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ANNUAL REPORT TO THE LASER FACILITY COMMITTEE 1984

PREFAGE

The report covers the work dome at or in assoelation with the Central Laser
Facility (CLF) during the year ended 31 March 1984. The three main parts of
the programme of the CLF are covered in three self contained sections,
namely Section A, "The Glass Laser Sclentific Programme”, Section B, "The
Ultra Vielet Radiation Faciliry Scientific Programme”, and Section C, "High
Power KrF Laser Development". Section A presents the work of the six
specialist sclentific groups studying applications of the high power Nd
glass laser. Section B reports the multidisciplinary applications of the
excimer and exeimer pumped frequency tunable lasers of the Ultra Violet
Radiation Facility. The research work reported in both sections A and B is
by University groups, often with cellaboration from CLF staff and quite
commonly with international collaboration, and is the result of scheduled
operations of the CLF's lasers. Section C describes R&D work mainly by CLF
staff on & high power KrF laser which mey provide a new user facility in the

future.

There were some notable achievements in the gelentific programme. The Nd
glass laser in its new 1kJ configuration was ugsed to drive implosions with
six beams of second harmonic green light. Optimised conditions for high
density compression were chosen on the basis of much earlier study of
factors affecting implosions. Sophisticated diagnostics, including the
first measurement of the energy loss of thermonuclear protons, were used to
diagnose the compressed density and density x radius. The results showed
that compressed densities up o 10 gcm’3 were achleved with polymer shell
tarpets and density x radius of 1072 gew™ 2 in glass shell targets, in good
agreenont with computer modelling assuming perfect sphericity. These

experiments are at the forefront of International study of coumpression by
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direct laser irradiation (Section 42.2). Anotler notable experiment with
collaboration from Les Alamos Natilonal Laboratory used the infra red output
of the six beam laser to make 2 detalled study of heat flow in spherical
geomerry, casting new light on an internationally topical question about the
steepness of the thermal conduction front by a novel X-ray streak

spectroscoplc method (Seetion 4l.5).

The use of laser produced plasmas as walquely intense scurces of both X-rays
and thermonuclear particles has been an area of great achievement this year
with exciting results in time resolved X-ray diffraction (Section A4.6) and
EXAFS (Section A4.4). Application to the study of technologlcally important

processes 1n surface layers of semiconduetors is particularly promising.

A new aspect of work with the glass laser has been the strengthening of
links with the Max Planck Institut fur Guantenoptik in West Germany through
a collaboration agreement with current joint work on several problems
including the development of a target release system for unsupported
spherical targets.

The Luropean Conference on Laser Interaction with Matter (XVI ECLIM) was
organised in 1983 by Imperial College and was an important sclentific avent
with some 26 papers from groups assoclated with the CLF (Section D)

The scope of the work of the Ultra Violet Radiation Facility has centinued
to expand. The major achievement of the year is perhaps the development of
UV phase conjugate reflection (Section B3.2) and UV photoablative erching
techniques (Section B4) to a point where an independently funded project has
been approved by the SERC Englneering Board and the Department of Trade and
Industry to study the use of UV lasers for-technologically lmportant

developments in photolithography.

Further diversification of the usas of the UVRF is evidunced by new studles
of biolyugical interest (Section D2) while 'mainstream' photochemical
applications have been vigorously pursuod with partiecularly good results In
resonance Raman spectroscopy and photochemistry of small moleculas

(Section Bl).
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Finally it is gratifying to report that the high power KrF laser Sprite is

currently the most powerful operational UV lager in the World.

A pignificant non scientific event wae the retirement in June 1983 of

Alan Gibson, who was an exceptlonally respected and popular Division Head of
Lasex Division, which resulted in my cell to a role where the previous act

18 diffiecult to follow ...

M H Key
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INