnostics, beside the standard laser beam diagaostics,

consisted of an X-ray streak cameca with a crystal as a dispersing

~)
.J

element. The observations were made with the target tilted 19° toward the
streak camera. There was also a Lime—lntegrated, space-resolving crystal
spectroneter viewing the target parallel to its surface and a plnhole

camera.

The choice of materifal used was dlctated by many factors. As a starting
poiakt, we kaow from prior experiments that the canonical temperature would
be Tc~lkeV and the peak electron density would be approximately the
critical density, which for the frequency doubled Nd laser is
Ne~4.1021cm-3. The varlous factors which lead from the Te’ and Ne to

the choice of Al can be delineated. First, one regquires a reasonable
population in the hydrogenic levels of the specles chosen. The population
can be estimated theoretically using a steady state rate aquation model
(even though the actual level populations depend on time) to assure thils.
Next, the members of the Lyman series must be sufficlently intense to be
observed and yet remain optically thin. This can be estimated by
reference to line profile calculations together with calculated level
populations to yleld the opacity and emissivity, while plasma dimensions
can be primarily ohtailned from pinhole picture and/or space resolving
spectra {see Table 7.06). The line profile must then be primarily
broadened by the Stark effect so that the widths of the profiles are
dominted by the plasma density. This implies that the Stark width must be
greater than the total Doppler and Lastrument width. This again requires a
line broadening calculation. Further, the plasma density will cause the
merging of the high n-state members of the Lyman serles and will depress
the lonization potential. These effects will obscure the profiles of
interest, thus one must ensure that the transitions are observable -
simple estimates of these effects will suffice (see Table 7.07), Finally,
the emisslion will arise from plasma with velocity dLfferences relative to
the observer. Therefore, we iminimize this effect on the width of the
profile by choosing the broadest lines possible. These considerations

lead tn a choice of element about z ~ 13.

For thls experiment the targets were pure Al disks. A& spectrun observed

with a streak camera as an example of the emission froam the blow-off
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TABLE 7.06
Estimate of Lyman Series Opacity for £ = 100 um, Te = 750 eV.
2

"upper ¢ (em”) T
2 56 - 10710 12
3 29 - 1077 5.8
4 10 - 107" 2
5 21 - 10718 42
6 13 - 10718 26
7 40 v 10717 .08

TABLE 7.07

IP depression (IPD) and Imglis-Teller Limit (ITL); The Highest
principal quantum number existing vs electron density.

IPD 3 ITL -
nax Ne(cm ) DAk N (em ™)
16 10'? 27 10'?
n 1020 18 1020
8 1021 12 102!
7 4.10% 10 4.10%
7 6.10%" 9 6.10%!
6 1022 9 1022

plasma observed 1s shown in Fiz. 7.28. Note that the spectral range
covered, from about 2,1-2.4 keV, ls restricted due to the cathode size and
the hizh spectral disperslon. The 1lines here, the Al XILL ls—-np
transitions where n = 5, 6, 7, 8 are observed for a time duration of about

160C ps. The laser pulselength Ls ~ 800ps oa this shot.

To analyze the results obtained from the experiments, the €ilm is
digitally scanned using a deasitometer. Spectral scans in various time
intervals are taken and corrected for £1ilm response and dispersiom,
produciang a relative iatensity vs x-ray enecgy spectrum. A similar
analysis is performed on the space resolving spectrometer data.

In Fig. 7.29 an example of the analyzed streak camera data 1s shown Eor
the time interval averaged between 1100 and 1200 ps. Note the Lyman
transition n = 5 to 1 through n = 7 te 1 are clearly observed. Spectra of
this type fllustrate our basic results and are analyzed to yileld the time

history of the plasma.

The shote recorded were taken over a perlod of Lime and represent two
different sets of conditions. 1In one set we have a short laser pulse
length ~300 psec half width and an energy on target of about 20 joules.
The second set has a longer pulse length of about 1000 psec with 30 joules
on target. These distinctions are seen In the analysis of the electrom

density time histories as will be shown below.

7.6.3 Theoretical Modeling

To analyze the data we raquire a computational wmedel that can produce the
line shapes of the Lyman lines for high n states. This is straightforward
in that the Lyman series lines can be calenlated for all interesting n,
glven that a microfield has been calculated and that account is taken of
the overlapping of the higher n lines. The overlapping is incorporated by
using a schematic cutoff for the winimun womentus transfers allowable.
This cutoff includes both the Debye wave number and the wave number
necessary to glve rise to overlapping lines. This approximation together
with the fact that the width operator decreases logarithmically beyond the

plasma frequency and Chat it should decay as Aw™!/2 beyond the Weisskopf
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Fig. 7.28 The x-ray streak camera spectrum for shot CLF 121657. The time histofy of the x-ray emission of an

Al XIIT Lyman series. The lines are denoted by the upper principal quantum number and the time is in
nanoseccnds.,
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frequency ylelds a shift operator which compares well with detailed
calculations using a relaxation theory type model for the width operator
(7.41) (7.42).

The total line profiles compare well with previous published line
profiles, or widchs.(7.41) (7.42). The comparison for hydrogenic ion
lines gives less than a few percent difference over the entire range of
electron densities previously published. Therefore, it 1is felt that the
accuracy of these schematic calculations is comparable to those performed

in greater detall.

The results of the calculations for the Lyman n = 4, 5, 6, 7 lines of Al
XI1I are shown in Fig. 7.30. Here we have plotted with full-width at half
maximum in eV of the lines without Doppler effect versus electron density
in en~ 3, The temperature for a planar lagser—target plasma. However,
since Doppler convolution is not included and since the widths are
relatively insensitive to temperature this plot can be used in a wide

varlety of cases.

Also included in Fig. 7.30 are the widths of the n = 4 to 1 and n =6 to 1
lines meagured from the "shoulders”. That is, these profiles have a
central unshifted peak, which is quite narrow, and a broader shoulder
region. It is useful to have these "shoulder widths” because the central
components are prone to the highest uncertainty from lon-acoustlc modes,
ion dynamics, Doppler shifts, and opacity corrections. Further,
experimental measurements of the central narrow peak width is alsc
difficult since 1t requires high resolution. Thus, since the shoulder
width of the transition 1-4(6) i3 essentially the same as the total width
of 1-5(7) one may have twice the diagnostic information.

To analyze the experimental data, we require total profiles which include
Stark plus Doppler and funstrument bhroadeniag. The ilnstrument braodeaning
was derived from estimates of souce size, crystal performacne, and streak
camera resolution, and this leads to a half width at half maximum of .75
e¥ for the energy range of the AL XIIT lines studied here. The Doppler

broadening is determined from the temperature diagnosed using time

7,30

resolved line ratios of Kauffaan, et al (7.41). The nominal temperature
of 1000 eV 1s found to be high and we will use 750 eV for our study.

In Fig. 7.31 we have plotted the full width at half maximum vs electron
densities of the same spectral lines shown In Fig. 7.30. Here we have
included all the broadening mechanisms. As can be seen in Fig. 7.31, the
lines with central dips (n = 4,6) behave as predicted in Fig. 7.30.
However, the lines with central spike show a non—monotonic behaviour due
to the fact that the Doppler and instrument half-half width AmID is
constant (by assumption) as the electron density varlies. More explicitly,
if we take the n=4 to 1 transition as an example we see three distinect

regimes which occur as density increases.

20
oﬁwID> Aws ne< 10
oAmS > Am1D> Ams ) 1020 < n, <53 . 1021
23
.Ame > AmID n, >3 .10

where Aws is the shoulder width, and AwE is the width of the central

spike. Thus we have a good diagnostic from all lines o = 4 through 7 1in

the electron density region from 1020 ¢m™3 and to about 1022 cm™ 3.

! The result provides us with the necessary information to analyze the

experimental data. Curves similar to those shown in Fig. 7.31 are the
primary dfagnostic tool. Further description of the theory are contalned
in other works for example, see Lee, et al., 1982, Lee and Whitten,
1983.(7.44) (7.45). 1t 1is important to note that the accuracy of this
method i1s very high since, for example, our accuracy In measurement is
better than .25 eV in half width and as a worst case this yields about 25%

incaccuracy in the critical density reglen.

7.6.4 Resultsg

Comparison of theoretical and experimental Iine shapes can be carried out

as follows. We fit the individual lines to determiane, from the width, the
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Fig. 7.30 The theoretical full width at half maximum in eV versus electron density in cm . The results are
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temperature is fixed at 1 keV for the results shown. The Doppler widths corresponding to 1 keV and
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electron density. Since we have data for at least two lines — — and
sometimes four lines - - this informtion should produce a gocd Indication

of the electron density as a function of time.

As indicated earlier, we have data from two sets of experiments. To
11luetrate the differences we show in PFigs. 7.32 and 7.33 examples of the
electron density vs time for the two sets of data. In Fig. 7.32 we have
results of CLF121737, which shows a fast rising ng to a peak of about

600 psec after the image appears on the film. (Note that the times here
are relative and are only compared to the time when the first emission is
seen). The maximum electron denstity 1s ~2,102! con™ 3 and the half-width of
the electron density spike 1s about 400 psec. This behaviour is
corroborated by the fact that we do have information from three different
transitiona. Further there is a plateau region after 900 where the
electron density stays falrly constant. To better understand this
behaviour we 1ndicate im Fig. 7.32 the time history of the intensity of
the continuwmm. This gives an Indication of the laser pulse ' '
characteristics. It can be seen that the density follows the intenaity
and the plateau io density is produced by the laser heating of the
expanded under dense plasma. This indicates that for a period-the plasma
emission arises from a region of approximately_criticalidensity and for an
approximately equal perled, the emission arises from a region in this case
which {s ~.14 critical density. This indicates that attributing one
density from a time indepenaent width is insufficient. Further the time
averaged electron density which 1s determined by time integrating the
streaked data are shown in Fig. 7.32 by arrows. Note that a simple
average of the electron density over the time of observation produces
average 0.95 x 102} ¢p~3 while the elactron density predicted from the
time integrated profiles 1s about 30% higher. This seems to be good
agraement, but also shows that the weighting is towards higher density as

one expects (see 7.46).

The other set of data taken is represented by Fig.7.33. This shot,
CLF1201514, shows some interesting differences when compared to Fig. 7.32
First note that a streak camera was set to cover the n = 4 to 1 transition

and higher lying lines. This provides us with further information in this
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experiment. HNext, the peak electron density is higher in this case and
the general trend is to have smoother variation of the electron deaslty
with time. The latensity alsc shows a smoother variation. Further, the
mean electron density as determined from the time integrated profiles 1s
clearly weighted toward the lower electron demsity. This is in
distinction to the average of the electron density which is. generally
higher than that predicted by the time Intergrated profiles. Note that
the average density tends towards the value 1.1021 which is an interesting
point given that this value seems to represent much of the data taken

previously in time integrated experiments.

The major differences hetween the two sets of data therefore are that the
peak electron density reached is different and the time histroy follows
the different pulses. The occurence of a different peak electron density
1s not yet fully understood. A possible interpretation is that the longer
pulse length experiments which have a longer rise time can create a longer
scale high density reglon in front of the critical density surface. This
high density, combines with critical to produce emission which is
interpreted as arising from "critical density”™. In the shorter pulse
length experiments the high density region does not spread away from the
cricical density surface. This leads to emission which is produced only
at eritical denstly and lower. Therefore, we Lanterpret the mean density

as arising from less than eritical.

7.6.5 PBigcussion

There are a number of comments which can be made concerning the data and
analysis procedure employed to obtain the electron density. First there
are a aunber of issues which concern the theory for Stark broadening of

these transitlons.

In the theory the effect of overlapping lines, of different principal

quantum numbers, are treated as separate eati{ties. In the case of these
high n lines at high density, the effect of these Stark crossings should
be calculated in detall. Rext, the central portion of the profiles with

unshifted Stark components, i.e., the transitions n = 4 and 6 to 1, are

7.33

the most liable to theoretical error. The difficulties with the central
components have been discussed previously by Griem et al(7.43), and Lee
(7.42).

However, the fact that these profiles may require further theoretical
development does not seem to affect the validity of the model im this
experiment. Thus, although the need for detailed studies of the effects
of ion dynamicse, lon acoustic modes, and radiative transfer is obvious,
these do not adversely affect the laterpretation of the data In these
experiments. It should also be noted that the line spectra obseved
potentially provides enough information to determine teamperature from a
study of the relative intensities of the line serles member and the
continuun. While this is possible in principle, it requires a more
complete theoretical model which 1s under study presently.

The major problems with tnterpretation of the data concerns other
subsidiary effects which can be estimated and are found to be either
unimportant In the present study or give indicatlonse of new experimental
procedures which correct the situation. The physical effects are
lonization potential depressicon, lina merging, and opacity, while the
experimental effects are the laser intensity effects (intensity, pulse

lengtha and épot slze) and effecrs of gradients.

The estimate of the opacity can be wade assuming the levels reaches a
steady state — which at the highest densities found here Is a vallid
assumption - and taking a worst case condition. We assume that the number
in the ground state of the hydrogenic species 1s half of the total ion
density, ny, which is assumed to be (Z-l)n,, and the electrom

temperature is 750eV. TFor these parameters the peak opacity per number
density per length, ¢, of each line in the Lyman series of Al XTIT is
ziven in column 2 of table 7.06. Thus the opacity is determined by T =
¢(nI * .5) * %, where £ 1s the geometrical length of the system. In the
present case we estimate £ = 100 um to give an upper bound on T. As seen
in Table 7.06, column 3, these upper bound (7.4l} on the opacities
indicate that nupper > 4 should always be optically thia, while care
should be taken with the n = 4 to 1 transition. For the present analysis,

therefore, opacity Is not a factor.
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The problem with observability is compounded by both IP depression and
line merging. The effect of both these processes 1s to cause the high n
lines to disappear into the continuum., Since we are observing the high n
states this 1s Iindeed a prohlem. In Table 7.07, the highest principal
quantum number which should exist (even though 1t would be close or at the
continuum) is given for various electron densities. By reference to the
table the more critical effect 1s seen to be the IP depression. To arrive
at the IP depressicn, we have used a simple ion sphere model to estimate
the depression which for these densities it 1s appropriate. The point is
that for the experimental set which 1s represented by the data in Fig
7.41, we have indirect evidence that the transitions above n = 6 are
obscured into the continuum. This seems to be an indication that the IP
depression and line merging criterla underestimate the value of the upper
level principal quantum which 1s observable. That this is an
underestimate ls corroborated by a more complete model which includes line
broadening, merging, and IP depression consistently (see Lee et al, 1982,
and Lee and Whittenm, 1983 (7.44) (7.45). These physical processes are
seen to effect the data and therefore must be considered in any

experimental design. However, they do not modify the analysis done here.

The final comments are reserved for the experimental conditioms. It 1is
important to note that the density follows the laser intensity history.
Therefore to achleve a better understanding of these ablation plasmas we
need to ensure that laser parameters are controlled. In this way we can
test diagnostic performance iun a controlled manner and build up a greater

degree of confidence.

The ome major problem that is not addressed in the current experiment is
spatial gradients in the temperature and density (7.39). Indeed in
Figs.7.32 and 7.33, we see some evidence that the laser at long times Ls
heating up a larger volume of under dense plasma and thus hiases the
electron density. To test that this 1s the case one needs to design
experiments which have both temporal and spatial resolution. This can he
achleved by either using “"spot” spectroscopy in conjunction with a streak

camera (Herbst and Grum, 1981),(7.39) or by uslag a framing camera (whlch
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could also eamploy spots}. The main poiat {s that now with a proven
abilicy to do time dependent electron dansity measurements the next

advances are possible.

7.6.6 Conclusion

In conclusion the results of recent experiments on laser irradiated disk
using an x-ray crystal streak camera show that time dependent electron
densities can be determined. The method of using Stark width measurements

on sultable target materials has some major advantages.

& Numerous elements can be used to give results on ng over a
wide range of ng and T,.

® The results are independent of lonization balance models unlike
line ratios.

® The widths are a sensitive function of na. Thus one can

estimate errors at less than 20%.

R W Lee, J D Kilkenny (Imperial College), R L Kauffman aand D L Matthews

{Lawrence Livermore National Laboratory)

7.7 Studying Electron Distributions Using the Time—-Resolved

Free-Bound Spectra From Coronal Plasmas

7.7.1 Introduction !

Laser light absorption (7.47) (7.48) (7.49) by inverse bremsstrahlung
remains an lmportant process by which energy can be efflciently delivered
to inertlial confinement fusion targets. Light absorption by other
physical processes such as resonance absorption (7.50) (7.51) or ion-—
acoustic turbulence (7.49) (7.52) (7.53) are z2lso important but can lead
to production of high enargy electrous which preheat and therefore degrade
the performance nf an ablative implosion. The trend in preseat day fusifon
targets is toward higher Z plasmas produced by low laser inteansities,
short laser wavelengths and long laser pulses. These conditions are of

course optlmum for absorption by lnverse bremsstrahlung. However for
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materials with 2>> 1 and at even moderacte laser intensities, absorption

by loverse bremsstrablung Ls expected to be reduced due to non-liinear
effects. In fact, Langdon (7.47) has calculated that when Z(vo/vt)2> 1,
Inverse bremsstrahlung results in a non-Maxwellian velocity dlstribution
weighted toward higher electron energlies than are optimum for the
absorption process. In this work we investigate the electron distribution
by weasuring the enerzy spectrum of aluminum X-shell recomblination
radiation. We demonstrate that the shape of the recombination spectra can
be used co determine the electron distribution fuaction. To optimize
absorption by Inverse bremsstrahlung, the ezperiments are performed with
green light (AL= 0.532 pm) and with fairly long pulselengths (TL~ 900
psec). The Z (volvt)2 > 1 criterlon is predicted to be satisfied by
performing the expariments with aluminum (Z = 13) and IL~ 10164/ cn?

7.7.2 Definition of Experiment

Laser light absorptlion by inverse bremsstrahlung is due to classical

electron-ion collisions. Langdon (7.47) demoastrated that the time

evolutlon of an Iinitlally monoenergetic electron distribution, Vo under =
@
the perturbation of electron-ion collisions —— assuming Z>> 1 and e
]
_ (y]
neglecting ¢ -e” collisions -— progresses towards a flat {or coastant) >
5
dlseribution For vt< Ve Here, v is the electron thermal velocity El
and v, is the electron "quiver" velocity —— corresponding to light
absorprica at an electron lon collision rate equal to the laser frequency.
The phenosmemon occurs if the electrons gain enecgy from the laser faster
than they can thermalize (through e -e” collisions) or if
- 2
z & Lo (i)
m W v
Lt
where E[, 1s the laser energy and w; 1s the laser frequency.
Fig. 7.34

In Figure 7.34 we show Langdon's results for the electron velocity

disteibution function, f(v), of a Maxwellian and a strong non-Maxwelliaan
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(Z(vo/vt)2 = 6}. For the measurements discussed here, Z(volvt)2 ~ 7 siace
(volvt)2= 4 x 1016 Iklee, where I(W/cm2), A(microns), Te(keV) assuming Z
13 (fully ionized), To ~ 1 %eV, 1 ~ 0,5 — 1.0 x 101 W/cn? and AL

0.532 ym.

[

The derivatien of the emisslon rate for the free-~bound continuum of a
hydrogenic 1ion is obtained by noting that photolonization and radiative
recombination are inverse processes, and are in detailed balance. Since
we can derive the free-bound emission rate per ion and electron having
velocity v, then the nen Maxwellian (non-thermal) emission can be

determined by using the appropriate non-Maxwellian distribution functiou.

First the absorption coefficient for frequency v from hydrogenic ion in
state n'.

_ 64 el0 g p2 1 2
v 3 /3% Gho v 2

Defining F(v) as the probability of there beilng an electrom with velocity

v then we know that

a_n {v)F{v)v dv dt (3}
Ie
1s the number of "recaptures” and v is related to velocity by

U o=
&Y = EoontzaTIon + 1/2 mvz, S

i.e., by energy conservation. Therefore the emission per unit frequency

per unit 1s

2
n, = hv nlne(v) F(v) vdv = G%;E) nIne(v) F(v) dv (5)

To relate F(v) to the absorption cross-section a, of Eq.2, we use Lhe

continuun analog of the Einstein—¥ilne relations and find

2,2 & .
¢ = ﬂEEEE_E_. 1 Flv) (69
h2v2 B,
here we used g,, g, as the degeneracy of higher and lower ienization

stage. Substitution leads to

elllgq? Eg
3/n2:3n2 Bl

|r—-

n, = anlne(v) D)

<
N

we thus have for the recombination continuum

ne(V)
= . 8
n, ~Z A (8)
where A contains the coustants that do not depead on the veloclity
distribution. The emission can now be characterized by specifying the

velocity distributlion;

= 9
n (v) =nf (V) (&)
for two cases:
a) tMaxwell Boltzmann (M.B.),
3/2 2
ORI s (102
2 27K T 2kT
v o
b) a flat topped {(F.T.) distribution which represents the asymptotic

self—similar solution relevant to the Langdon effect,
1 YN
(ﬂj) exp {-(q) }

This distribution can he approximately represented as:

v

h

(v

2

lw
-

-
-
(=1

{10b)

1
[}
<

v
<
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Nore that the distribution is a speed distribution and that v, Ls the
velocity at some time when the original distribution 1s no longer part of
the evolution. These two distriburfons, together with Eq. 8, can he
rearranged to show that the logarithm of the emissivity as a function of

frequency 1s glven by:

M.B.: log (nu) = = {(hv/kT) {1lla)
F.T.: 1log (nv) « constant for hv > EI+ 1/2 mv% (11t)
« O for hv » EI + % mvuz

Thus one would expect a constant slope for the F.T. distribution with a

rapld decrzase above a certain photon energy.

7.7.3 Experimental Method

4 schematic of our experiment is shown in Figure 7.35. 1In essence, we
measured the time evolution of the X-shell free bound spectrum that is
emfitted from the coronal plasma produced by a laser—irradiated aluminium
disk. We utilised the single-beam Vulcan laser at the Rutherford Appleton
Laboratory's Central Laser Facility. Laser output parazmeters were
nominally ~ 800 ps pulsewidth and AL = 0.53 ym wavelength. The laser was
Eocused to a minimum spot size of ~ 50 pm diamecer which produced
intensities of IL ~ 0.5 - 1.0 x 1016 y/em2, the variation owing to
fluctuations 1n laser energy output (15-30 joules). The surface of the
disk was oriented perpeundicular to the direction of the laser beam. A
streaked X-ray spectrograph (7.54), which urilized a RAP crystal to
diffract photons into an X-ray streak camera, was positioned at 90°
relative to the incident laser beam. The geometry of the spectrograph
plus the limited width of the streak-camera cathode (2 cm) restricted the
energy coverage to the interval 2.2 keV - 3.0 keV. This interval is
adjustable ia terms of centrnid energy bur not width. For more details
concerning this instrument see reference (7.54). This energy interval was
chosen to cover the Al XI[I1 recombination edge and higher energies. The
relative efficiency of the streak camara spectrograph was obtalined by
normalizing to a spectrum obtalned simultancously using a conventional

time-integrated spectropraph. This nmormalizatlon requires the 1lategration
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of the time-rasolved spectrum over the measured tlme Intecval (0 to

2.5 ns).

To ensure that the spectrograph measured only X-rays emitted from the
coronal plasua, the viewing region Ls restricted uslag a mask located

25 pm or more from the disk surface; as can be seen in Figure 7.35. The
mask is made of T1 that 1s 25 um thick and therefore opaque to any X-rays
of interest. The mask 1s placed adjacent to the target (at ~ 50 ym from
the edge of the disk). Density profiles obtalaed by interferometry (7.55)
for laser produced plasmas generated by similar condltions indicate that

with the plasma masked as Indicated, we are only locking at the corona.

In Figure 7.35 is a picture of the time-resolved spectrum. The
siznal/noise ratio is suffilclent to observe the free-bound emission
spectrun for a time laterval ~ 2 ns. This interval of emisslon far

exceeds the laser pulselength {(FWHM}).

Figure 7.36 vepreseants a 2-D Image of the Film produced by a storage of
filn denslty vs positiom ocn a VAX 11/780 computer system. Tn figures
7.37(a)-(d) and 7.38(a)-(¢) we show spectra corresponding to different
time intervals corresponding to when the laser is on and then off. As
marked in Filgure 7.37 these spectra are obtained by averaglng the energy

spectrun for a given time iaterval.

Figure 7.39 represents a typlecal spectrum obtained with a time-integrated
spectrograph utilized ia thls same set of measurements. The illustrated
spectral reglioas have simllar shape in both time-resolved and time-
integrated spectrographs only if the time resolved data is integrated over
the entire nbservation interval. Otherwise the spectra exhibit marked
differences for a given time interval. If you wish to determine electron
temparature in a laser-produced plasma, this phenomenon should illustrate

the futllicy of using the time-integrated spectrum of {reebound emission.

T.7.4 Discussilon

The spectra shown 1n Figure 7.37(a)-(d) represeant the emlsskon observed
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during the time latervals 200-400 ps, 400-600 ps, 800-1000 ps, and 1200—
1400 ps, respectively. These times roughly correspond to those during
which the laser is heating the plasma (recall the pulselength is ~ 800 ps
FWHM). The spectra produced during the first three time intervals are
nearly identical except for relative emission levels, the 400-600 ps
interval being the most intense. These spectra are characterized by
nearly comstant intensity emission from approximately 2.2 to 2.9 keV. The
rolloff In intensity above 2.9 keV is an effect due to the finite width of
the streak camera cathode. On Figure 7.37(b) we have drawn the spectral
shape which would be expected from a 1 keV Maxwellian. The fact that the
observed spectrum is much flatter than expected for the Maxwellian
indicates that, either KT is much higher (KT » 6 keV would appear flat
over thie narrow energy interval) or the spectrum is non-Maxwellian. The
spectrum does net drop rapidly for energies larger than the threshold
energy. This may be due to an electron distribution £f(v) which is neither
constant nor Maxwellian. The 1200-1400 ps interval spectrum beglns to
1llustrate gsome slope towards lower inteusity at higher photon energies.

This should indicate some cooling of the plasma late in the laser pulse.

Figure 7.38(a)-(c) illustrates a method to obtain the time rate of change
(or cooling rate) of the plasma temperature, provided the laser is off.
Presuming that late in the lifetime of the plasma we can characterize f(v)
as a Maxwellian, then it should be valid to use the slope of the freebound
enisaion to determine electron temperature. Under these circumstances it
is easy to show that the plasma cools from KT ~ 210 eV in the 1600-1800 ps
interval down to KT ~ 90 eV in the 2200-2400 ps time segment.

Thexe appears a "hump” fn all three spectra represented in Figures
7.38{a)-(e) which is centred at hv ~ 2.9 keV. This effect is
instrumental, although we have not 1solated a cause. If it is real, it
represents contributions from electrong having some net veloclty relative
to the plasma as a whole. This phenomenon would produce a positive ghift
in the spectrum corresponding to the equivalent velocity of the plasma
centre of mass relative to the nonisotroplc electron source. A net
velocity of free electrons relative to the cepturing ions of

ve ~ 1.5 x 10? cn/sec would be sufficlent to shift the recombination
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spectrum by ~ 600 eV. As another possible explanation, we may be
observing an isotropic but non-thermal distribution which peaks around
~ 600 eV (ie, nearly moncenergetic). Further experiments with a better

characterized detector will be needed to study this "hump”.

7.7.5 Conclusions

We observe a flat—-topped spectrum only when the laser 1s on which is
indicative of either a non—-Maxwellian f£{v) or a KT >> 1 keV. Spectral
coverage over a larger energy range is needed to resolve this ambiguilty.
This will require re-design of our time resolved instrument te lower its
dispersion. As an aside we note that we can easily measure the cooling
rate of the plasma after the laser 1s off by measuring the time rate of

change in the free-bound slope.

D L Matthews, R L Kauffman (LLNL), J D Kilkenny and R W Lee{IC)

7.8 Time resolved X-ray line diagnostics of laser-produced plasmas
7.8.1 Discussion

We have performed a series of measurements to investigate the usefulness
of X~ray line intensities as electron density and temperature diagnostics.
Line intensities from highly stripped lons have been used successfully in
diagnosing high temperature astrophysical and magnetically confined
plasmas {7.56)(7.57). Line intensities of He-like and H-1like specles from
lager-produced plasmas have also beén used by varlous researchers to
estimate electron temperature and densities in the coronal plasma reglon
{(7.58). In general, these measurements have been compromised due to the
relatively dense, transient nature of laser-produced plasmas. Large
temperature and density gradients also complicate the analysis in
determining a unique temperature and density. In our experiment we have
begun studying these effects to assess their ilmportance for predicting

temperature and densities of underdense plasmas.
A single beam of 0.532 ym light s focused using an £/l lens onto planar
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targets of various Z materials. The average intensity on target is

~ 1015 w/cm2, The target normal i1s tilted 10° with respect to the beam.
The targets are discs of CH, 310, and high Z materials which have been
doped with low concentrations of elements whose lines are to be uged as
diagnogtics. Typically, the dopant levels are less than ten atoumic per
cent; although for some high Z targets larger concentrations are needed.
In all cases the dopant levels should not change significantly the Z or

hydrodynamics of the plasma.

Two crystal spectrographs measure the X-ray spectra. A spectrograph
located at 80° to the disc normal measures the time-integrated spectra. A
30 um slit placed in front of the spectrograph spatially resclves the
plasma along the incident beam direction. An example of the data 1s showm
in Figure 7.40. 1In general, line emission extends away from the
absorption region characterized by high continuum emission into the
coronal reglon where only line emission is observed. An X-ray crystal
streak camera located on the opposite side of the target time resolves the
line emission with 80 ps resolution (7.54). Figure 7.41 shows an example
of the data. For the lower Z targets the X-ray line emission lasts
significantly longer than the continuum emission. for the high Z targets
the X-ray lines tend to follow the laser pulse.

The data from both instruments are analysed deriving intensities for the
various X-ray lines. Examples of the time~integrated data for Si doped in
CH and Pb0 targets are shown in Figures 7.42 and 7.43. Similar gpectra

were also obtained with the time-resclved spectrograph.

The model to calculate the line ratios used in the study is a straight
forward steady state level population model. The inputs require the
temperature, density, and all the appropriate rate constants of interest.
In the present case we include all of the ground states up to the Be-like
etage and then have excited states as well as ground state for Li-, He-,
and H-like fons. 1In the case of the Li-like and He-like we also include
the autolonizing states which form satellites on the resonance transition

of the next ion stape.
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The rates of primary interst; 1le the lonisation rates, the electron
collision rates in the He-like ground to n equals 2 complex, and the
collision rates between the autoinising state are found in the following

references:

Ionisation Rates Lotz Sampson Z Physlcs 280, 466 (1969)
Sampson & Golden (eg) J Physics B 13, 2645

(1980)

Collislon Rates in
He-like

Vinogradov et al Sov J Quant E1 5, 630 (1975)

Collisions between Blaha, Jacobs Phys Rev 4 21, 525 (1980)
autolionising Li-like
like and He-1like Goett et al Atom Data & Nuc Data, 25,

185 (1980)

With these rates and standard calculations of the remaining rates, which
are less cruclal, one can produce the ratlios given. The one outstanding
problem is to resolve whether the plasma does reach the steady state and
for this we ran the problem time dependent using a Lagrangian fluid
element as a “test particle” and found that the lons easily come to a

steady state when reasonable plasma expansion was used.

Examples of the varlous ratiocs are shown in Flgure 7.44-7.47. These have
been chosen since they are sensitive primarily to a single parameter,
either N or T , and not both simultaneously. Experimental values of Si
line tatios frsm doped CH and PbQ are indicated. The results are
summarised in Table 7.08. The two targets produce similar results
indicating that the plasma parameters are similar in the line emitting

region.

The different line ratios do not give a unique plasma temperature and
denslty. The most striking disagreements are with line ratios from
different charge states. The He-like resonance to Li-like line indicates

a lower '1‘e than the Lyman to He-like resonance ratio. This may be due to
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FIG. 7 42.
X-RAY SPECTRUM FROM Si SEEDS IN A CH DISK TARGET
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FIG. 7.43.
X-RAY SPECTRUM FROM Si IN A PbO DISK TARGET
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TABLE 7.08

Summary of Plasma Parameters from Si Line Intensities

CH
21P 20
1 1 x 10

3
2 PI
31P 20
1 1 x 10
3
2 Pl
23P L+l ] 21
1 + 51 (MN+ST) 0.3-1.1 %10
sit!! (ABCD+JIRL+QR)
CH
Lya 0.83
|
2 P]
Lyg 0.85
i
3 P1
2'p
1 0.40
+11

si (ABCD+JKL+QR)

Pb0

1.1 x 1020

I x 1020

2 -8x 1020

Te{keV)
PbO

0.83

0.53



FIC. 7 44
RATIO OF INTERCOMBINATION TO Li-LIKE SATELLITES
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FIG. 7.45
RATIO OF He-LIKE RESONANCE TO INTERCOMBINATION LINES
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FIG.7 46.

RATIOS OF LYMAN TO HE-LIKE LINES FROM Si CAN BE USED TO
ESTIMATE THE LASER PLASMA CORONAL TEMPERATURES
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FIG. 747
RATIO OF He-LIKE RESONANCE TO Li-LIKE SATELLITES IN Si
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the spatial gradient along the laser beam. Even though the spectrum is
spatially-resolved 1t is averaged over about 50 pm so that large gradients
may exist. We plan to use hydrodynamic code predictions coupled with the
line ratioc code to investigate this effect. We are alsoc investigating

ionisation equilibrium and their effecte on the line ratlos.

An exanple of the time-resolved data is shown in Figure 7.48. The line
ratio of the S1 Ly® and He-like 2$1Pl line is plotted as a function of

time. The time history of the lines are very similar for the two cases.

Finally, various dopants have been seeded into CH targets and their X-ray
spectra have been measured. The 1PllaP1 line ratios are plotted in the
Figure 7.49 comparing with predicted line ratios from Boiko et al (7.59).
For the seed targets the line ratlos indicate emission is from near
critical demsity implying the seeds are sampling the same region of the

target.
R L Kauffman, D L Matthews (LLNL), J D Kilkenny and R W Lee {IC)

7-9 EXAFS Spectroscopy

7.9.1 Introduction

In the EXAFS technique, the fine structure which is preseat on the high
energy side of absorption edges can be used to yield informatiom on the
spatial structure, bond lengths, co-ordination number, and chemical
identity of surrounding atoms. Unlike X-ray diffractiom, which also
yilelds structural information, EXAFS does not rely on long range order in
the material. It is also element specific, as a spectrum can be obtained
which relates to a gpecific atom in a structure, and thus is a valuable

tool for examining multicomponent systems.

The technique involves measuring the X-ray absorption coefficient as a
function of energy above the K, or L, absorption edge of an element. The
observed modulation, which is due to constructive or destructive

interference between the outgoing part of the photo—electron wave functlon
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with that back-scattered from nearby atoms, depends on the wave number of

the ejected photo-electron

2w 1 L1
k=3"=5 [2m (E - Eedge)]
where E Is the energy in electron volts and Eedge is the energy at the

absorption edge of the material.

The 'wiggle' structure which is contained in 50 — 1000 eV above the edge
may be described by

WEE) = u (E) [1 + x (E)]

where p(E) is the measured absorption coefficilent, uo(E) is the absorption
coefficient for a single atom in vacuum, and x(E) is the fractional
modulation of the absorption coefficient.

The accepted formula for EXAFS (7.60) is written as

N —2R
x(k) = ﬁzi ‘Jz: ﬁz t(k) exp [ X 1] sin [ZkRj + ¢j(k)] exp(—ZkZon)

in which Nj is the number of atoms in the jth co—ordination shell, R, is

ki
the average radius of that shell, tj(k) i1s the magnitude of the

backscattering amplitude for scattering from atoms in the jth sphere, A 18
the mean free path for inelastic scattering, ¢j(k) 1s the phase shift and

Tj is the root-mean—square deviation of the interatomic distance about Rj’

which may contain both static and temperature effects.

To extract informatien concerning the positions of neighbouring atoms, a

Fourier transform of x(k) over a range from k to k
min max

k
.(t) = (3=)% ™2 kM(k) exp (2kr)dk
kmin
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FIG.7.48.

SIMPLE ANALYSIS OF 'P,/3P; RATIO SHOWS THAT DOPANT

EMISSION IN CH OCCURS AROUND CRITICAL DENSITY
FOR 0.532 nm LIGHT
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yields the 'radial structure function', which exhibits a series of peaks
at r = r, - a, where the shift aj arises because of the omisslon of the k
J

]
dependent phase shift ¢{k) in the Fourler transform.

In practice, as the range of coherent electrons in solids is limited to a
few Angstroms, the spectrum 1s usually dominated by contributions from the
nearest neighbour atoms, and thus the first scattering shell usually

predeminates.

There are many advantages to using laser-produced plasmas (LPP) as %X-ray
sources for EXAFS studies, compared with either counventional X-ray
sources, or more recently, synchrotron radiation sources. Firstly the
brightness of LPP sources can be several orders of magnitude higher than
synchrotron sources. The complete EXAFS spectrum can be recorded in a
single 1 ns laser pulse. Secondly it is possible to investigate samples
that would be demaged, or decompose, during the repetitive X-ray exposure
that 1s characteristic of a synchrotron source. In the 1 ns necessary for
a spectrum te be recorded using a LPP, the sample does not have sufficient
time to react. Thirdly, and perhaps most importantly, LPP sources offer
the unique possibility of performing time resolved measurements of
transient structures, lnduced by the laser itself, or some other

synchronlsed external stimulus.

In this section we shall report time Integrated measurements of aluminium
foils, both cold and radlatively heated. Section 7.9.3 will deal with
time resolved measurements which utllise the rapld radiative heating of a
foil during the 1 ns laser pulse, to show the consequent reduction in

amplitude of the characteristic EXAFS modulations.
7.9.2 Experiment

The arrangement used to record static EXAFS spectra is shown in Figure
7.50. A ~ 100 I, 1 ns, 1.06 ym laser pulse was frequency doubled to
provide 30-40 J of 0.53 um light. This was focused down to ~ 200 um spot
sizes outo various target materials for aluminium EXAFS, a suitable

candidate for trial experiments. Bismuth was chosen as the best X-ray
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source, as the spectrum above the K-edge of Aluminium is almost completely
featureless. The dispersing crystal, EXAFS samples, and X-ray film were
all noused in a Mk 2 minispectrometer. Several crystals were used,
notably ADP, and PET.

The doﬁble slit arrangement on the front of the minispectrometer allowed
several possibilities for recording multiple spectra on a single laser
shot. Initially both the inecident and transmitted spectra were recorded,
by putting a 2 um aluminium foil over only one half of the film. This
allowed the incident X-ray spectrum to be checked for any undesirable line
emission in the region of interest. Subsequently however, double foil
shots were recorded involving two Aluminium foils, one over the film plane
to provide a "cold' spectrum, and a second at varying distances » ! mm
from the plasma. This second foll was heated throughout its depth by soft
X-rays such that ite temperature was rapidly ralsed during the 1 ns laser
pulse. Calculations suggest that the temperature rise is of the order of
several hundreds of degrees centigrade, possibly sufficiently high to
reach the melting point of Aluminium.

Figure 7.5l shows the EXAFS spectrum of a 2 pm Aluminium foil obtained
using Iron and Bismuth targets. It is clear that whereas Iron shows
extensive line radiation, Bismuth 1s free from spectral features in this
region. The structure present in the Iron spectrum has been assigned to
Fe XXIV emission lines, according to the tabulatiens by Boiko (7.61).

They serve incidently as a wavelength calibration for the EXAFS data using
Biemuth targets, as the spectrometer position was identical on the two

consecutive shots in Figure 7.51.

It should be pointed out that the quality of the spectra of Figure 7.51 is
as good, if not better than, those obtained from Aluminium using
synchrotron sources. Using the ACO storage ring at Orsay, Fontaine et al
(7.62) took 1.5 h to record a similar spectrum. The feature marked 'b’
however in Figure 7.51 was not as well resolved in their spectrum, and the

feature "a' was not observed at all.
Figure 7.52 shows EXAFS spectra of both 'hot' and 'cold' Aluminium. The
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fine structure for 'hot' Aluminium 18 clearly very different to the cold
spectrum. This would suggest that the radiative heatlng has substantially
altered the room temperature FCC structure of the Aluminium lattice.
Fourier transforms of both spectra would provide information on the time-
integrated behaviour of the lattice. This is in progress, using EXAFS
codes developed at Daresbury Laboratory (7.63).

In the absence of a Fourler transform, atomic positions can still be
determined however, as for certaln lattice structures, the EXAFS spectrum
is dominated by the nearest neilghbour shell. The position of the
principal maxima and minima therefore may be plotted sequentially as &
function of k, as cutlined in (7.64). This is shown im Figure 7.52 for
the first seven maxima and minima. The straight line obtained is given by

nmw = ZR(R1 - ul) + 231
from which a value of Ry — &, = 2.5 A is obtained. This 1s in very good
agreement with the value of 2.45 A reported in (7.62) for the peak in the
radial structure function obtalned from thelr EXAFS spectrum via a Fourier
transform.

R Eason {RAL)

7.9.3 Time resolved EXAFS

A recent preliminary experiment has demonstrated the feasibility of making
time resolved EXAFS measurements with a resolution € 100 ps using a LPP

source and a gpectrally dispersive X-ray streak camera.

The experimental arrangement 1s shown in Figure 7.53. 30-40 J, 1 ns laser
pulses of 0.33 um wavelength were focused down to ~ 150 ym diameter spots
onto a bismuth backlighting target. The plasma thus produced provided
both the backlighting spectrum and the heating source for this experiment.
An aluminium foil (typically 2-3 um thick) was placed between 1 and 12 mm
from the plasma region, thils distance being varied from shot to shot, to

get the rate of heating of the foil. The backlighting spectrum viewed

7.50

through the foll was recorded on the streak camera via a flat TLAP
(2d = 25.9 A) Bragg diffracting crystal.

A typlcal spectrum recorded through a sample » 1 cm distant form the
plasma is shown in Figure 7.54 with the unfiltered background spectrum
Erom a different shot for comparison. Modulations In the filtered
spectrum to the high energy side of the K edge can be seen, and correspond
to the EXAFS bands seen on the time integrated measurements reported in
the previous sub-section. Figure 7.54 also shows the spectrum recorded
through an absorber situvated ~ 3 mm from the plasma. Microdensitometer
tracings at various times during the pulse are shown alongside. It can be
geen that the depth of the EXAFS modulations decreases during the pulse as
the foll heats up, as has been seen with the previous time integrated
gpectra, implying that correlation In the aluminfium lattice is being lost
on a timescale comparable to the heating time. A qualitative (and
predictable} result is that the photoelectrons liberated into the lattice
by the X-ray heating radiation equilibrate with the lonic lattice In a
time & the laser pulse length. Detaliled analysis of these temperature
induced changes 18 to take place, using the EXAFS ccdes at Daresbury
(7.63).

The main result of this experimeunt, however, is a demonstration that
single shot time-resolved EXAFS measurements con a sub nanosecond timescale
can be made using a laser plasma backlighting source. Such a2 source is
ideélly sulted to time resoclved studies where the time dependent event can

easlly be synchreonised to, or triggered by, the laser.

D Bradley (Ilmperial College)
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CHAPTER 8§ THEORY AND COMPUTATION

8.1 Introduction

Two important growth areas in theory are two-dimensional hydrodynaalc
effects (both Raylaigh-Taylor instabilitles and thermal smoothing) and
radlation transport calculations. There are two maln objectlves of the
latter, the calculation of pre-heat and its effect on compression, and as
a diagnostic for compérisuu with emisslon spectra. As closer comparison
with experiment is sought, the coupling between scatterlng processes or a
scattering process and the ponderomotive force steepening is being
considered; in the former case [requency shifts and In both cases new
instabilities can arise. One dimensional heat flow and the understanding
of the flux limlter is now a mature subject, and the effect of Llon motions
is now belng lncluded. The stability of non-linear heat flow to
electromagnetic perturbations Ls now being studied from the Fokker Planck
equation, and this theory might account for the experimental filamentary

atructure.
M G Haines (Imperial College)

8.2 Compression Studies

8.2.1 Fluid Code Development

8.2.1(a) Quasi-Lagranglian Rezoning Techniques

The aim of this programme 1ls the development of accurate, conservatlve
hydrodynamic algorithms capable of following the fluid yet preserviog an
orthogonal structure. Three essential differences characterise these
models from more conventional fully Lagranglan codes, namely the scheme fs
strongly (exact to round-off) energy conservative, orthogonally grided and
does not use an artificial viscosity, each improving the accuracy of the
code. TIn fully Lagrangian codes, the one dimensional von Neumann-
Richtmyer algorithm 1s weakly [D(Dt3)] conservative, but two dimensional
(eg Shultz) only consistently [G(Dt)], this may give rise to a numerical

B.1

energy generation which, in extreme cases, 1s of the same order of

magnitude as the laser sources.

The use of an orthogonal grid eliminates the possibiliry of pathological
zones. A well ordered mesh, however, is achleved at the expense of the
abllity to simply follow contact surfaces, although procedures are
available for this purpose (8.01). The necessary mesh/fluid slip
(rezoning) allows the possibility of mesh modification to meet other

criteria, for example a waximal time-step.

Inviscid hydrodynamles 1s purely dissipationless. In a real fluid
dissipation in the form of viscosity and thermal conduction causes the
necessary entropy lncrease across a shock discontinuity. In the absence
of dissipation the fluld behaves reversibly and the shock discontinuity
must be followed by osclllatlons. In most routines, eg Von Heunan-
Richtnyer, Shultz, Lax-Wendroff this 1s accomplished by introducing an
artificial viscosity which provides the necessary dissipation over
distances of the order of the cell width In a compressing flow. In
comparison with real dissipation such effects are clearly much more coarse
grained, and in consequence can lead to non—physical effects. A4s an
example we may identify three such in the case of a spherically coavargent
shoek driven by a piston; {1) the entropy jump at the centre is greatly in
excess (1i1) entropy generation occurs in the adiabatic compression
following the incoming shock (1i1) the incoming shock moves too rapidly by
virtue of lower density and higher temperature between the shock and
plston. 1In two dimensions anomalous energy transport across lomg thin

zones occurs due to artificial viscosity.

The baslic approach to this problem using cell centred grids is described
in a recent paper (8.02) using a novel stable fluid algorithm and flux
corrected transport. In thls report we outline mere recent work on this

toplc.

8.2.1(b) Conservative Non-uniform Advection Procedures

The conventional appreach to advection considers the flow of uniform fluid
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on a uniform mesh. We have shown that a general second order accurate
conservative finite difference representation on a non-uniform mesh of the

equation:

dp _ _ 3 .
Eri T3 (pu) L

may be written

w000 +
P f2y = 0f2 —d t ey . @

where Py (p:) and Azi (Azf) are the final (initial) density and cell
width. The flux across the face 1 + %

- 0 . o0y - 0 _ ,0y]. agll
Uy = 2 Oy {00, - D Qay (Pl ~ 2D} e 3
10 0 _ 0
where Azi+% is the Iinitial mesh apacing (zi+l zi)'
= 10 -
Qwi Viey Dt/{Azi+% + (U, - U Dt} (4)

where Vi+% i the flow velocity of fluid through the mesh at the face
(1t+%).

In general any comservative three point advection scheme may be written

= 0 _ ot 0
Yoy = Mgy P17 My Pypy (5}
In flux corrected transport (FCT)} an additional diffusion is added to the
transport stage (8.03) which is subsequently removed by extremun limited
anti-diffusion. In order to match equationr (2) by the complete routine

C=5QLl+Q+n:gt=-5xl -+ n (&)

where y is the prescribed diffusion coefficient. Thus we have

8.3

Shasta
n=g @ - E+ Q2 g =53 - 2 7

Donor cell

n=%[Ql(1 - [@]) ¢ =Max (V,Q q = Min (Y, Q (8)

The advection may be calculated by one of three methods (8.03), thus If
PP is the density after diffusion and oT due to transport alome

T D
= - 0 _ 50 [
Py= Py~ MpalPiyy = P +nyy (o) = ey ) (%)
we have the density after advection

D D D D D
Py = Mygy (Pyyy = Pp) + My g (Py - Py ) explicit
A D T T T T
Py= £~ ni+% (pi+1 - pi) + Ny (pi - pi—l) phoenetical (10)
D A A A A
P37 My (Pygy = P + 0y By - 0y ) implicit

0f these lmplicit does not treat shocks well and will not be considered

further.

In a Lagranglan system no fluid flows through the mesh, § = 0. Thus there
1z a residual term for explicit FCT, but only clipping due to the extremum
limiting for phoenetical. With explicit FCT this 1is a high order
diseipation for on a uniform system the mode eikz has an amplification
factor

1 - n2[l - cos(kaz)]? (1

ie a fourth order damping. This term was analysed in detall for the case
n= %—in our earller work (8.02). The existence of this damping term as
an alternative to artifical viscosity for providing the required
digslpation even in purely Lagrangian systems was proposed and shown to be
satisfactory (8.02) With phoenetical anti~-diffusion some fourth order

damping will still occur as a consequence of the clipping.

8.4



8.2.1(e) Flux-correction as an artificial dissipation

The fourth order residual damping consldered as an alternative to
artificial viscosity has a number of Features (1) as a fourth order term
(rather than second order) 1t is dominantly short range; (iil) over
distances of the order of a cell width a discontinuity has a stable steady
structure; {(i1il) slow compression can occur nearly adiabatically. It was
shown in our earlier work that the dissipation from explicit SHASTA was
sufficlently strong to eliminate overshoot in the case of a planar one
dimensional shock in a Lagrangian system. Subsequent studies have
conflrmed this result more generally. Modelling of cecllapsing spherical
shocks has shown signficant improvement over the von-Neumaun—Rlichtmyer
scheme 1n the accuracy with which the analytic solution can be reproduced.
In particular the strong dissipation at the centre, and congequent low
density are eliminated, and the adiabatic compression between shock and

platon correctly represented.

In principle phoenetical flux correction may also provide dissipation to
ensure a satisfactory shock behaviour, however the primary decomposing of
the pest—shock osclllation 1s a consequence of clipping similar in concept
(though not in method) to van Leer's monotonic approach (8.04). In
consequence the shock fronts are more diffuse, in the absence of short
range steepening, a result confirmed in numerical tests. In spherical
sheck tests phoenetical SHASTA performed markedly less well than the
explicit algorithm; due essentially to the inabllity of the clipping to
operate satisfactorily in the region of Increasing density behind the
shock fronts. The performance of this version was comparable with the von

Neumann-Richtmyer shceme.

The excellent performance of explicit FCT in shock wave tests 1s, as 1s
usual, only obtalned at a price. We have already remarked that the fourth
order dissipation smooths loug wavelength disturbances, but actually
sharpens very short perturbationa: a result which may cause severe error
in experiments, or where a strong gradient exists. Thus consider a

density profile

8.5

Py = P (12)
on a uniform mesh. After diffusion/anti-diffusion with a zero velocity
(Q = 0)

by = by [1 - Min (x5, V) (eI Ux)[1 + 0 (D ¥xdx’  (13)

and the profile 1s markedly steeper. This problem which is associated

with explicit anti-diffusion can be resolved In two ways:
(a) Phoenetical anti-diffusion.
(b) Donor-cell FCT, where n =0 1f qQ = 0.

Although it appears probable that phoenetical FCT was devigsed to eliminate
this problem (8.03), we have preferred to use donor-cell explicit FCT in
cases of expanding or stationary flow where dissipation is not required.
Qur reasons for this are due to the excellent performance of this
algorithm in tests against analytic results for expanding flow (B8.02), and
the fact that the term minimises the dissipatlon (and hence
irreversibility) for quasi-Lagranglan flow where @ ~ 0. Explicit SHASTA
is used for compression. Although it can be shown the phoenetical anti-
diffusion 1s well behaved 1f n < % comparative tests of an

explicit/phoenetical algorithm have not yet been carried out.

8.2.1(d) Rezoning with Fixed Boundaries

In many cases it is required to limit the extent of the mesh, for ekample
by the focal spot size. In this case it is necessary to rezone the mesh
back to the boundaries. A simple way of doing this, consistent with cell
centred grid, 1s to add to the grid point velocity at z; an extra
component v-yv Z_ -z + (V_ -V - -

p [y vz =2 + (v, -V G - 2Dl (zy - 2)) where v

and Vg are the allowed boundary velocities, and V5j and V those deduced

M
from the grid velocity. Such a prescription 1s not satisfactory for it

may lead to continuous rezoning with some cells being reduced to zero
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size. To demonstrate this effect and illustrate its solution cousider the
case where z, = Vb = 0, and suppose, as in a Lagrangian scheme Vi is a
function of z: Vi =Yy (Zi)' The total grid velocity is then

1 -
vi vi + (vf vN+%) zi/zf

v; = V(z,) + [V, - V(z))z, /2,

In the case (for example) where Vi is required to be zero, the grid is
only stationary if V(z) = V(zf)zlzf, and furthermore if iii 0 [v(z) -
V(zf) z/zf] < 0 the motion of the cell centre near z = 0 will continuously

approach the origin (or if ;12 2 [V(z) - V(zf)z/zf] > 0 approach z = zf).
f

In particular the mesh spacing will progressively reduce to zero.

The solution to this problem is to add a restoring velocity Lo coerce the
mesh into a well ordered state, and generate a steady condition. As an
example let us require the mesh basis to be a uniform grid where z, =% =

(1—k)zf/N2, N being the total number of ecells. Clearly z =z

e R TR S

The grid velocity:

1 -
V1 v, + (Vf

{ - a{x

- zi)/zf(dz/dx)i}

Vi) fzy/2, 1

has the desired properties provided

i3 dv

a ]l = —
Ve - V(zf)] dz s

where zg is a singular point at which V(z) = [Vf - V(zf)]z/zf: the most

lwportant of these occurring at z = 0 and z = zg-

The generalisation to a mesh expanding at both ends 18 straightforward for

if V% < 0 and VN+%

about which each side may, in principle, be treated as above.

> 0 there must exist some points at which V(z} = 0, and

Extensive experlence in numerical calculations has shown this algorithm to

work extremely well. Generalisations to use different generating
distributions by replacing (xi - zi)/zf by an appropriate alternative are

allowed, and indeed the scheme is extremely flexible.

8.2.1(e) Monitoring a Well Structured Mesh

In one dimension the quasi-Lagrangian natures of the rezonlng maintains a
well ordered mesh by virtue of mass conservation above, particularly 1if
the grid-slip constraint described earlier (8.02) is used. However in two
dimensions an incoming flow along one co-ordinate direction may give rise
to an outflow in the other eg two jets. In consequence cells in the first
direction continuously compress, whilst those in the other expand. Such a
problem involves a rotation of the flow and is clearly difficult to handle
using Lagrangian dynamics (impossible with a normal two dimensional
Lagrangian code). In such eircumstances it is important to prevent éells
near the origin becoming vanishingly small. As in the previous section an
ordering velocity can be used to avoid this effect. As above this can be
chosen extremely generally, but will here be based on a uniform mesh. An
appropriate correction is to add to the grid veleeity, Vi, an additional
component reducing the motion, and coercing it to a uniform grid namely:

a net velocity:
a + (1- - -
v, Bvi (1-8) Min[o,(xi zi)/(zf zb)]Sign(Vi)/Dt
where an appropriate value of the constant has been found to be:
B = Minfl,10 dz/dx)i]

which maintains a reasonable wesh without modifying its motion

under normal conditions.

These algorithms described in this report have been inciuded in the code
POLLUX. Over the past six months considerable experience of their
behaviour has been obtained in modelling carbon fibres heated by one and
four beam laser irradiation. The code has proved extremely flexible

coping with both consequent collapse with shearing in the four beam flow
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and shock propagation through the fibre Ln one.

8.2.1(f) Hybrid Code Development

The hybrid code is a simple hydrodynamic model for studying three
dimensional flows using essentially one dimensional techniques. The model
iz based on an exact solutlon to the equations of hydrodynamics Lo terms

of similarity solutions in two dimenslons.

The range of the model is greatly extended by the use of a local
approximation whose accuracy can be aonitored, to describe a wide variety
of expanding flows of heated cylindrical bodies. Although the relevant
equatlons can be directly integrated by the method of characteristics,
this approach is complicated and difficult to apply. For thls reason a
slmpler method based on the von Neumann-Richtmyer Lagranglan algorithm has

been adopted.

Over the past year the accuracy of the representations generated by the
model has been studied in some detail. Since the model uses the
similarity solutions, whose behaviour was examined in earllier work (8.05)
it is to be expected that a similar level of accuracy would be achleved in
the present case. The tests were carried out by comparison with runs of
the two dimenslonal code POLLUX with an lsothermal structure closely
reproducing that required by the model. Sinee the hybrid model is used to
represent expansions only, explicit donor cell FCT was used (SHASTA giving
obvious errors), and provided a useful test of the quasi-Lagranglan

rezonling routlnes.

One of the few closed scluticns of the hybrid equations enables one to
calculate the propagation of the Eirst characteristic along a rod of pre-
heated gas as it expands laterally. The solution is of some latrinsic
interest as it demonstrates that the characterisiecs will always penetrate
through the rod to its centre, and that the entire fluld will achieve gome
lateral motion, except at the plane of symmetry. The actual trajectory of
the characteristic is strongly dependent on the value of the similarity

parameter, [. This calculation thereby provides a seasitive test of the

8.9

accutacy of thils parameter by comparison with the two dimensfonal code
runs. Tt was found that the optimum value of [ = (Q.514 was In good

agreement with our earlier work (8.05).

Compressions of the detailed structure of the deusity and velocity in
expansicn of preheated cylinders of aspect ratio greater than about 3
confirm the applicabllity of the model for these expansions. It is fouad
that the model ylelds a progressively poorer representation as the aspect
ratio approaches unity, but the agreement is, even then, no wore than the
correspoading sphere/intenaity wmodel pilcture. Further details of the
hybrid model and its accuracy will be given in a forthcoming publication.

We may qualitatively identify the optimum value of T by noting that
initial block preofile {(uniform density) has a different entropy from that
of the final similarity expansfon. For the conditions of these
calculations (cylindriﬁal expanslone) the entropy difference between self-

similar and block profiles is:
I{Rg{l+zlnl‘}

initially and increases to MRg at the end of the block expansion phase,
where M is the gas mass and Ry the gas constant. Since the motion,
although isothermal, 1is essentially isentrople, the simllarity flow will
only be on the corrvect adlabat if T is chosen to match to the entropy of
the block, ie if T is chosen so that average entropy difference over the
block flow is zero. Since the initial difference is zero if [ = 0.606,
the empirically determined value T = 0.514 must approximately match this

conditioun.
G J Pert, A J Bennett and A K Day (Hull)

8.2.2 Rayleigh Taylor Instability

The 1982 annual report (8.06) contained a degcription of a gseries of
numerical simulations of the Raylelgh Taylor instabllity in laser

accelerated targets and only a small amounkt of additional information is
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described herea.

The Rayleigh Taylor LﬁstabiLity Ls an exponential growth from some small
"seed” and this may take the form of 1 perturbatian of the target
structure or of the laszr hean icradiat{on. If the latter method Ls
chosen the true exponential arowth Ls wodified by a secular term
representing the spatial varilation in ablatlon pressure. TIn practlce the
secular term can be very small siace the non-uniform Iltuminatiom may be
smoothed out in the low density ablation plasma. This smoothinzg is a time
dependent process and early in the laser pulse very little smoothlag
exlsts. The non-uniform ablation pressure gves else to a non-unifora
shock velocity through the target and vortleity ls iatroduced into the
fluid flow. The vorticity grows In time due to the Rayleigh Taylor
instability even though the ablatlon pressure ls subsequently suwoothed
out. This impriating cof the non-wniform illumination depends on the rate
at which the smoothing occurs and will be a Function of laser irradiance

and wavelength as well as of the transverse perturbation scale length.

4 few simulations have heen made with the POLLUX computer mode (B.07)
(8.08) of flat targets accelerated by lasers of 0.53 pm and 0.265 o
wavelength. The target dimensions and transverse perturbation wavelength
were held constant. Fipure 8.0l shows, for the four simulations, the
growth In time of the ripple amplitude in the target. At a given time the
simulatlons at (2 x 101 W en~2, 0.53 um) and (10" W en 2, 0.265 bm) lie
close together, as do the simulations at (101" W cm™%, 90.53 ym) and

(5 x 101% w cm“z, 0.265 pm). The lower Lrradiance and shorter wavelength
both act to increase the effective seed amplitude of the Rayleigh Taylor
instablility. Since a factor of two decreazse ia wavelength Is in each case

recovered by a factor of five Lncrease in irradiance we can say that this
n 5

=1,
1n 2 -
the parameter range which has been simulated. This i1s very much in

X
loprinting effect scales rughly as 1A where x = 3, at least over

agreement with simulations in 1D where the rate of expansion of the

critical density surface also scales roughly as IA2 aad 1t 1s thils

separatlon which largely eantrals the rate of transvuecse smonthing

(%.09).

R G Zvans (RAL), A J Beanett aad § J Pert (Hull)

8.2.3 Effects of Heat Flux Limitation on Thermal Smoothing

The symmetry which can be obtained in a spherical implosion depends both
on the symmetry with which the target is Llluminated and the degree to
which the plasma “smooths out” the non-uniform 1lluminatfinmn. The Eirst
set of general calculatlons on thermal smoothing within the plasma
atwosphere were by Garduer and Bodner (8.10) whe combined a hydrodynamig
model for the radial plasma motion with a simple analytic model Eort
temperature diffuslon. 1In the absence of sources and slaks of energy, and
neglecting the T3/2 dependence of the plasma thermal conductivity, the

temperature T obeys the Laplace equation

221 . alr
=zt 57° 0 : (1

If x Is the axial coordinate and y the transverse coordinate then a

perturbation with the form T = T(x) eiky

must have an axial dependence
T(x) = To e_kx, which is the snmoothing function used by Gardner anﬂ
Boduer. The Laplace equation for the perturbed temperature T is a great
over simplificatlion and several medificaitens may be .made. For instance

the ablation flow may be modelied by using as the unperturbed equation

oT
div 2_= -V Cv I
where V 1s the flow velocity and Cy the specific heat of the plasma.

Perturbing this equation gives the dispersion relatfion

k
24 X _ k2. = _F_
kx T ky 0(2), where L CVV

1s a length scale asscciated with the flow. For large values of ky this
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gives the previous result while for kyL << 1, %y = 2/L.

A more interesting variation is to attempt to include the eEfects of
saturated heat flow and a limiting case of this has bean discussed by
Skupsky (8.11). Although the understanding of saturated heat flow is
limited (8.,12) it is modelled by the modified heat flow equation

KVT

Q= — T
= 4 Lkl (3
QB

where Qg is the “saturated” heat flow. In order to analyse this case
preperly we must include the T35/2 dependence of x and the T3/2 dependence

of Qg. Taking the unperturbed equation to be div Q =0 (ie neglecting
the ablation flow) the dispersion relation 1is

k k
&2 4 K2 9,_ % 9y, *x3_1¢, L 5 _5Q,_
ky k(L4 Q ) 7+ ) )+ TG -3 a ) -2 G 7 Q ) =0 (&)
g s s s
1 _ 13T 1 (3%1/8x2)
where ¢ = T3x » T (ar/o02
and the saturated limit corresponds to Q/Qg = - 1.
Two limiting forms of this are
(a) Q << Qg, T5/2 3T/3x = const
then k2 = k2 + —22 (5)
X y 2L

which is the modification of Gardner and Bodner's result for a T5/2

conductivity.

(b) Q=-q:k —< (6)

which Is the rTesult obtained by Skupsky.

The lateresting feature of Skupeky's raesult 1s that for kyL >> 1 the

exial attenuvation rate is much faster than would be obtained for classical
heat flow 1le there Is more thermal smoothing. Very crudely it could be
eaid that since the axial heat flow i3 finhibited the lateral heat flow is
relatifelyyénhanced. However the separation D from critical density
surface to ablation surface decreases as the heat flow becomes inhibited.
Even though ky becomes gteater‘for inhibited heat flow the overall

attenuation factor F = 2 kxdx may be reduced.

These considerations of smoothing effects in the plasma atmosphere have
addressed only the thermal mode of energy propagation whereas the true
laser plasma problem is also affected by hydrodynamic éffects. The
hydrodynamic coatribution to “smoothing” has been calculated by Manheimer,
Colombant and Gardner (8.13) together with the classical T5/2 hear flow.
Their results show that the "hydrodynamic™ smoothing can easily exceed the
“thermal” smooéhing. In their analysis the perturbed equations are forced
to be steady state so that ouly x and y spatial derivatives remain. This
makes the "hydrodynamic” smoothing a pseude sound wafe which satisfies the

local dispersion relation
e? (k2 + k?) = w2, with 26 = 0
2] x vy
= 1k 7
le kx v (7

[Manheimer, Colombant and Gardner neglect the acceleratlon of the system
which would lead also to gravity waves. Some of the gravity modes are
however unstable, being the Rayleigh Taylor modes of the system and would
not contribute to "smoothing"”.]

All of the above effects are naturally included in a hydrodynamic
simulation, but are not immediately obvious without the insight given by

the analytlc theory. A few simulations have been performed with the
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POLLUX code (8.07) on the CRAY-1 in order to demonstrate the validfty of
the theories. A plastle foil 2.5 pm thick 1s irradiated by a 0.53 m
laser beam at 2 x L0OL3 @ ew 2. The laser is modulated * 207 {a Intensity
with a transverse parlodiclty A = 25 ymn. The flux limit in the code is
set to various values betwecn Q.02 and 0.6, The modulation of the foil
acceleration is given [n tarms of an avarage velocity measured on each of
the axial mesh lines. Flgure 8.02 shows the velocity modulation as a
fuaction of time for each of the simulatlons. Two features are
immediately apparent, firstly the smallat values of the flux limit always
give a higher modulation of the foll v=locity, secondly Lhe valocity
modulation shows a teandeacy to oscillate in time. The oscillation 1is due
to the transverse sound waves excited by the non-uniform 1{llumfnation.
The zero frequency pseudo scund waves of Manheimer et al ate a very
specilal case and would only occur in practice Lf the system could be
initialised into an exact elgen functlon of the coupled thermodynamic-

hydrodynamic equations.

In conclusion the problem of symmetry of laser drilven implesions 1s much
more complex than alght be supposed. To begin with the heat conduction in
a laser drtvenlablation front is not properly understood, secondly
Manheimer et al have shown that tﬁérmal transport alone does aot provide
an adequate descriptlon of the lateral energy transport and pseudo
acoustic modes are important. This work shows that the teal problem is
also time dependent and should include the effects of acceleration, le the
gravity wave and Rayleigh-Taylor modes. It is probably fair to say that
no adequate analytic treatment exists at present and a2ven the numerical
slmulations have the problem of defining a suitable heat Flux vector. For
swall departures from spherical symmetry the thermally induced magnetlc
fields are probably unimportant but grossly nom—~uniform illuminatiom will
result in significant modification of the thermal conductivity of the

plasma corona.

R G Evans (RAL)

8.2.4 An Analytic Model of Ion Beam Heated Tarpgets

The small spherleal pellats proposed for inertlal coafinement Fusion (TCF)
applications may be lmploded by laser beawms, charzed particle beams or any
other wechanlsm capable of providing an energy flux of about 104 v e 2,
For a zivea power density I W cm™ 2 the effective pressure

generzted, psy and hence the hydrodynamic efficiancy of acceleration will
depend on the detalls of the energy deposition from the particular driver.
It has become customary to analyse the coupled equations for enetgy
deposition, transport and hydrodynamlecs using large computer models.

While these models glve an accurate solutlon of the particular equations
used to describe the system, they do not oftean provide a good insight Lanto

its essential behaviour,

1t is Erequentiy valuable to have a simpler physical model which Ls
analytlcally tractable and which reveals the basic behaviour of the
target, even;though the scope and accuracy of the simple model is less
than that of the computer model. Vario@§_analyc1c model shave beea
presented for laser driven ablatiom (8.13), (8.17), (8.18), (8.19) auod ia

general they have become simpler and more transparent as time has passed.

A.2.4(a) Laser Driven Ablation

Laser driven ablation produces a low density plasma arcund the target
within a very short space of time. Thg;;aser radiation is unable to
penetrate beyond its critical density-pé(pc = 3.3 x 1073~ 2;% = laser
waveleungth in pm) and so the heating i§ confined to the plasma atmosphere

(3ee Figure 8.03).

Analysis of the steady state continuity and momenktum equations shows that
the system must have a sonlc polnt close to the critical density. The
effective ablation pressure ps is gilven in terms of the absorbed

irradiance I and the senic density p; as

pA =2 (3)72/3 12/3 911/3
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idealised model of an ion beam heated target.

Calculations by Manheimer, Colombant and Gardner (8.13), including a more

careful treatment of the rarefaction wave and energy balance give

py= Ul 1,,%/3 3=2/3 Mbar

where I,, 1s the absorbed irradiance in wnits of 101* W cn™2, and A is the

laser wavelength in um.

8.2.4(b) Ion Beam Heating

In contrast to the case of laser driven ablation the targets heated by ilon
beams do not approach a steady state within the timescales of interest.
The particle beams have a given "range" R gm cm~2 which is only weakly
dependent on the density and temperature of the target (and this
dependence will be ignored). The energy deposition rate is generally a
decreasing function of the projectile particle energy E resulting in the
“Bragg peak™ where the energy deposition is a mwaximum near the end of the
range. Finlte temperature effectz in the target material (8.20), (8.14),
and change of effective charge with velocity for heavy ions (8.15) both
act to remove the Bragg peak and we will ascume for simplicity that the

specific energy deposition rate ie 3%%;7 1s constant.

In response to thie heating by the particle beam the target will expand

into the vacuum on one gide, and drive a shock wave into the solid on the
other side (see Figure 8.04). A slimple model of the hydrodynamic
behaviour would therefore be to have one surface expanding, at a Mach
number M = 1, and the other at M = M' corresponding to the plston velocity
behind a strong shock in a perfect gas. The material density in the
target will not in general be constant but we will make this assumption in
the spirit of a simple model, and the validity of the approximation will

be borne out later by the agreement with more sophisticated calculations.

If we consider a glab of materlal of density p and thickness d such that
pd = R; the range of the beam particles, then
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d(t) = dp + (1 + u') zcs(t')dt'

The Mach number of the "piston” 1s initially M' = 0.671 but this reduces

as the heated reglon expands and we take an average value M' = 0.5.

The energy equation relates the rate of rise 1n temperature to the energy
input and the work donme in hydrodynamic expansion

l.5pcC
]
- (8)

M| W
Nl
215
']
|

where k is Boltzmann's constant, My the average mass per particle of the

target material and the other symbols have been defined previcusly.

2c2a R kL
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and p =

By scaling the variebles we may reduce this to a single dimensionless

equation:

3/2
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This integro-differential equation may be futegrated numerically to give
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©(t) subject to © (0) =0. From this we may obtain the scaled density and
pressure as functions of time
=2 =(1+1.51‘95‘d1')—1

Po

and P = O x ¥

These numerical solutions are plotted in Figure 8.05. The temperature
increases steadily in time while the density decays and the pressure
passes through a very broad maximum P = 0.32 for 1 ST <2 It is
rcascnable to take this quasi-steady pressure as the "ablation pressure”
generated by the fon beam. Transforming to the physical variable p, T and
t gives, at 7= 1:

2/3 1/3
p=232T1Ij po Mbar

2/3 =-1/3
T = 114 1,, DO eV {10)
-7 -1/3 -2/3
t=10 RI e, sec

. For the ion beam heated targets the ablation pressure shows the same I2/3

dependence as for laser targets but Py the sonic density of the laser
targets, has been replaced by Pgi the solid density. The lon beam
generates much moTe pressure for a given intemsity le 1t has a higher
hydrodynamic efficiency. 1t is of comsiderable Interest to note that the
peak pressure generated by the lon beam is independent of the range R of
the charged particles. However the time scale over which the pressure
persists is dependent ou the range. For a given pulse duration, if R is
too small the pressure will be transient and will decey during the pulse,
if R is too large the pressure will not reach i1ts maximum during the drive

pulse.
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8.2.4(c) Comparison with computer simulations

The MEDUSA computer code has been used to simulate lon beam heated targets
(8.16) with the energy deposition functlon either having a Bragg peak or
being constant as assumed here. The two sets of numerical results showed
only a small difference but for conslstency the comparison will be wmade
with the unlform depositlon simulations. The simulations were performed
Eor T varylog from 1012 W cn 2 to 1015 W cn2 in decade steps, and &
taking the values 0.01, 0.03, 0.1, 0.3 gm cu~2, The pressures quoted are
all measured at £t = 5 ns and so do not always correspond to the maximua
pressure ln the simulation runs. The MEDUSA code included thermal
conduction and real equation of state effects as well as a solutlon of the
hydrodynamic equations but did not include radiative energy losses. 1In
Figure 8.06 the pressures measured in the simulations are compared with
the results of equation (8) and the agreement is obviously very good.

Some of the simulation data 1lies above the analytic prediction of wmaximum

pressure and this corresponds to the degree to which the target demslty

and pressure do not remaln uniform, as assumed In the simple model.

8.2.4(d) Limitations of the model

The results of the previous section show that the simple analytic model is
in good agreement with a more sophisticated computer model over a wide
range of values of T and R. However the particular computer model used
did not include radlative energy loss and this is the major source of
ercror. TIon beams tend to heat a large depth of the targer material with
the result that optically thick black body radiation is emitted. The
effective black body temperature will depend on the detalls of the
radlation transport and the temperature profile near the surface. A
useful check on the simple model is to require that the black body
radietion flux at the (uniform) Eemperature T is less than the particle

beam energy flux I ie oT* < I. If we take the témperature at T =1 then
T = 114 12/3 p ~2/3 (ey) (11)
and the condizion oT' < I is equivalent to
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Iy < 0.3 p 83 (12)

or I < 1.4 x 10 W cw 2 for oy = 2.7 ga ¢m” 3 (aluminium). Since the
black body losses vary so rapidly with temperature even a small reductien
in I below this limit makes the radiated losses insignificant. The
maximum pressure that can Be generated without excessive radliative losses

is given by equations (10) and (12) as Pox = 10 p?/5 Mbar.
8.2.4(e) Conclusions

The quasl steady pressure generated by an ion beam does not depend on the
range of the beam particles but the time scale of the process does. For
ICF pellet applications with I = 10! ¥ em 2 and T = 1079 gec a particle
range of 0.1l - 0.2 g em” 2 1s appropriate. A pressure of more than

100 Mbar may be generated without the radiated energy losses exceeding 30%
of the input energy. Targets with layers of different density and

chemical composlition may of course perform better than these simple
consliderations suggest.

R G Evans (RAL)

8.2.5 Soft X-ray Preheat as a Constraint on Ablative Implosions

8.2.5(a) Introduction

In an ablative implosion the ablation pressure P, generated at the outer
surface of a spherical shell target creates a much higher pressure Pg at
the centre of the shell at the time of implosion. This pressure Pg is
proportional to the waximum momentum flux density psv 2 of rhe imploding
shell (8.21). For a simple unshaped laser pulse the :ensity of the
imploding shell pg at peak velocity is that due to compression by a

shock of pressure P,. Preheating (by hot electrons or soft X-rays)

ralses the Internal energy of the imploding shell and its hydrodynamic
response is to decompress in order to maintain a maximum pressure equal to

the applied ablation pressure P;. This preheat induced decompression

8.21

reduces the pressure Pg and the density pg at the time of lmplosion
(a) because pg is reduced (b) because vy is reduced through earlier
closure of the vold inside the shell and therefore earlier onset of
deceleration (8.22); (c) because the spherical convergence enhancement of

Pf (8.21) i3 reduced in a lower density implosiom.

An important constraint for the optimisation of ablative implosions is
imposed by the need to make decompression by preheat negligible. 1Im
general this will be possible if the slze and therefore wall thickmess of
the target are sufficlently large. Since the laser energy required to
drive the target scales as (radius)3, there are major advantages in using
small targets to setudy implosion physics but the minimum laser energy and

target size are determined by the tolerable level of preheating.

These scaling issues have been discussed in some detall for preheating by
hot electrons (8.21) but with the advent of ablative implosions driven by
short wavelength lasers (A < 0.5 um) there are circumstances where

preheating by soft X-rays may be more important.

Numerical simulation eof the hydrodynam{cs of implosions with a full
treatment of the relevant atomie physics and radiation transport glves the
most accurate description of the effects of soft X-ray preheat (see
sectien 8.4.9 ibid). It is however complex and gives little physlcal
insight or understanding of scaling behaviour. A simpler anzlytic

approach may therefore be useful.

8.2.5(b) Model description of Soft X-ray Preheating

The source of soft X-ray preheating is the hot plasma at the ablatlon
front. The structure of the plasma (Figure 8.07) is such that radiation
travelling outwards from the target encounters a negligible mass per unit
area of target material relative to that encountered in travelling to the
inner half of the shell, (where we require an estimate of the preheating).
Preheatling in the inner half of the shell is due to photons with a range
of the order of the shell thickmess. Photons of this enexgy are therefore

not signficiantly absotbed In traversing the relatively small amount of
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target material which they encounter in escaping radially outwards from

the target. It follows that the outward radiation flux density I(hv) from

the target can be used to assess preheating by assuming an isotroplc
source with a simllar flux density I(hv) directed radially inwards.

I(hv) can be meagured experimentally (section 7.5 ibid). The radiation is

mainly free free and free bound continuum whose spectrum can be locally
approximated by I(hv) a exp{-hv/kT), where kT is the source temperature.
kT increases with hv since higher energy photons oringiate from hotter

less dense plasma further from the target surface (see eg section 7.5).

The exponential form is characteristic of an optically thin source and for

photon energles sufficient to penetrate to the inner half of the shell the

ablation plasma 1s optically thin.

The specific preheating rate é at depth x in the shell can be written

E = T I(hu)exp[-la(hv,x')p(x')dx‘] a(hv,x)d(hv) (1)

where a (hv,x) 1s the X-ray mass absorption coefficient and p(x) the
plasma density.

This can be simplified to

€ = [ I(hvexp[-a(hv)px] a(hv)d(hv) (2

where px is the depth in units of mass per unit area and a(hv) is constant

for a given frequency. [The latter is a reasonable approximation when
absorption 138 mainly due to K shell electrons (eg C in polymer and ¢ in
glass) since the K shell typically remains unlonlzed for temperature

produced by shock and radiation preheat.]

The temperature rise kT, due to preheating can be readily calculated for
an ideal fully fonized plasma (A = 2Z >> 1) viz

KT = 473 mpé T 3

8.23

where mp is the proton mass and T the duration of the preheating. [In
practice real equstion of state effects are important and (3)
underestimates the temperature by as much as a factor of 2.]
This temperature rise kTp can be compared with that produced by shock

heating kTy, when an ablation pressure Py 1 applied suddenly to a

target. In the same ideal plasma limit we have

P /1 Mbar
KT /1 &V = 0.5 —Se— (4)
8 p/l gem 3

where p is the density of the ghell.
It is convenlient, when evaluating kTp from experimental data on I(hv),
to know which spectral reglons are important. This can be achieved by
introducing the 'cut off' photon energy hvc defined by
a(hv ) px = 1 (5)

and by expressing the spectrum I(hv) in the vieclnity of hv, as

I(hv) = I(hvc) exp(hvc/kT) exp(-hv/kT) (6)
and the mass absorption coefficient a(hv) as,

a(hv) = a(huc)(hvc/h\:) 3 (7

Then with the variable y = hv/hv, and introducing b = KT/hv. we have
from equations (2), (3}, (5), (6) and (7)

k'rpn ev = 2 x 10730¢z/1 ns)(IChv )/ () keV kev™! em™2 sec” i)x ...

(hv /1 keV)(px/l gem )"l x ... (8)
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)

§ exp(1/b) exp (-y/b) exp(-y~3) y~3 gy

The frequency depeudence of the integral in (8) is shown fa Figure 8.08
for various values of the parameter b. 1In all cases it peaks at
hv = hv, and has a falrly narrow range about hv, showing that

preheating is due to photons with hv = hv,.

The value of the integral F(b) 1s a function of the parameter b as showa
in Figure 8.09, and it is clear that it is essentlally independent of b,
implying that preheating Ls mainly determined by I{hve) and that the
slope of the spectrum is relatively unimportant. Measurement of I(hv) in
the vieinity of hv. 1s therefore all that is required to estimate the

preheating.

8.2.5(c) Preheat in ablative implosions

In an ablative implosicn the implosion time

1

where Ar is the thickness of the shell so that at the mid point of the
shell from equatlions (8) and (9)
r 3 1
kT /1 eV = 1.2 x 10727(]) | ] ox ...
P P/l geu 3 P_/1 Mbar

(10)
see (I(hv )/L keV kev™ ! cm™2 sec'l)(huc/l kev)
It is also useful to consider the relative importance of shock and

radiative preheating which can be written From equations (4) and (10) as

y %
- - r {p)
kTp/k.Ts 2.4 x 10 2?{E) m I(h\’c)(h"c) (11)
a

using the same units as equation (10).
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A criterion for a satisfactory ablative lmplosion is kTp/kTy < 1.

Since the aspect ratlfon x/Ar is fixed at about 10 by the need to control
Rayleigh Taylor instability, the free parameters are ablation pressure
Pz, density p and atomic composition, cut off energy hv, and

I(hvyo).

Pa 1s a Function of absorbed irradlance I; and for irradiation at

A = 0.53 pm we can put (B.23).
P /1 Mbar » 2(I_/1013 W cu~2)0.86 (123

I(hve) is a funetion of irradiance Iz and atomic composition of the
ablation plaswa. .If we assume as a rough approximation that for a given
material the conversion efflcilency to X-ray emission is constank, then
I(hvc) a Ia which with equation (l1) and (12} implies that kTP/kTsu
Ia‘°-3. The weak scaling suggests that firradlance is a relatively

unlmportant parameter in determining preheat inm an implosion.

The choice of atomlec composition of the shell and the related density p
are influenced by the required implosion veloclty. If high velocity and
therefore high temperature in the compression are needed (to produce
thermonuclear and X-ray emisslon for example} then for a given r/Ar a
low value of p is advantageous, v: a (Pa/P)(r/Ar). Conversely higher p

glves a lower temperature higher density compression (8.21).

In the case of a homogeneous shell the Ttemaining free parameter is hv,
which 1s determined by Ar and therefore by the overall target size r (for
fixed c/Ar). The scaling 1s hvg a Arl/3 (equations (5) and(7). This
weak scaling is offest by the expomential form of I{hv,) « exp(-

hve/kT), so that increasing the target slze has a strong effect on

preheat as shown in more detail below.

Inhomogeneous shells may be advantageous. An obvious case is the

reductfon of I(hvc) obtained with a low Z ablation layer on a shell of
higher Z. Another possibility is the inclusion of a layer of high mass
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PREHEAT SPECTRAL DISTRIBUTION
A exp (-y/b) exp (-y3)y-3
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Fig. 8.08 Spectral distribution of preheat.
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absorption coefficient as 2 preheat barrier. The latter is less useful

than it might at first sight appear because of the relatively small

difference (& 3 x) between the hlghest available mass absorption 1 _2 _1
coefficients and that of glass. The disadvantages of demse RT unstable ig I (hV)/lKeV KeV" cm seC
layers may outweigh the advantage of the small increase La preheat 10 N G(hV)/Icmz gm-1

screening.

Iq=4x10" Werm2
8.2.5(d) Estimating Preheat )\ = 0 53 I-lm
POLYMER I(hv)

x---x expt
CALCULATION

T—TT T

Experimental or theoretical data giving I(hv.) are required for

quantitative estimates of preheat using the above model. Section 7.5 ibld 28

compares some experimental and calculated results and other data are 10

available in the literature.

An interesting example is a simple polymer shell of low aspect ratio. X-
radiography studies of the Implosion of targets of this kind is discussed -
in section 6.2 ibid for shells with r = 60 wm, Ar = 10 um,
I, =3 x 1083 Wem 2 A=0.53 um, T=1.3 ns. 1027 10

The mass absorption coefficient for a typlcal polymer (CHz)n Is shown in
Figure 8.10, together with a compilation of experimental and theoretical
data giving I(hv) for an absorbed Llrradiance of 4 x 1013 ¥ em™ 2, the

latter taken from section 7.5 ibid. For the above example of a polymer \ .

shell we have hv, = 1050 eV for penetratlon to a depth of 5 \m (half way 26 [._l SN !\

through the shell). The corresponding value of I(hv.), scaled to the 10 10 \ \l .
]

experimental absorbed irradiance is (from Figure 8.10)

N \ \ Si 02
1.5 % 1027 keV kev~! co~2 sec”!. Hence from equation (8) with F(b) = 0.3 \ \ /
I A\ AN

we have kTp ~ 2.3 eV. The situation Is complicated a little by preheat

T Trrrr
p

|
|
1
i
| A N \
in the transmission window below the C K edge ar 285 eV (Figure 8.10). . .
Extrapolating the mass absorption coefficient below the edge glves 3 (C H2) \\ \ \ .
hve = 298 eV. It follows that about half the frequency tange of the 1025 10 AN \\1 \ | . , .
reheatl band in Figure 8.08 (0 < hvw/hv_ < 0.95 111 contribute to .
P ng n Figure ( ! e ) w contribute O 1 ~J 2 hV/IKeV 3
preheating. A rough estimate of I(hvg) 1s given by the calculated data

in Figure 8.10 viz 6 x 1027 kev kev™! cm™2 gec™l, and hence an estimate of
the preheating in the transmission window which is k.TP = 0.6 e¥. The

total preheat ls thus estimated at 3 eV or 2 x 105 J/g compared to the
Fig. 8.10 Mass absorption coefficient.
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above C below C
K edge K edge
[ S - e ey
+
r Ar huc kTPl hvc ksz (kTpl ksz)/kTs
pm um aV eV eV av
60 10 1050 2.3 288 0.6 1.4
120 20 1320 0.3 380 0.3 0.3

Table 8.01

Polymer shell I_ =3 x 10199 er™2 X = 0.53 um

51 window 0 window
N
r Ar T LU kTPl v, kTPZ (kTpl + ksz)/kTS
Hm | pm ns eV eV ev eV
80 1.0 0.3 770 120 417 30 44.0
B0 5.0 | 0.7 | 1320 3.4 713 18 6.0

Table 8.02 Glass shell I_ = 1.2 x 1019 4 em™2 A = 0.53 m

shock preheat value equatlon (4) of 2 eV or 1.3 x 109 J/g. The target in
this examplz is therefore c¢lose to the limlt for satisfactory ablative

compression since k.TP/kT5 ~ 1.5 (see Table §.01).

& check on the accuracy of the simple model was made by comparing the
above estimate with detailed numerical modelling using the method
described in section B.4.7 ibid. This indicated a total preheating (shock
+ radiation) of 5 eV for the shell at peak veloclty

vi = 4 x 10% em sec~! wich density Pg of 2.5 g e~ ¥, The agreement

with the model calculated preheat (shock + radiation) of 4.2 eV is very

good.

The beneficial effect of an increase in scale size and therefore wall
thickness 1s shown by repeating the calculatlon for a 2 x larger target
with a 2 x longer implosion time as in Table 8.01. Preheating is seen to
be reduced 2 fold.

A similar calculation for glass shell targets involves considering
preheating in the spectral region bhelow the Si K edge where 0 K shell
absorption i1a dominant, and also an additional contribution from below the
0 K edge where 0 and Si L shell absorption predominate (see Figure 8.10).
A glass shell has about a 4 x greater soft X-ray source intensity
(neglecting line radiation) than a polymer shell (section 7.5 ibid). With
this assumption Figure 8.10 can be used to estimate I(hv).

An interesting example to cousider Is the hot ablative implosion of high
aspect ratio glass shells described in sectlion 6.4 1bid where r = 80 ym,
47 = 1.0 pm, I, = 1.2 x 101" and 1y, = 0.3 ns. Table 8.02 shows
caleculations of preheat by the above method for this target. The
radiation preheat level is clearly large relative to shock preheating

(k Tp/kTEl = 44) indicating an unsatisfactory cholce of target for an
ablative implosion.

A check against a full numerical simulation as described in section B.4.7

ibid was made for this example also, and indicated kTp + kT; = 180 eV

at peak velocity v, =8 x 106 em sec” ! with Pg = 0.3 g em 3- There is
apain fair agreement with the model result kTP + kTs = 150 ev for a
8.28



situation dominated by preheating. A thicker wall ar = 6 ym with the same
radius with correspondingly longer (0.7 ns) imploslon time is also
analysed in Table 8.02 to illustrate the 7 x improvement ln preheat
screening. [The 0 window contribution in this estimate 1is uncertain
within & factor of a few time since experimental data on I(hv) are not

avallable and a(hv) is sensltive to preheat.]

8.2.5(e) Conelusion

A simple model description gives a rapld and useful indication of the
minimum target size needed for ablative implosion of simple polymer and
glass shells in order that soft X-ray preheat does not degrade the
compression. The preheat is seen to be determined by the soft X-ray
intensicy at the cut off Erequency T(hv.) 1lndicating, for minimum sized
targets, a need for experimental data In two spectral reglons, viz below
the 0 and C K edges and in the 1 to 2 keV reglon. A useful conclusion is
that the relative importance of radiative and shock preheating is

Insensitive to the irradiance.

M H Key (RAL)

8.3 Laser Plasma Interactions

8.3.1 Osclllations due to feedback in interaction processes

Emisgions from laser produced plasmas may show oscillatory behaviour, a
notable example being that at 3/2 wy (8.24). Here we consider, in a

general way, the conditionms under which oscillations may be expected to
occur as a result of feedback effects with time delay, then look at some

particular processes.

We suppose that the observed emission, E say, 1s a functlion of some plasme

parameter X,

E = F(X) (1)
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Now suppose that there ls some mechanism by which the process glving rise
to B affects X. To take the example of 3/2 w, emisgion; 1f this is
supposed to be due to two—plasmon decay near the quarter—critical surface,
then the growth rate, and presumably the saturated intensity, depends on
the gradient length scale. This latter quantity is, however, affected by
the ponderomotive force generated by the decay waves, and so will depend
on the wave intensity generated by the instability. Our object is to
consider such feedback loops and, supposing that there i3 some time delay
irn a non-gtationary system, to investigate the stability of statiocnary

states.
In a stationary state we take
X = G(E) (2)

so that a self consistent equilibrium will satlsfy (1)} and (2)

simultaneously. Now, in a time-dependent system we suppose that
E--3
X(e) = [ g (1,E(x-1))dT 3

representing a fairly general form of dependence of X on the past history

of E. TIf Eg and X, are the equilibrium values,
Ko = [ g(1,E)dT = G(Ey) (4)

Now we examine the stability of the equilibrium by letting

m
It

E, + E(t)

i
I

= xo + Xl(t)
and linearising (3), to get

X, + X (t) = G(Eg) + ;fa_g%n)_ E (t-1)dT
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Using equation (1) to express E) in terms of X, and supposing X, to go as

[
e?" we get

SF(X,) = 3 ,E -
1 = _5§OQ) é gg;ﬂ g) e pTdT (4)

Stability of the system depends on whether (4) has solutions for p with a
positive real part.

Iif Egg-and 3%9- have the same sign it 1s easy to see that 1if séf-sé% > 1
the right hand side of (4) is greater than 1 for p = 0 and tends to zero
ag p + ®, go there must be a solution of (4) with positive p and the
equilibrium is unstable. Unfortunately the derivatives are generally of
opposite sign, In which case there 18 no such simple criterion and the
time-dependence of g is important. Tf, however, we make the approximation
that g(T,Eu) is constant in the interval Ty TR, and zero otherwise,
then we get

9F G
if = - ' o= =
or, -a—xu -a—--Eu 2, D PT, and T 1'2/11,

1 e-P' = e_p'T
TEa T T 3

The value of a at which there is a transition from stability to
instability of the equilibrium is that which wakes p' purely imaginary,

and it can be shown from (5) that the smallest such value is

- w(T-1)

T cosec E—al) (&)

a T+

This threshold value of a, above which the equilibrium is unstable tends
to 1 as T tends te 1 (correspending to a é-function for the time-

dependence of g} and increases with T.

Our conclusion then is that information about the equilibrium of the

system can be obtalned from a steady-state analysis in which it 1s only
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necessary to evaluate the derivatives sgz-and E%Eu Icstablilicy will occur
if 3;5-3£9-15 greater than some crtticaf value. The effect on thils value
of the time-dependence of the feedback effect, given by (6) for a
particular form of time-dependence, is not very strong. For example if a
in (6) 1s greater than about 5 instability will occur for values of T up
to about 10, allowing considerable latitude in the time—dependence of g.
We may also note that the critical value of a does not depend on the
abeolute time cscale over which the feedback occurs, but only on the shape

of the time-dependence.

To illustrate this theory we consider two-plasmon decay. It has been
suggested that the observed oscillations in 3/2 w, emlgglon are due to the
fact that the growth in oscillating field amplitude causes a steepening of
the density gradient near the critical surface which switches off the
instability. The plasma then relaxes te a less steep gradient and the
process recommences. The question which we consider is why this should
happen, rather than simply the setting up of an equilibrium in which
steepening of the denslty gradient is balanced by a self-consistent
saturated amplitude of the instabllity, producing a steady profile like
that which appears to occur at the critical surface. Using the above
theory we Investigate the stability of such an equilibrium. The time
delay in the feedback process here may occur elther because the plasma
profile takes a finite time to adjust to a given ponderomotive force, or
because the two-plasmon instabllity takes a finlte time to reach a steady

saturated amplitude when the profile is changed.

According to Liu (8.25), the maximum growth rate In a inhomogeneous plasma
is

v 2
Y LY
max 2 voL

with vy = eEolmm0 and v, the thermal veloclity. We shall suppese that
the gaturated amplitude is simply proportional to the growth rate
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sat max
Then
E v 2 v 2 E
sat _ e e sat )
= > = r
dL vuL vuL Ymax

We also need an equation glving the way in which the length scale depends
on the saturated amplitude If the latter is given. To cobtain this we
shall simply assume that, as in the soliton soclution of Chen and Liu
(8.26), L i3 simply universely proportional to Eaat’ le L = BIESE for

t
some 8. Then

dL s L
€ T TE ST TE ®
sat sat sat

The quantity on which stability depends is the product of (7) and (8), ie

- 2
3ve /vuLYmax. Gsog Y is less than kuvolz, so this 1s greater in
e 1
magnitude than < 2ZE T

a temperature ~ 68/kof- The equilibrium length scale depends on the

For an irradiance of 2 few times 101% W cm2 and

gaturated amplitude and would require a more detailed analysis. However,
it seems likely that it would be such as to make the above quantity
considerably greater than one. Thus, on the basis of a very simple
calculation, we conclude that it is likely that the equilibrium profile
set up near the quarter-critical density as a result of the ponderomotive
force of the two-plasmon decay waves will be unstable and that oscillatory

behaviour would indeed be expected.

Similar approximate calculations have been carried ocut to look at the
poasibility of osclllations of Brillouin scatter, assuming that ies
gaturated level depends on electron temperature, which affects the damping
of the 1on sound wave, while the electron temperature depends on the
amount of light reaching the critical surface, and hence on the level of
Brillouln scatter. For most reasonable parsmeters and assumptions the

indication is that this system is stable, which seems to be borne out by
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observations of Brillouln scatter.

R A Cairns and S Ram (5t Andrews)

8.3.2 The use of the finite element method in electrostatic particle

codes

We deseribe a new application of the finite element method. We have used
it in a two dimensional electrostatic particle-in-element (PIE) code, and
heve demonstrated its potential advantages by comparing collision and
heating times and noise levels with those obtaluned from comventional codes
using finite difference techniques. One consequence of using relatively
gmall numbers of macroparticles in a particle simulation, is to ralse the
noise level. The most direct means of reducing noise levels is clearly to
use more particles but this quickly makes the experlements prohibitively
expensive. Tt is therefore worthwhile to look at all possible ways of

combating the noise problem.

§.3.2(a) Method

~In a finite element approach to the problem Polsson's equation 1s replaced

by its functional analogue

392 32
() = {(5;] + Eg;) - 8upg} dx dy
The simulation region R is divided into rectangular elements and we write
b = NQF for each element, where N are the shape functions and Qf is the
vector of nodal values. For each element Re we therefore obtaln the

functional

T

T
X, = 5 4% kSe° - o Fe

where
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T T
aN N 3N aN
k=2 l{e (&) (5)+ g] ('37)} dx dy
and

Ef =8 fp NT p dx dy
e

If all functions are expressed in local coordinates (£,n) with origia at

the lower left hand corner of an element of sides {a,b), we have

11 b 3N T 0N, . & (9N, (3N
k, =2/ [ {= ('ﬁ] (‘ﬁ)""g[‘g‘,{] ('5;1'” d& dn
and
11
F* = 8n { { N'(€,n) p ab dE dn
After assembling contributiong from all elements and ainimising with

respect to each of the nodal parameters we obtain a set of linear

equations

k¢ =

He |

which must be solved for the potential ¢.

The electric field components are then

138 e 13N e
(EoE) = (73t ~FTme )

The equations governlng the velocity gi and coordinates £ of the ith
particle of mass m and charge e are

Y

dt

Blo

E
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where 1 will run over several thousand particles.

8.3.2(b) Collisicon and heating times

The lack of energy conservation 1s measured by the heating time of the
simulation plasma which is defined to be the time for the average kinetic

energy of an electron to 1lncrease by %«T.

The collision time for the simulation plasma i1s measured by first setting
up & model in which the orbits of all particles would be straight lines in
the Vlasov collisionless limit. The cecllisional effects can be measured

by the deviations of the particle orbite from straight lines.

Suppose the initial velocity of a particle is L and that after a time t
its velocity 1if v. % (e} = |v|cos¢, the component of velocity parallel
to the original direction h(t) = E (22 - gg), the change in kinetlc energy

from 1ts original value.

The following characterlstic tlmes may then be defined.

d y (£)>
TS:E<vl(t)>=r—s at £t = 0.

Slowing down time,

Heating time, TH: <h(TH)> = kKT.
The brackets denote averaging over many particles.

Hockney also found that if N is the number density, H the mesh slze and W
the "effective particle width" then

2 4 y2

_:S = _N(Ag 9:3W ) ' (1
e )
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where

and w, is the plasma frequency. He hag concluded for the cloud-in~cell
(CIC) method of charge sharing whieh is very often used 1a practice, that
W = H.

Surprisingly in a more elementary scheme in which all the tharge of a
particle 1s asgsoclated with the nearest grid point (NGP) particles alsc
have an effective width W = H. While this ascheme will obviougly have the
advantages of silmplicity the code itself will be wmuch nolsier. A larger
effective width W = 1.8 H is assoclated with shaped particles having the
form of a Gaussian distribution (G.S.C.}.

Hockney has shown that if an optimum time step Ay defined by
(mp ﬁt)opt = min(x H/AD, 1}

is chosen; then

T. " @noT 2

where
Ky = 5 for NGP, 40 for CIC, 180 for G.S5.C.

The noilse 1n the system can be measured by the time average of the
fluctwations In the electric field at a fixed point within the plasma.

Hockney has shown that

2

<Ex> _ 0.12 3
zZ = Z 7z
Bnnmve N(AD + W)

The most desirable simulation plasma is one la which 15 1s large, Ty
much larger and the noise level small, So we would, all things being
equal, prefer a code with large heating ratio KH' small noilse level <E§>

and containing particles of large effective width W.

B8.3.2(c) Experimental Results
In all the simulations reported here the number of elements used was as
follows: for the linear case 10 x 10 = 100 elements-and for the cubic case

4 x 4 = 16 elements.

8.3.2(d) The law of force between particles

We have examlned the law of Force obtalning in our models. To do this one
particle 1s placed, and held fixed, at a prescribed point. The vector F
is calculated and the functional equation wminimised to obtaln nodal values
of the potential ¢. From these nodal values the field Ey 1s obtained.

In Flgures 8.11(a), (b) the force between two particles, one held at the
origin, is plotted as a function of x. The force distribution in other
directions differs only in detail from that given here. It 1s seen that
on average the force falls off as 1/x as required but that there are
abrupt changes in the magnitude as element boundaries are crossed. We
also observe that the force falls to zero abt the site of the fixed

particle emphasizing that self forces do not exist in any of the models.

8.3.2(e) Collision and heating times

Figure 8.12 plots <vu> against time, from which we may deduce the
respective collision times. From these we see that for a simulation with

ND = 16 the collisicn times are ~ 315 mp'l while for N = 64 they increase

D
to 1200 mp'l. The figures also show that collisfon times are unaffected
by the finite element used. TFrom (1) using these values for tg gives

particle widths W = 1.5 AD when ND = 16, and W = 1.4 AD when ND 64, for

both the linear and cubic models.

8.338



O X

(@) LINEAR ELEMENT
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(b) CUBIC ELEMENT

Fig, 8.1} The force f (arbitrary units) between two particles. One particle is at the origin, the second is moved
parallel to the x axis. Bars on the x axis denote element boundaries.
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Fig. 8.12 Typical graph of || from which Tg can be deduced, Ay = 0.3 w;l



In Figure 8.13 <h> 15 plotted against time from which heatlng tlmes Tty
can be deduced, but now the linear aad cublic elements no loager lead to

identical results. With a linear element and N, = 16 Ty 1100 wp‘l which

D
increases to L 5500 mp‘l when ND = 64. The corresponding results for a
cublc element ara, Ty = 2400 wp'l for ND = 16, and, Ty = 9500 mp'l for

ND = 64. Clearly using a cubic element is very advantageous In reduclag

the rate of energy increase in the simulation.

b = 16, ND = 64 we obtaln

tH/Ts = B. Identifying H in (2) with the element width, as seems
reasonable, we estimate KH = 10 (since H = 1.6 AD for the linear element)
whereas for the cubic element, X = 125. These rasults compare favourable

H
with the values quoted earlier for finite difference codes.

If we calculate tH/tS for the linear cases with N

Woise levels for linear elements satisfy (3), but the results obtalned

with cubic elements do not.
L R T Gardner, G A Gardner and T J M Boyd (Bangor)

8.3.3 The effect of magnetic field on Raman sidescatter

This section may be considered to be an extension of the work described in
section 7.3.2 of the 1982 annual report. There, we consldered Raman
scatter (SRS) in which the emission occurred in the laser plane of
polarization. However, the preferred polarization for SRS has the
electric field of pump and scattered light aligned and, thus, 1t 1s more
appropriate to consider emission out of the laser plane of polarization.
Here we consider, in partlcular, exact sidescatter where the emission
propagates parallel to a DC magnetic field, Bg (the laser light is
assumed to be an extraordinary wave ie Eol Et . EO" Et). The scattered
light wave {5 then either a right or left elrcularly polarized
electromagnetic wave. 1In the absence of the DC field, a linearly
polarized pump wave penerates a lluearly polarized scattered wave which
may be regarded as the sum of a left and right circularly polarized wave.
With a finite DC fleld, the frequencies of the daughter waves and hence

the locations of the decays become separate and distinct. Hence the DC
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Fig. 8.13 Typical graphs from which the heating time T can be deduced.



magnetic field gives rise to a splitting in the emission.

In stimulated Raman scattering the wmost unstable waves are geoerated near
to the quarter-critical density of the plasma, where absolute instability
takes place. Phase matching conditions demand that the scattered light-
wave have a frequency slightly below molz, shifted by an amount which

depends on the plasma temperature:

ve
W = 22._ 3 e, (1)
en 2 8 .2 o

In the 1982 report it was shown that in the presence of a magnetic fleld

this frequency becomes, for Raman backscatter,

_ e
ew ” 77 Yo g 2
and thus the magnetic shift acts to off-set the thermal shift. Similar
frequency ehifts arise when sldescattered light waves travel along
magnetic field lines. The frequency and wave number matching conditions

yleld at the reflection point of the em waves:

w y2 2
0 9 e e
- . +F —
" 28 20" % (3

R

In this expression ui represents the frequency of the left (L) or right

R
(R) elrcularly polarized light-waves. Thus, a splitting of the molz light

emanating from the plasma may occur, symmetrically spaced around the
frequency point w,/2 -9/8 V:—/c2 wy+- The separation between the red and
blue wings of the spectrum is seen to be approximately /2 in
frequency. The Ilmportance of this process to experiments 1s that it
depends linearly on the magnitude of the magnetic field. In experimeuts
performed at the Rutherford Appleton Laboratory by Sim and MeGoldrick
(B.27), and at Lawrence Livermore Laboratorles by Phillion et al (8.28),

such a éplitting has in fact been obsaerved in the ®gy/2 light. 1In these
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experlments the scattered light spectrum was mostly sampled along or cleose
to the target normal. Parddoxically, this light can stlll be a product of
Raman sidescatter taking place near n./4 as most of the light being

generated there is collimated along the target normal due to refractiom.

The above results can be used to deduce magnetic field strengths regquired
to produce splitting of the mO/Z 1ight observed in experlments. ¥For
example, on aluminium targets irradiated by 0.35 ym laser light, Sim aud
McGoldrick (B8.27) measured a separation of ~ 80 A between the red and blue
wings. The magnetie field required in this case 1s ~ 3.0 MG. Phillion et
al (8.28) at Lawrence Livermore Lahoratory observed a separation of ~ 420
A on 0.35 um laser—irradiated gold targets. The magnetic fleld required

to produce this separation 1s ~ 7 MG.

4 general fully electromagnetic dispersion relation has been derived and
has been used to obtain the growth rates of the processes discussed above.
The complexity introduced by the magnetic field has meant that we have had
to obtain solutions numerically. In Figure 8.14 and Figure 8.15 we have
plotted frequency and growth rates as functions of density (through wp).

Figure 8.14 corresponds to the right-hand-clrcularly polarized waves aond

Flgure 8§.15 the left-hand-cireularly polarized wave. The broken lines are

for Qelr.nD = (0.1 and the solid lines for ﬂe/mo = 0.2, An electron

temperature Vo/c = 0.1 has been chosen.

Congider first of all Figure 8.14 for the RHCP waves. HNote that the
growth rates are larger at ﬂe/wo = 0.2 than at Re/mu = 0,1, Note also
that the frequencies of the scattered light waves never falls below molz
and that the extension beyond mDIZ 1s greatest when the magnetic fleld is
largest. This behaviour 13 in agreement with equation (3) above. It can
also be observed that the magnetic field pushes the instabllity towards
lower densitlies (the cut—off density 1s lower at Q = 0.2 than at

e = 0.1). This can again be deduced using phase matching conditions

and gives an expression which determines the maximum density at which

decay into each of the two polarizatioms can occur:
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Consider new Figure B.15 for the decay foto the LHCP wave. It can be seen
that the magnetic field inhibits growth of this wave, In conLrast Lo the
other polarlzarion. This is not unexpected as in one case (RHCP) the
electric vector rotates in the same direcrlon as the electrons (about the
wagnetlc field) while in che other (LHCP) it rotates in the opposite
direction. There 1s therefore an "easy” direction (RHCP) and a “hard"
direcrion (LHCP) for driving the electro-magnetic waves, 8o that the
wagnetic field produces opposite effects on each pelarization. MNote that
for this polarizarion (LHCP) the instability can take place ar densitles
lying above nc/r; ite extensilon 1s proportional to the scrength of the
wagnetic field, in agreement with equation (4). 1In thls case the
scatiered light frequency lies below m0/2 in the viecinicy of nc/&, as

predicted by equacion (3).
I C Barr, T J M Boyd and R Rankin (Bangor)

8.3.4 Kineric theory of Raman scatter in a magnetlzed plasma

Lo section 8.3.3 cthe effeer of magnetic flelds on stimulated Raman
scattering was discussed. 1n this section we present results from a
kinectlc treatment. The Vlasov equation has been used to derive a nonlinar
dispersion relatlon describipg the decay of a pump extraordinary wave into
an, electrostatic Bernsteln mode and & scatrered extraordinary wave. The
treatment is valid for arbltrary pump power, magnetic fleld scrength and

electron temperature.

The nonlinear dispersion relation has the form:

Dxx— xy- Bxx

D = 0
yx- ¥Yy- BYN

o D

AR ry X

fS and 8.16

e

The coupling terms & and B are products of the incidentrlaser-field in

whose absence the dispersion relation can be written as:

Dyx Py Pyyo = Dy B ) = 0

Dxx glves the disperaion relatilon of the Bernstein waves and

(D D -D D
XX~ Yy~ Xy~ yA-
terms may be found in chapter 8 of the standard text by Krall and

} glves that of the scattered light waves. These

Trivelplece. The nonlinear dispersion relation is extremely complicated
and it has been necessary for us to obtain solucions numerically. In
peneral, the growth rates of the instabilities depend sensirively on both
the sctrength of the magnectic field and Larmor radius of the electrons, as
ia expected. The Bernsteln wave which srarts oo the branch of the
dispersion relatlon corresponding to the upper-hybrid frequency (ms + ﬂ:),
behaves differently from other waves capable of being excited. 1In general
the remperature and magnetic fleld effects can act (o reduce growth of
this wave. The inducement of Bermsteiln waves other than the upper—-hybrid
wave 1s enhanced by increasing rhe magneric fleld strength and electron

temperature.

In Figure 8.16 we have sketched che growth rate Y as a funccion of the
wavenumber k of the Bernstein waves at a fixed density (given by wp), wich
frequencies normalized to mBl, wavenunbers to mDIc and speeds to 1/c. In
the figure the solid line represents ﬂe = 0.16 (f% is the cyelotron
frequency) and the broken line ﬂe = 0.17. The quivet velociry Uo = 0.1
and the electron temperature ve = 0.1, The numbers on the ecurves indicate
the frequency the waves have at the position of maximum growth. At these
field strengthe only the firsct three Berngtein modes are capable of being
excited {(n = 1, 2, 3)}. The lefr-hand branches represent forward scattered
light waves end the righc-hand branches backsecattered light waves. For

n = 3 the forvard and backward propagating waves have merged together, as
they are close to thelr reflection point at this density. For n = 1 and !
n = 2 the forward and backward scatctered waves are well sebarated as their

point of reflection lies at higher mp. Note that growth of the

backecattered waves is always larger than the forward scattered waves. In

fluid treatments of Reman scattering Y ls proportional to k. This is :

8.43
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Fig. 8.16 Growth rates (y) as a function of k for scattering off the first three Bernstein waves (n = 1,2,3).
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evidently also true for scattering off Bernsteln waves, as seen in the
figure. As the magnetic field is increased each wave 1s pushed neater to
its reflection polat, and thus the broken lines corresponding to a given
branch fie n = 1, 2 or 3) lie closer together than the solid Iines. When
ﬂe = 0.17 the point of optimum phase matching has been passed for the

n = 3 mode and congequently its growth rate is rapldly decreasing.

To investigate the effect electron temperature has on the instabilities
consider Figure 8.17 where Y has been plotted against k for 52 = 0.16
(s0lid lines), ﬂe = (.17 (dotted line), ﬂe = Q.18 (broken line) and for
VE = 0.06. In this case the only branches of the dispersion relation
which appear correspond to n = 2 and n = 3 (the growth rate of the n =1
mode is ~ zero)}. A large reduction 1n the growth rate of the n = 3 mode
i3 seen to have occurred as a consequence Of the decrease in the
magnitude of the Larmor radius of the electroms. Contrasting this is the
increase in the growth rate of the n = 2 mode. The frequency
characterigtics of this branch colncide with the upper-hybrid wave and
thus it may be considered to be the usual fluid mode including kinetie

effects.

Of particular lnterest to experimentalists are the frequencies of the
scattered light waves assoclated with these instabilities. A red shift in
w0/2 light is known to be a signature of Raman scattering. This normally
only takes place near the quarter—eritical density of the plaswa. In
Figure 8.16 we observe that even for n = 16ncr (mP = 0.40) Berunsteln waves
can give rise to a red-shifted spectrum, eg, when QE = 0.16 the o = 3 mode
frequency 1s approximately equal to 0.502, implying thet the agsocilated
light frequency be ~ 0.498. In general the frequencies depend on VE, ne

and w_.
P
R Rankin and T J W Boyd {Bamgor)

8.3.5 The effect of Brillouin scatter on Raman scatter

Most experiments in which stimulated Raman scattering (5RS) occurs will

alaso observe stimulated Brillouln scattering (5BS). Therefore, the high
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frequency waves of SRS propagate agalnst a background of finite anpliktude

lon waves.

We have studied the effect of a finite amplitdue lon wave on SRS primarily
at low densities w << ub appropriate to an experiment at UCLA (B8.29). It
can gilve rise to (1) significant frequency shifts (1i) reduced growth and
(1i1) new instabilities having growth rates comparable with SRS.

Consider, for simplicity, 1-D Raman backscatter occurring agalast a zero-

order density profile
no(x) = No(l + ¢ cos 2k0x) (1)

This represents the lon wave, wavenumber 2k0, amplitude eN, generated by
SBS. A small static field is neglected, valid when ZkOAD < 1., The ripple
predomlnantly affects the electron plasma wave; its effect on light waves

is proportionately (Velc)z less and is therefore neglected.

To elucidate the new physics introduced by the ripple, consider the plasma

wave propagation decribed by

2 2
[3—+ w2(x) - 3v2 a’—]E(x,t) =0 (2}
a2 P € ax2

where m;(x) = w1l + € cos 2k0x). Assuming B = exp (iwt) and letting
z = ko, a = (w2~ mg)/3kﬁvé, q= elakﬁlﬁ we obtain Mathieu's equation

—+ (a
dz2

2q cos 2z) E=0 M

Solutions naturally divide themselves into those for small q and those for
large q. Small q means that the variation in mg(x) due to the ripple can

be compensated for by a change In k in the dispersion relatlon

w? = wl(x) + 3k2v:. Consequently the plasma wave 1s no longer sinusoidal

but stgll propagates at all points. Large q means that the pressure term

3k2vé is too small and cannot compensate the varlation in mg(x). Plasma

8.45



waves then become trapped in the troughs of the density ripple and are
evanescent through the ripple peaks.

An infinite set of normal modes exlst comprised of different linear

combinations of Fourier wmodes k * 2nk,; for, Fourler znalyzing (3) yields

(& - K3 E(K)

1

qE(K + 2) + E(K - 2)] ()

where K = k/ko. q 18 the natural coupling parameter and 1Is largest in
cocl, dense, highly rippled systems. The coupling into high k, low phase

velocity modes will result in increased Landau damping. Also, even if

ZkUAD <1, anDAD > 1 for some n and a kinetlec treatment is needed.

The laser coupling introduces the possibility of new instabilities which
may be understood as follows. Suppose the light waves (wo, ku) and

(uJu -, kD = k) drive a disturbance (w, k). This disturbance L3 coupled
by the ripple to disturbances at (w, k * ano). In the absence of the
ripple k * an0 correspond to an Iinflnite set of plasma waves only one of
which (w,k) can phase match and be driven unstable by the light waves.
With a finite amplitude ripple, if we frequency match with any of the
normal modes they possibly may be driven unstable since they are all now

coupled to the laser. In practice, however, only a few are unstable.

The kinetic analogue of (4), including the laser coupling, is

[ L k%3 .
L+ iy = sy Ee@ = -z [BG+ 2kg,0) - Bk - 2k, @] (5)

where (w_, k.) = (w - vy, k= kg), D(k, ®) = k22 + m: - w? and % is the

usual electron susceptibllity which for a Maxwelllan plasma 1s

x(k, w) = - Z'(%) (6)

232
2k AD

Z(Z) 1is the Plasma Dispersion Function and § = w//ZkVe. When e = 0, (5)
gives the familiar SRS dispersion relatlion for 1-D scattering.
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The soluticns of (5) for the three most unstable roots are plotted in
Figures 8.18 and 8.19. When q = 0, the mode w, 18 the usual SR5 plasma
wave with k = 2k, while w, has k == 2k, and wy k = 0. As q increases and
energy is channeled into the sidebands, so the growth of W, is reduced
while growth of Wyy Wy becomes possible. For large q the growth of all
three modes 1s limited by the increased Landau damping into the low phase
velocity modes. &8s can be geen, w4 eventually dominates since it contains
as its major component the high phase velocity mode k = 0. The separation

in frequency increases with q.
Although we have not proved it, it seems intuitively reasonable to expect
that as q increases and the plasma wave energy becomes more localized to,

trapped in, the ripple troughs that the SRS convective instabllity may

become absolute.

The implications of this analysis for high demsitles and for parameters more

appropriate to laser-target experiments is currently under investigation.
H ¢ Barr (Bangor)

8.4 Transport Processes

8.4.1 Grad's 13 moment equations and electron thermal transport

The breakdown of the classical Spitzer-Hdérm theory of heat conduction
(8.30) in laser-produced plasmas has resulted in the introduetion of an
ad-hoc flux limit in most hydrodynamic codes. A less arbltrary resolution
of the problem of heat transport may be found by resort to the 13-moment

equations derived by Grad (8.31).

By expanding the distribution function about a local Maxwellian in a
series of Hermite polynmomlals in v and taking velocity moments of the
Boltzmann equation Grad arrived at an alternative set of fluid equations.
The important distinction between this approach and Chapman—-Enskog theory
is that the expansion used does not depend directly on the electron mean

free path being much smaller than the scale length of varlaticen of the
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macroscople properties of the fluld. Thus in the regime of low collision
frequencies and steep temperature gradients we can hope for a more

realistic insight inte transport physlzs from these equations.

In 3 dimensions there are 13 equations for 13 veloclty moments of the
distribution function, but our model is restricted to one dimensional slab
geometry for which there are 5 Llandependent variables. The first three
moments are simply the density la, flow veloclty u and pressure of the
electron fluid p; m and q, the viscosity and heat flux respectively, are

defined by:

= < - 2 -
i mn v uy <> P
( X )

(1)
= - - )2
g =5 <v, - wE-ue
The set of equations to be solved is:
o, 3 ~
§E'+ Fm {nu) 0
Ju du 1 Ju
Tt e PP o E = ()
p ap du 2 Bu 2 3q _ 9p
T I P R T TR IR o)
(2)
3w am 7 du . 4 du B 3q an
P ETI TR T PR T e T ()
g g , 16 3u  (5p+ 7m) 3 P
U YS Y% o ()
p_Sm_m 3 - (3
+ mn 8x  mn 9% (p+m [Bt)c

The collisional contributions on the right hand sides are evaluated in
terms of the 5 woments and a “collislon frequency” v, according to the

model used. Salat (8.32) has given these terms for a Fokker-Planck
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collision model.

Since we are hoplng te use these equations in conditions uader which
collisional effects are small we have tested the model in a collisionless
regime. Grad's expansion should be valid over timescales smaller than a
colligion time provided the distribution Function remaine "near-

Maxwellian”.

Assuming quasi-neutrality and no collisions the sgset of equations (2)

reduces to 3 equatlons describing heat conduction in the electron fluid:

EI.+ 8 19q _ 0 3

5 is a source term for the electron pressure. A slab of plasma of length
3 wlevons, density 1021 em™3 and fnitlal temperature 1 keV was heated at

one end using a source term

By
S=—(-X x¢<1 )
=0 X>1

in which P, is the initial electron pressure, T is the time simulacted
(0.5 ps) and X 19 measured in mlcrons. Equations (3) were solved
numerically with boundary conditions q = 0 at both ends. An identical
experiment was performed with a 1% dimensional electrostatic particle-in—
cell code, In which the boundaries were reflective and the electrons were
heated ia such a way as to keep their distribution Maxwellian in the

absence of heat flow.
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Figure 8.20 shows the spatial variation of the three variables p/po, n/p
and q/qfs where Geg is the free streaming limit.

The solid line represents the 13 moment solution and the circles give the
results from the particle code. The agreement betweean the two for the p
and q plots is satisfactory and what differences there are could well have
been predicted. In the fluid model a thermal disturbance can propagate o
faster than the thermal speed In the unheated region. By contrast, In the
particle slmulation the heat flux profile has a lower maximum and has

spread further.

For the variable m the codes are not in good agreement but since w/p is
small the effect on the p and q results is not significant. This
discrepancy ias to be attributed to the 13 moment equations where the
expansion of the distribution function is truncated with only 3 of the

third order velocity moments IlLacluded.

The flux of p Is accurately treated as %q, but the flux of 7 is not an
independent varlable in Grad's equations and 1s approximated to %gq. This
is generally an overestimate. The lesson to be drawn from this 1s to be

e¢lrcumspect about results obtained when n/p 1s large.

In a collision-dominated plasma the 13 moment equations (2) were applied
to both ione and electrcns in a one fluid, two temperature Lagrangian

code.

We used Fokker-Planck collision terms as derived by Salat (3), which for

the electrons are:

Bpe o,
(2] = 2y @ me (F3 = T
[ 1
an

ey __ 6
Gﬁf_)c =TT Ve e

|

C - .
G0 05 10 15 20 25
MICRONS

Fig. 8.20 Plots of PfPo’ I{p, q/qfg against % at the end of the simulatiom.
The full lines give the resules of the |3 momenc equations, and
the circles give che results for the particle code.
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with the electron-ion collision frequency given by

8 (m 5 nizze“
o = = 1 A 5
Ye1 T3 B g7y les ()
e e

where log A 18 the Coulomb logarithm.

Results were obtained from a run in which an initial density profile of
the form shown in Figure 8.21 was used. q = 0 is imposed at both

boundaries. FPlots of ne, Te, qe and qe/qfs as functions of x are shown 1n
Figure B.21 for times 0, 10 and 20 ps into the run. These varlables are

measured in code limits as follows:

ne - 102 cm 3
T, - 5.69 eV (6}
q, - 0.91 x 1018 gg=3

Experiments using this 13 moment code over a range of initial conditions

are continuing.

R D Lonsdale, T.J M Boyd, G A Gardner (Bangor) and J J Sanderson (S5t

Andrews)

8.4.2 Nonlinear heat flow

8.4.2(a) Electron heat transport in a steadily ableting Lorentz plasma

The breakdown of Spitzer's local perturbation theory of heat flow in
lager-plasmas (B8.33) has motivated numerical studies of electron heat
transport at the kinetic level (8.12) (B8.34) (B.35). The kinetic approach
has the virtue of belng able to describe non-leczl effects and has

provided useful insights into electron transport.



Common to all these studies (8.12) (B8.34) however, 1s the assumption of a
stationary plasma (ie zero ilon motiom). We descrlbe here a Fokker—-Planck
study of electron transport with self-consistent lon motion. We cousider
a slab of a steadily ablating plasma. The temperatures of the boundaries
are fixed and the plasma (s accelerated down a pressure gradient from the

'cold' to the 'hot' boundary.

A multi-(total energy) groups discrete prdinate code is used to obtain the
simultaneous solutions of the steady state 1~D electron Fokker-Planck

equation and the plasma equation of motion, for a gliven temperature ratio
at the boundaries and mass Flux through the system. The plasma carries no
electric curreat. As an 1llustration of the model Figure 8.22 shows the
kind of macroscopic proflles generated by the code. Results are still in

a very preliminary stage.

Oue laoteresting peint to emerge 1is the non-existence of a monotonic
electric potential solution for high (but still gubsonic) plasma flow

velocities. From the ion equation of motion

v ap

i i
ZnieE = mnv, 3§_'+ ﬁ;"+ Rie
(Rie is the rate of change of momentum due to collisions with alectrons)

one sees that if there were no Llon motion the electric field is simply the
thermoelectric fleld which is directed down the temperature gradiemt. If

however the convection term was dominant, the electric field would change

ay
sign (vi 3§£ ﬁ%% > 0, refer Figure 8.22). The plaswa flow velocity 1s

strongest near the 'hot' or 'eritical' surface and here the electric field
can change sign acting to accelerate the 'hot' electrons intoc aund the ions
out of the ablation region. The existence of a potential 'hump' can also

act to keep some electrons trapped just inside the critiecal surface.
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Temperature {(T), pressure (P) and density (D) profiles generated
by the code for a boundary temperature ratio of 2, The units
are arbitrary. The plasma flow speed (V) is normalised by the
local sound speed. The direction of flow is from the 'cold' to
the 'hot' bowundary.

Fig. 8.22



B.4.2(b) Transport and higher order Legendre moments of the electron

distribution function

One method of solving the electron Fokker—Planck equation involves
expanding the distribution function in spherical harmonics (or Legendre

polynomials in 1-D)

£
£(x,v,u) = I Pl(u)f (x,v)
=0
This produces an infinite set of coupled equations for the fz's. In
practice, the expansion must be terminated at some polat and to expedite

computation it is desirable to keep as few terms as are deemed necessary.

It 1s seldom certain a priorl how much influence the neglected higher
Legendre moments have on transport. In a recent study with a 1-D
polynomial expangion code Matte and Virmont (8.36) claimed that the first
two terms (£0, fl) are sufficient for electron transport. They found,
using a 'hot' and 'cold' boundaries model, that the steady state heat

flow differs from the Spitzer values because of the deviation of £? from a
Maxwellian.

We look at these findings using the same model for the apecial case of a
stationary, Lorentz plasma with no electric field or net curreat but with
an appropriate self-consistent density gradient. The deviation of £9 from
* a Maxwellian in a model of this type arises in part from boundary
conditions. A boundary temperature ratio of 2 and above was used in
(8.36). We try to minimise this effect here by using a ratio of 1l.1. In
the collisionless limit £9 deviates very little from a Maxwellian.

The Fokker-Planck equation is solved using a multi-group discrete ordinate
code. 50 angular direction (0 < N < 1) and 12 energy groups at 0.5,
1.5, 2.5, «usy 11.5 '1'c {in units of the temperature at the 'cold’
boundary) are used. The electron mean-free-path is velocity and density
dependent (= v“/ni(x)).

Figure 8.23 shows the steady state heat flow is significantly below the
Spitzer value even for quite modest values of A/LT (~0.01). X is the
mean—free-path of an electron of energy kT and LT is the temperature
gcalelength. (All quantities refer to the local values unless otherwise
gpecified.}

Using a point 'A' on Figure 8.23 as an illustration, table 8.03 shows the
values of £1/f9 and £2/£0 calculated from the distribution function
obtained from the code. 1In column four (under 'A') is shown the values of
(log £%E) - log £0E + AE))/2E ie the gradient of log £9 v.s, E(=%mv2).
This 1s a constant for a Maxwellian. One sees that |f1If°| <1,
1£2/£%)<< 1 and £0 15 very nearly a Maxwellian. These conditions are
typical of many of the simulations for different collisionalities. In
particular the less collisional the system, the more £¥ approximates =z
Maxwellian (because of the very small difference in boundary
temperatures). One might have expected that under these conditions the
Spitzer formulation would be a good approximation. From Flgure 8.23 we

see this i1s not the case.

Table 8.04 compares the flux-carrying part of the distribution f!l
calculated in the following ways:

(a) féode’ from the code,
L w2 1 aT
1 - _ 2 - = . 1 lr.
(b) fElp 5 E;E 4) T o fM' ie the 'Spitzer £ fH is a

Maxwelllan at the local density and temperature.

From the exact equation for fl,

1o _ABE A df®
£ 7 5 1
we define
A of0
£} = - § 5 code (la)
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Fig. 8.23 The heat flow taken at the centre of the system for each
simulation normalised to the local Spitzer value.

0 2
£l =-%%code--5'\--gi—code (1b)
02

In equations (la), (1lb) £0 and £2 are cbtained from the code.
co code

de
Table 8.04 shows that despite the very small ratio of £2/f0 here,
neglecting the £2 term in equation (1) can make a factor of 2 changes in
the results. The heat flow here, calculated with Eé Is twice the actual
result. For more collisional systems the contribution from the £f2 term
decreases but the ratio of £2/f? remains about the same. In this case at
least, the relative sizes of £¥ and £2 do not correlate with the influence

of £2 on transport.

E;p overestimates the flux by up to an corder of magnitude for the more

energetic electrons. Replacing fgo in equation {la) with a Maxwellian

de
at the local temperature and deansity gives essentially the same results at
£L .
sp

The reason f;p overestimates the heat flow 1s that the 'effective
temperature and density gradients of the energetic heat carrying electrons
can be much smaller than the gradlents for these quantitles which are
obtained by integrating over the whole energy spectrum. The spatial
variation in the local temperature and density are caused mainly by the
spatial variation in the number density of relatively slow collisional
electrons which carry little flux. The energetie, flux-carrylng electrous
are essentially streaming through the system {(in both directioms)
suffering relatively few collisions because of the v" dependence of the
wmean-free-path. Replacing £0 by some {isotropic) distribution (eg a
Maxwelllan) which is governed by the local density and temperature will
therefore give a wrong estimate of the anisotropy of these energetic
electrons. This agrees with the study by Matte and Virmont (8.36).

However, we note that it is not the deviation of £? From a Maxwellian that
is in itself responsible for the difference between the actual and the

Spitzer heat flows; this can be seen, for example, by comparing the



E = smv2{el/e0 (£2/£0 |(log £0(E) - log £0 (E+AE)/AE
X Toopq |% 10 2|x 1073
lAf |B|
0.5 -0.31| -0.32 0.416 0.427
1.5 -1.1 | -0.30 0.415 0.423
2.5 0.60| -0.30 0.414 0.421
3.5 0.87( -0.34 0.413 0.420
4.5 2.8 | -0.40 0.413 0.417
5.5 4.9 | -0.45 0.412 0.415
6.5 7.1 { -0.49 0.411 0.414
7.5 9,3 { =0.52 0.410 0.412
8.5 11.5 | -0.53 0.410 0.411
9.5 13.6 | —0.54 0.410 0.410
10.5 15.7 | -0.54 0.410 0.409
11.5 17.7 { -0.54
Table 8.03
E = jmv? flsp/féode fb/féode fazjféode

0.5 1.2 1.0 1.0

1.5 2.1 1.0 1.0

2.5 -6.2 1.1 1.0

3.5 2.8 1.3 1.0

4.5 1.2 1.5 1.0

5.5 3.1 1.7 1.0

6.5 4.9 1.7 1.0

7.5 6.8 1.9 1.0

8.5 8.8 2.1 1.0

9.5 10.9 2.2 1.0

10.5 13.0 2.2 1.0

11.5 15.3 2.3 1.0

Table 8.04

'Maxwellian-ness' of points 'A' and 'B' on Fizure 3.23. The last Lwo
columns of Table 8.03 show the deviacion of 9 from a Maxwellian for 'A°
and 'B'. 'B' has clearly less of a Maxwellian stcucture. The heat flow
for 'B' 1s, however, closer to the Spitzer value. The decldiog Factor
here is the degree to which the local temperature and denslty gradiants
represent the 'effective' temperature and density zradlents of the

energetic heat-carrying electrons.

H Kho, D J Bond aud M G Halnes (Tmperial College)

8.4.3 Time-independent solutlion of the Vlasov—Fokker—Planck equation

for a planar ablating plasms

Thermal electron energy transport in the presence of the steep temperature
gradients has received much attention in recent years, and 1t has become
apparent that the heat flow depends on its context and that a unlversal
value for a flux limit does not exist. We report here on a seli-
conslstent solution of the Vlasov-Fokker-Planck (VFP) equation for
electrons and the hydrodynamic equations for cold ious in a planar
steadily ablating plasma. The problem is made time-1independent and the

equation for the electron distribution is

o B ¥ L B Bu B 2y I
x 9K 5vx Y e Exﬁvx “Ec ﬁs
D
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where p = vx/v and Bflat)s ig an externally applied heat source. The
eletron distributlon functlon f is defined in a rest frame which 1s moving
at a local veloelty u(x) which is set equal to the bulk plasma flow
velocity. We make the following approximations:

(1) The ions are cold and electron~lon energy exchange 1s omitted.

(2% The electron distribution funection can be written in the form
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f = fD + ufl- This is equivalent to a Legendre polynomlzl expansion in u
with all terms except the first two neglected. Work by Matte and Virmont
(8.36) with a computer program in which higher order terms are 1lncluded
has shown that this 1s a good approximation, particularly when the heat
flow is close to the regime in which the Spitzer comductivity is valid.
This is confirmed by ocur own experience with a simllar computer program
(8.12), and it has also been shown to be the case in related analytic
solutions of the VFP equation (8.37). Other terms in the VFP equation
which make a coutribution smaller in magnitude than the higher order

Legendre terms are also dropped from the calculation.

(3) The collision coefficients G, Dl , and Dn are calculated from the
igsotropic part of the distribution, and are the same as those used in our

previous woerk (8.12). They can be written as

n kT ©
18 1 1 e e 4w 4, 3
by mry, v o T3 hvinsgwan]
e v
9 11 I
¢ =g 3, vr e - [ amit(way]

2

1 9 1 kT P u
DJ. = m‘A—Dv [(2-"‘].)1‘1E - 'me—vﬂ"' ‘{ 4"[—-3—- u- - -372) fu(u)du]

where Ay = 9m2/[4ﬂne”(z+l)1nn]

and kT/m is one third the mean square electrom velocity. In the high~
veloclty limit, the integrals in these expressions and the term nekT/mev2
tend to zero. Most of the energy transport takes place at velocities of 3
or 4 times the thermal speed vt (vg = kT/me). We neglect these terms and
made the approximation that the high velocity asymptotic forms are correct
at all velocities. This overestimates the strength of the collision terwms
at low velocity while malintalning the correct equilibrium ratio of Du/C.
Although the asymptotic approximation is good for velocities at which
energy is transported, there are signficiant electron currents at lower

veloeities, and the approximation ia the collision coefficients affects
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the electric field required for chatrge neutrality. This in turn affects
the heat flow. Nevertheless, the departure from the Spitzer conductivity
(8-30) 1s determined by departure of fy from Maxwellian, and this only
takes place at high velocities in excess of 3vt. Consequently, the
approximate coefficlents are good for our purpose provided that we compare
the calculated heat flow with a 'modified Spitzer' conductivity which is
also calculated from the asymptotic Fform of the collision coefflcients.
The modified Spitzer conductivity differs from the correct Spitzer
conductivity by 20 per cent when Z = 4, and by 5 per cent when Z = 16,
with the error decreasing as Z inecreases. The validity of this
approximation was examined by caleulating the exact coefficients and
comparing them with the asymptotic approximation. The errors ilntroduced
by the approximation were found to be small for velocitles at which the

distribution departs from Maxwellian.

(4) It is assumed that all energy applied externally to the plasma is
glven to low veloclty electrons (v < vt) as would be appropriate for
heating by inverse bremsstrahlung. In these cases considered here,
heating 1s weak in the sense that the characteristic heating time 1s small

compared with the electron collision time. The heating term is therefore

not significant for the high velocity electrons which are active in energy

tranaport. The input energy 1s given te low velocity electrons and
transferred collisionally to high velocity electrons which tramspert it to
the colder parts of the plasma. When considering energy transport it is
therefore not necessary to model the energy input accurately provided that
the heating 1s weak enough for (aflat)s to be neglipgible at high
velocities. Instead, it 1s important to use collision coefficients which
account for collisiconal energy transfer to those electrons which transport
enerxgy. The equations for the collision coefficients at high velocity
show that this 1s equivalent to specifying the correct temperature which
then determines the ratio D“/C. We therefore let (Bflat)s = 0, and Iinput
energy to the system by writlpg the coefficient D" as

Dﬂ =13 neef[lo(z+l)v3] and choosing 6 equal to the required temperature
instead of the temperature calculated by averaging over the distribution.
It is found in general that the temperature calculated by averaging over

the electron distribution is not exactly equal to the imposed temperature
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bacause the nmission of the tera for enerygy input implies that the
electron energy dlstributlon 1s not being corcectly modalled at low
velocity. The differance betweea the two temperatures would ia reality be
rensved by rearrangement of the electron dlstrlbuticon by external heating.
Ta the case of lheatlng by inverse bremsstrahlung thls would be due to a
flattealng of the distribution close to zaro veloclty (8.38). The size of
the error introduced by treatiag heat input in this way can be estimated
form the difference between the calculated and lmposed temperatures which
{s found at most to be a faw per cent in the cases consldecred here. This
indicates that the errors are not large and make llttle difference to the
distribution at high velocity where the energy transport occurs. If
however, heat 1s applled much more stroangly by liamiting its application to
a smaller region of plasma it s found thar the difference between € and
the calculated temperazture is large and a full treatment Lncluding the

heating term (af/at)s and correct collision terms Is needed.

In ovder to solve the equation for the alectron distributlon we must
specify the imposed temperature €(x), the plasma flow velocity u(x), and
the value of f, at zern velocity, which 1s equilvalent to specifying the
density. The density, velocity and tamperature profiles are determined by
the fluld equations Eor mass, womentun and energy conservation. Plasma
heating is included in the equation for energy conservation, and we
specify the energy input arbltrarily as tawing place over a dlstance of
10-20 electron mean frea paths with a sinusoidal spatial dependence. A
reallstlc ablating plasma cannot be truly steady-state because incoming
laser llght would he absorbed by inverse bremsstrahlung in a plasma
ablating uniformly to infinity. However, the planar steady-state
formulation with arbltrarily impesed energy input will be a good
representation of a system in which the distance between the absorption
and solid surfaces is small

compared with other distances such as the radius of curvature of a curved
critical surface. The high and low density boundary coaditions can be
determined in terms of shocks (8.39) which are moving away form the region
of energy Input, but in order to limit the size of the calculation we
Lmpose boundaries at left and right at whlch the derivatives are zero and

hence there is no conducted heat flow. Although this is not strietly
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correckt, the distances of the boundaries from the active reglon of the
plasma are large eaough Eor the bouadarles not to affect the solutlon
noticeably. We speclfy the temperatures at each of the boundaries, and
the Mach numbar and density at one of the bundaries. We choose a YMach
number of 0.8 at the low deansliy houndary. A value closer to unity would
probably be more reallstic but the calculatlon does not converge 1f the
Mach number is close to unity. The equatlons are solved by an iterative
process on a grid which has 64 grid-points in positlon and 43 in velocity.
Apart from the graphics routines, the computer program 1s completely

separate from that used in out previously published work (8.12).

The results of the calculation are given in Flgure B8.24 which shows the
temperature, heat flow and density profiles for a plasma with Z = 15 and
mi/Zme = 3§72. The spatial coordinate is in units of the mean free path
of an electron with energy 3kT/2 at the hot end of the plasma. The
results are compared with the Spitzer conductivity in Figure B8.24. Curves
a, b and c are plots of the flux-limited Spitzer heat flow with no flux
1imit, and harmonically imposed flux limits of 10 per cent and 5 per cent
respectively. The heat flow glven by these curves 15 calculated from the
temperature proflles 8(x) calculated by sclutiom of the VFP equation.

They show that the VFP conductivity is lower than the Spitzer conductivity
near the heat source, but marginally higher on the tall of the profile.
Clearly there is no one flux limit which 1s correet but a limit arocund

5 per cent appears to be appropriate mear the heat flow maximum. TFigure
8.25 15 a plot of Q/Qf against L/) where Qe = nekT(k.'.'l'/me)!2 and L = T/VT.
The waximum value of Q/Qf is deterqined by the Mach number and mi/Zme, and
although Q/Qf does not exceed 3 per cent, a somewhat larger flux limit is
suffleient to produce the deviation from Splitzer om account of the limit

being imposed as a harmoanlc mean, Q~ + a QEl, where a is the

1=Q"]
Spitzer
flux limit. A second comparison of the results with the Spitzer
conductivity is given in Figure 8.24 by the curve for the temperature 39
calculated by self-consistent solution of the Spitzer conductlvity with
the conservation equations for mass, momentum and energy. This profile
can be directly compared with the temperature calculated by solution of

the VFP equation, the only difference beiﬁg the way in which the heat flow
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8.24 Temperature (0), density (p), heat flow (Q), and energy input (H) as functions of positiom.

is measured in units of the mean free path of a thermal electron at the hot end of the plasma.
The dotted lines are the
flux-limited heat flow calculated for the temperature profile O for (a) no flux limit, (b) a 10Z flux
limit, and (¢) a 3% flux limit. The dashed line Qg is the temperature profile found by self-consistent’
solution of the hydrodynamic equations with the Spitzer conductivity instead of the VFP equation.

marks at the top of the graph indicate the positions of the grid-peints.

electron-ion mass ratio is m;/Zmg = 3672, and 2 = 15,
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Fig. 8.25 "Log (Q/Q¢) plotted against log (L/X) where Qr = nekT(kT/me)%, L=THT and X is the mean free path of an
electron with energy 3kT/2. All quantities are calculated locally. Each cross represents one grid-point.
The solid line is the Spitzer conductivity. The electron-ion mass ratio is m;/Zme = 3672, and Z = 15.




is calculated. The differ=nce between cthe VFP prafile and the Spltzec
profile Ls small. The heat flow devlates significantly from the Spltzer
heat Elow near the reglon of energy inpd:, but the effect on the overall
temperature profile is weak because the devlatlon only occurs over a short
leagth of plasma, and the overall distance between the absorption and
solid surfaces is little affected. The deviation from the Spltzer theory
manifests itself primarily as a steepening of the temperature gradient in
the reglon where heat is applled. The difference between the Spitzer and
YFP profiles 1s swall enough for Lt to be very doubtful whether this could
be responsible For experimental measurements which require the use of a

flux limit in a hydrodynamic computer model.

The data given in Figures 8.24 and 8.25 relate to a simulatlon in which

—

Flf—l—lll|l[||III'Il'llllIIIIIjIIlIIIIIIIIHI|||IlIIIIIIillI|'Il| T 11

the Mach aumber is 0.8 at the low—dens{ty boundary.
produced plasma is usually divergent elther because

spherical or because the focal spot of the laser is

The flow in a laser—
the target 1s
limited in size, in

which case the Mach number could be expected to be larger. Although we
cannot model higher Mach numbers with the preseat planar-geometry computer
program, the important feature associated with a higher Mach number 1is the
higher ratio of the plasma flow velocity to the electron thermal velocity
and we can mimle this effect by changlag the alectron-lon mass ratio.
Energy conservation implies that the maximun heat Elow Qmax occurring on

the high density side of the region of energy input is given by

%
Qmax zme M 2
Q, '['m_l—]i'(5+1'1)

where M ls the Mach number. The ratio of the maximum heat Flow Qmax to

the free-streaming Limit Qf is increased by either Increasing the Mach

number or increasing the electrou-lon mass ratio. Consequently, it is
i{nstructive to solve the equations with an tacreaged electron—lon mass

ratio but keeping the Mach number 2qual to 0.8. Figures B8.26 and 8.27 are

Fig. B.26 Same as Figure 8.24, but with mj/Zmg = 632.

graphs of the spatial profiles and the conductivity for mass ratio m1/Zme
of 632 which 13 equivalent to imncreasiang the Mach number to 1.5 while
keeping the mass ratic equal to 3672. The VFP conductivity differs
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8.25, but with mi/Zme

8.27 Same as Figure
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conslderably from the Spitzer conductivity. The maximum in the heat Flow
ts commensurate wlith a harmonically imposed 1) per cent flux limlc. To
the left of the maximum ia Figure 3.25, the heat Elow is lower than that
glven by a 10 per cent limit, and to the right it is higher. Hhen we
compare the VFF temperature profile with the Spitzer profile we see once
again that there Is very little difference in the distance between the
absorption and solid surfaces. Hence, evea for an equivalent Mach number
of 1.5, although a Elux limit of around 10 par cent zlves the best flt to
the conductivity, the dLfference from the Spitzer conductlvity occurs in
such a way that measurement o{ the difference way be beyond the

sensitivity of present expecriments with laser-produced plasgmas.
A R Bell (RAL)

8.4.4 Heat Flow Instabilities

The presence of heat flow instabilities 1in laser—-driven plasmas may tesult
in a wide varlety of unstable phenomens (B.40)}. These could generally
have adverse effects on the symmetry of the implosion znd more
specifically on the electron energy flow hetween critical and ablatlon
surfaces (B.41).

Here we are concerned with maguet!lc fleld generating thermal Lnstabllities
which may grow on a time scale louger than the electroun-icm collision time
and whose characteristic wavelengths are larger ;han the electron mean—
free—path. Under these conditions fluid theory is usually thought to
provide an adequate description of the plasma (8.42), and therefore maany
instability mechanisms have-been developed on the basis of such a theory g
(8.40). Our aim is to use a kinetic model, 1n an attempt to lavestigate

the £luid predicitions.

We shall start off with the assumption of no electron—electrom collisions
and motionless lons. The former being valld for hlgh Z plasmas oaly.

3ince we are comsidarilng collisional electrous, a furthar simplification
is achieved by expanding the distribution f as £ = £, + £;. v/v. Making

use of the orthogonal properties of this expansion, the Fokker-Planck
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equat lon becomes (B8.43):

af
0, v 11 3 (v -
wr3 T e G bh)=0 (1)
a.f_l a‘ED
ap b VUG = D E g - ME, £ VE) = 0 (2)

where the collislon frequency is v = niY/v3, Y = 4u{ZeZ/a)2lnA, ni(=n/Z)
being the ion number density, lnA the Coulomb logarithm, E the eleetric

field, and 2 the electron eyclotron frequency.

In order to couple the fields In the Fokker-Planck equation we need

Faraday's and Ampere’s Law,

3 e
-é—Eg——E—VA_E_ (3)

-
4re] (Axe)z 3
VAl = —— = - e £
ﬁﬁ me 3mc £ dv v -1 (4
where, by neglecting the displacement current we have restricted ourselves

to describing phencmena on a scale larger than a Debye length.

Linearizing equations (1) to {4} by assuming an equilibrium and transverse
perturbation of the form: E = (0,0,Eg(x)) + (Ei(x),o,gg(x))exp i(kx-wt),
2= (0,2} (x),0)exp 1(kx-ut), f=Eﬁ(z)+fg(z)vz/v+(E;(x) +
fi(x)vx/v+f;(x)vz/v)exp 1{kx-wt), we obtain,

-tughr B gl = 0 (5)

1

m av 0 (6)

vEl 4+ fhved - @le0 -
X y z

5 S Eb ¥p 50 ot
1 L e 2 " _ & 2 ___ =
Ufz t vasz m av m av e i
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1o -8 (jypl - & 1
Luay = [m—:z 35 Ex) (8)
2 -]
tet] = - (‘3"%)_5 dv v3gl (9

where the perturbation wavelength A(=2n/k) 1s assumed to be smaller than a
characteristic scale length L, in accordance with the local approximation.
Following the collisionality condition, imposed on the electrons, we have
neglected from equations (6) and (7) the inertia term iqi{ in comparison
with QE}, and shall require that A >> Ath’ where Ath = (ZT/m)ZlniY is the
mean-free-path of an electron of energy T. Lastly, we have neglected the
electric field contribution from equation (5), in view of the fact rthat J

and & are first order quantities.

Since we have omitted the displacement current in our analysls, we need to
evaluate the longitudinal electrle field E! by means of the quasi-

x
neutrality condition V-3 =0, le j; = 0. Thus, substituting (5) into (6)

and taking the v3 moment of the resultant expression for fi,

el ot
£l (SR (al gg v X

+ X 10
kA2 Y no v (0

we obtain eEl/m = onl,
. Y - agh

where ¢ = [-f dv v £9/(k%v2 - 31uv)) [ dv w3/ (k%2 - 31wy 71,

Inserting E; back into equations (5)-(8) we arrilve, after lengthy

algebralc manipulations, at an integro-eigenvalue equation in

f;:fé+x(w,k,f°)z dv v3f; = 0. This has standard sclutlons of the form E:

= constant x x with eigenvalues w given by 1+Z dv v3 X = 0. Expressing

the dispersion relation in terms of dimensionless parameters, we have,

vd g 3y vS J(F? s 0 ¥ 5, )

1 -]
L+ 22fdvv5 [(E—EWJ(: v_+7’év_)+i”'3v__'5?'5v_]=o(ll)
3k Ls o vI-n

where,

W= m/"th y &= ¢/Vth,

V= v/vth . Ls = c/mpkth,

= M dzlF = 3 44,0
K k)\th , d/dz'F - (tm/n)vthd fdz"f,

el = eEVmv

v = 3wy /k2y2
2 Veneh " th/ Ven?

with v = (2T/m)§ being the thermal velcelty and v, = niY/VSh the

th
collision frequency of an electron of energy T, and mp = (énnezlm)% the

plasma frequency.

In the limit of small n and by assuming a 'Spltzer' type equilibrium

distributlon, equation (11) reduces to,

v 127 2
—+A3——2 B—KLE (12)

= -1 = 2/dz2 W=W_+1W_.
where, Ln,t Agpd/dz la(m,t))71, & Atthd /dz2 T, and W i

Coefficients A, Ay, A, are listed on table 8.0 .

In the fluid approach one would have inttially taken appropriate veloclity
moments of the Fokker-Planck equatioun, evaluated the transport
coefficients, and then linearized the resultant set of equations. Tidman
and Shanny (8.44), and then later Hirac and Ogasawara (8.45), have
developed the thermomagnetic instability theory based on Braginskii's
fluid equations and obtained a dispersion relation equivalent to (12).
For better comparison between kinetic and Ffluild results we have also
developed a fluid type Instability theory by taking velocity moments of

our linearized traunsport equations (5)-(7). On table 8.05 we 1ist
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r““l Ay Az
Braginskil
9.099 -0.3896 6.066
Coefticlents
Our
9.814 1.908 6.543
Coefficients
Kinetic
14.87 -1.453 6.543
Theory
Table 8.05
1 1
a 8y Y Bb 1
LT 57
Braglaskil
0.2949 1.521 12.471 9.126 106.5
Coefficients
Our -
. 0.2945 1.500 13.581 | 9.844 172.7
Coefficlents
Table 8.06

coefficlents A, Ay, Aj,s basad on both fluld medels.

By comparing the flutd coefficleats on table 8.05 we observe diffarent
values for Ay. The reason for thls arises from a discrepancy between our
transport coefficlents and those derived by Braginskii (8.42). We have
1isted them on table 8.06, where we notice in particular that the Righi-
Leduc heat flux coefficient obtained by us i{s a factor of 1.6 higher than

Braglnskil's.

& comparison between fluid and kinetle results, on the other hand,
indicates a much larger discrepancy. This comes about because of the
assumption of no electron-electron cellislons in our kimeric model. Thus,
rather than belng always close to thermal aquilibrium, as assumed in fluid
theory, the electrons are able to dgiﬁuse in space much more freely, as
governed by the diffusion equation §E£'+ % V{E} = 0. Clearly the
isotrople part of the perturbed distribution E; will not necessarily be of
Maxwellian form. A very similar effect has been identified by Bell (8.37)
in the context of ion waves. Strictly, the validity of our kiretic
results should be verified by comparing the magnitude of the e-e collision

term with other terms in the Fokker-Planck equation.

We have solved the full dispersion relation (11) numerically and compared
it with the equivalent £luid results. In Figures 8.28 and 8.2% we plot wi
against A(=A/Ath) for Va.Yf < 0 and ¥n.VF > 0 respectively. As observed,
the uastable modes obtalned Erom kinetie theory are more pronounced for
¥n.9T < 0 and for decreasing electron heat flow q. We also notice that

the discrepancy between kinetlc and fluld results diminishes as A > 103.

In conclusion, we have rederived the fluid transport coefficleats in the
limit of high Z and small magnetic fields, and found the Righi-Leduc heat
flux coefficlent to be 60% larger than obtained by Braginskii. We have
also Found that for perturbatlon wavelengths shorter than about 1000
electron mean-free-paths, the non-thermal nature of the electrons tends to
drive the thermomagnetic instability harder than is predicted by fluid
theory. This effect being most significant in the regions where Yo.%T < 0



Fig.

8.28

Plots of Wy versus A for Ly =50, Ly = =100, Lg = 0.05 and

A =-5/2,0 (ie V.q = ¢ and V.q < O respectively). Kinetic
resulets are represented by the full line, fluid resulrs with
our coefficients by the dash-dotted line, and fluid results

Braginskii's coefficients by the dashed line.

Fig.

8.29

Same as Figure 8.28 but with L

100.




and V{& < 0, as would be typlcal in the overdense plasma.

E M Epperlein and M G Haines (Imperial College)

8.4.5 Radiation Transport with a Planckian Distribution

Further investigatlon has been made of the radlation energy equation
{(8.46) when the radiation field 1s Plancklan. The relevant source terms
in the equation are due o electron-radiation energy exchange, which we
will compare with electron—ion enerpy exchange, and radiation thermal
conductivity, which we investigate when the radiation temperature varies
from that of the background plasma. Both of these terms may be derived
from the equation of transfer, which Iin the usual notaktlon is

1 aIv

Tt AN, - Ko (IUp - Iy (1
This is approprlate for material in LTE, and where scattering can be
ignored. We proceed in the usual manner, taking the zeroth and first
angular moments of (l). Comblning these 1n the diffusion approximation
yields

au

— i = 1 -

o +v[3—K$ w,)=c «kl (va v,) (2)
where UU is the spectral energy density. va is its equilibrium value,
tied as it were, to the temperature of the plasma. After integrating over
frequency, we may identify the second term on the LHS of (2) as the
radiation thermal conducticm term, whilst on the RHS we have the electron—

radiation energy exchange term. The former may be shown to be

— z.crrr‘*
32 9 [ 9] )

where we have defined the Rosseland mfp In terms of the non-equilibrium

Planckian Uu’ and hence Tr’ by
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Ag =t = z (xhy1 :% au/fcr: -2-:—:@ z z (ey71 () dv t4)
It t9 customary at this stage to define AR in terms of the equilibrium
density va, and hence Te' To determine the signficance of this we have
evaluated both possibilities for comparison. Since K% must be specified
we have chosen the slmplest example, that of a fully ionised gas, where
K, = v'3, Thus we may represent mt (corrected for stimulated emissicn) in
terms of the reduced frequency v = h\J/kTe as A(l —exp(-u))/u3 where
A= A(Te,Ni,Ne). For our radiation Planckian however, our welghting
function wRis given by
5.5 u ¥ (euu -1)2 (¢ =T /T))

Hut e r
We now see that the customary cholce uses a = 1. We shall therefore
compare AR(G)/AR(u = 1) for a fully ionised gas. This is plotted in
Figure B.30. For 0.1 & < 10, the ratio varies over six orders of
magnitude, ie adoption of the equilibrium value seems inaduisslble wicth

large temperature variations.

The electron-radiation energy exchange term will urilise the definition of

Planckian mean opacity, xp, viz

oD o
= 1 1.
Kp g 5 va dv / g Ky va dv

40T
a

This is defined in terms of the equilibrium density. It is tempting to
write the freqency integrated RHS of (2) as AGKP(T:-T:), since then the
electron-radiation exchange term would be proportional (ilnter alia) to
(Te-Tr)’ analogous to the electron—ion case. The fallacy lies in the
definition of KP which cannot slwmultanecusly be defined in terms of va

and U . We shall now show that the temperature ratlo a = Te/Tr and not
v
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Fig.

The

tatio of

Apled MAg(1) (see text).

temparature difterence (Te—Tr) is the cazlevant parameter in the exchange
term (again for a Fully ioulsed gas). TIa teras of the reduced fraquency,

the frequency fntegrated RHS of (2) becomes

p § e

[}
w

where B = A 8nh/c2, Jith A as above. In passing we note chat the
stimylated emission factor is erucial to ensure the convergence of the
Integral. The integral may be replaced by —-(y(l/a) + Y)/a where § is the
Psi/Digamma Eunctlon. Y 18 Euler's constant {see Figure 8.31).
Curiously, as a increases, le Te >> Tr, the graph indicactes that the
electron to radlation exchange approaches a limiting rate. Comversely
there seems to be no limit to the rate at which energy can be lost Lo the
electrons from the radiation. As expected there is no exchange when

a=1, e '['e = Tr’ but the temperature difference 1s nowhere lnvolved.

In conclusion, however, it must be conceded that the above results, both
for the Rosseland mfp variation with Tr and the electron—radiation
exchange rate, will not be as dramatic as they seem since the LTE
requirement will restrict thelr application to cases where Tr is near Te.

A C Wnite (Glasgow Universlty)

8.4.6 LTE Opacity Calculations

The radiative opacity of hot materials is important for the caleculation of
radiative preheat in laser targets. A computer code, originally written
by T R Carson (S5t Andrews) to calculate the LTE radiative opacity of
stellar material, 1s being adapted to produce multigroup opacities for use

in laser target calculatiouns.

The opacity calculation uses the average atom model and for any given
temperature and density it firstly calculates tlhe Thomas—Ferml spherically
symmetric potential. This is used to obtain both bound and free one—

electron wave functions from a numerical solution of the Schroedinger
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equation. The probabllity of occupancy of each one-electron state couwes
from Fermi-Dirac statistics. The code includes bound-bound, bound-free
and free-free contributions to the opacity which are calculated from
matrix elements of the one-electron wave functions together with the

zL L average electron occupancies.

It is hoped that the code will produce multigroup data for the
microballoon shell materials glass and plastic as well as the fill gasses

Freon, DT and Neou. Initially the code 1s being used to calculate single-

group Rosseland opacities to allow comparision with existing stellar

2 L _ [ Lp ('[li) "'!]/ﬁ opacity data.

T R Carson (St Andrews), D J Nicholas, S J Rose {RAL) and A C White
(Glasgow)

8.4.7 The Calculation of Radiation Preheat in Laser Driven Implosions

There are two areas for which radiatiom transport needs to be consldered
in laser produced plasmeas. The first is the calculatien of the X-ray
spectrun including detalls of line shapes and line Intensity ratios for
comparigon with spectroscopic observations. The second area, which Lz the
subject of this work, is the calculation of energy flow by X-ray photons
which can affect the behaviour of a laser target both by radlation cooling
of the hot core and radiative preheat. To assess the effect of radiative
preheating, the transfer of energy by radiation has been Included in the
10 Lagranglan hydrodynamics code MEDUSA.

In a laser—heated plasma, the reglon of maximum X-ray emission occurs just
ahead of the critical surface and energy is radiated both outwards and
inwards to the cooler absorbing region. The diffusion approximation is
therefore questionable because of its assumption of isotropy of the
radiation field. The model adopted (which with some modifications 1s that

deseribed in the previcus annual report) differentlates between photons
travelling into the target and those travelling outwards. In each case it
13 assumed that radiation is isotroplc in the half space. The photon mean
Fig. 8.31 {a) The psildigamma function. free path depends strongly on the photon energy, in general the higher the
(b) (b /e)+y)/e. o= T /T
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photon energy, the longer the mean free path. To account for this in an
approximate manner, the calculations split Lnto 30 groups and each group
is transported separately; inelastic scattering is expected to be
negligible and 1s ignored. Only photon absorption and emission is
considered. Attenuation of the flux through each cell is taken to be
exponential. Because the cool, dense region for which absorption isg
thought te be most important 1s expected to be in LTE, the absorption
opacity 1s calculated from an LTE average-atom model due to Pritzer.
However the X-ray emitting reglom is not expected to be in equilibrium and
the emission from each cell is calculated assuming a coronal steady state
reduced by a correction factor determined by comparison with experimental
measurements of X-ray spectra and with X-ray conversion efficiency
measurements. This correction factor is thought to arise because the ions
do not spend sufficiently long in the heating region for the ionic

populations to reach a steady state.

The effect of radiative preheat on the implosion of thick-walled plastic
microballoons can be seen from Figures 8.32, 8.33 and 8.34. Figure 8.32
shows that although the motion of the inside surface of the plastic shell
13 relatively unaffected by radiative preheat, the outside of the shell is
more etrongly affected, the 0.l g/cc contour appears at a larger radius
when radiation preheat is included. This is because the density profile
has been modified by the inclusion of radiative preheat (Figure 8.33).
This may have considerable implications for the interpretation of
backlighting implosion experiments. The effect of radiation transport on
the electron temperature through the shell can be seen in Figure 8.34

where radiation heats the inside surface of the target.

S J Rose and R G Evans (RAL)

8.4.8 Some Numerical Aspects of NLTE Radiation Transfer Caleulations

There exists a large body of work relating to Non-LTE radiation transfer
in stellar atmospheres (8.47)(8.48). Previous work connected with the CLF
has used the equivalent two level atom (ETLA) approach (8.49) to perform
time-independent calculations (8.50). Additlonally time-integrated
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spectra have been syathesised by summiang the results of time-{adepeadent
calculations (8.51).

Three aspects of performlng radlation traunsfer calculatloms ia laser

heated targets have been coaslderad.

{a) The incluzlon of time-dependent radiation transfer and rate

equatlons within the ETLA approach.
(b)) What 1s the most efElcient way of solving the radlative transfer
equation in the falrly collisional plasmas of modecate optical depth

encountered in laser heated targets?

(c) $imulating tadiatlon transfer in media where population iaversloun
exists.

Time dependent radiation transfer

The time dependent Form of the radlation transfer aquation is:

13 a1
——I+3-W=— x(r) I + n(t)

Time dependent effects arise because of the %—%? term and the time
dependence of the npacity and emissivity (x and n). 1If fully impllelr
differencing is used in both che transfer and atomic rate equatlons then
it is stralzhtforward to obtailn a Finite difference scheme using the ETLA
approach., The computational work required (s comparable to that needed to

solve the time independent problem. Detalls are gilven elsewhere (8.52).

Efficiency of Calculations

Two aumerical approaches to the solution of time independent radiative
transfer ~ kinetic equilibrium calculations exist. The Radlation Physics
Group at the US Naval Research Laboratories have employed A iteratioun.

This approach luvolves iterating between a formal (x amd n given} solution
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of the trausfsc equation and a solutinn of the atowic vate equations. Tt

nay be adapted to model time dependent probleas ia a stralghtiorward
manner {(8.33).

Other investigatore {8.50)} (8.54) have used the ETLA approach. 4
provisional optical depth scale iz constructed for each transition.
Assuming that the rates from levels other than the pair being considered
can be taken as fixed it is then poesible to derive an expression for the
source function (n/y) which is linear in the radiation field.
Simultaneous solution of the radiation transfer equatiom for all
frequencies within the spectral llne of lnterest allows some account of
the effect of the radiation Eifeld on the source function to be made
implicitly. The atomlc rate equations are then solved and the whole

process 1s lterated.

The ETLA approach coaverges in fewer iteratlons than A iteration but the

computational cost per iteratiom is far greater for the ETLA method.

The ratio of the costs of A iterations to ETLA iteration 1s highly problem
dependent. TIf {collisional de—exclitation rate/spontaneous radiative rate)
> 0.1 or optically moderately thin (probability of escape > 0.1}, A

iteration has a very considerable advantage.

The advantage which A iteration has may be Increased and extended to less
collisfonal and more optical thick plasmas tf the iterative process can be
accelerated. The Chebyshev semi-iterative scheme (8.55) has been
successfully applied to radlative transfer problems (B.56). Additicnally
the method developed by Reed (8.57) has been used to find regimes where
the synthetic method (8.58) should be useful (8.59).

Radiative Transfer in Lasing Medila

Alley et al (8.54) have studied gain in externally pumped X-ray laser
schemes. They encountered numerical difficulties in treating the
radiative transfer in inverted tramsitions. These arise for two reasouns.

Firstly, because the Feautrier (u,v} form of the radiation transfer
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equation s {nherently unstable if the opacity Is negative. Secondly,
because the idea of using a provisional optical depth scale is no longer
useful. These problens may be avolded by (a) using the first order form
of the radiative transfer equation and {b) accounting for the change ln
opacity and emisslvity of the lasing trausitions to first order in the

change in the radiation field.

Tt is then possible to solve the radlative transfer equatioa in a maaner
which implicitly accouats (ko first order) for the change of ¥ and n due
.to the radiatlion field. This approach has been successfully tested on

some simple problems.
D J Bond (Imperial College)

3.4.9 1982 CECAM Workshop on 'The Flux Limiter and Heat Flux
Instabilities'

This three-week workshop, attended by over 20 specialists from Europe and
the USA, covered three areas; one-dimensional non-linear heat flow, heat
flow instabilities, and now of Increasing importance, two dimensional heat
flow. This lést subject is teleyant to thermal smoothing and lateral heat
flow, but involves the spontansous generation of high magnetic filelds (~
several megagauss) which considerably modifies electron motion and
transport. Here a two-dimens{onal fluid code (based on linear transport
theory) was compared with a collisionless particle-in-cell code which both
showed rapid latecal propagation of fast electrons with energy

depositlon far away from the laser focal spot region. The role of the

advective Righi-Leduc heat flow was quantitatively assessed.

A new code, ANTHEM, developed by R Mason, was implemented at the Workshep:
since this includes collisions im a self-consistent electro-magnetic
particle code it will be able in principle to describe non-linear two-
dimensional heat flow and heat flow instabilities and could be important
for future undertanding of the subject. In the area of heat flow
instabilicies a new approach Invelving the em perturbation of the Fokker-

Planck equation in whleh the equilibrium describes a one-dimensional nom—
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linear heat flow was developed and is the subjact of continubag work and
collaboration. This model should put the subject of heat flow

ilnscabilitles on a firm footing.

M G Haines (Imperial College)

8.4.10 The CEGAM Workshop on '"Mon—LTE Radiative Transfer'

The first workshop on non-LTE (non Local Thermodynamic Equilibrium)
radiative transfer was held at CECAM between 20 September and 1 October
1982. The intention was to bring together those Lnterested in the

subject, to identify problems and to decide on future area of research.

Following a series of informal presentations of participants’ work,
discussion groups decided that benchmark problems in non-LTE radiative
transfer were desirable and twoe such benchmarks ware subsequently defined.
The first consisted of a hydrogen plasma with low ion deasity (2.5 x LOl6
ew 3) and low temperature (0.5 eV) typical of a low tempecaturs laboratory
plasma source. The second beachmark, more typical of laser—compressed
plasmas was that of a high ton number density (1021 cw 3) and high
temperature (1l keV) Argon plasma. Tn each case details of energy levels
and transition rates to be used In the benchmark calculations were agreed.
It is hoped that several participants will tackle these problems, that
conparisons will be made at a future meeting and that the result of thig

collaboration will be agreed benchmarks.

At present non-LTE radlative transfer calculations require detatled data
on energy levels and rates concerning all of the princlpal species in the
plasma. At present only low-Z systems have been considered in this way.
At conditions of interest in typical plasmas hizh Z systems cannot be
treated in this manner, both because of the vast amount of data vequired
and because most of that data is not known. The use of the average atom
model to overcome this problem was discussed and this posed latriguing
questinns concerning the role of the average atom model 1a non—LTE
radiative transfer. It was felt that this toplec should be discussed at a

future meeting.
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Even for low-Z materials treated in current nou-LTE radiative transfer

caleulations it was felt that some relevant data was not available and 1t
was agreed that participants would endeavour to enlist the ald of

theoretical atomic physlcists in an attempt to rectify thla.

R W Lee (Imperial College) and S J Rose (RAL)
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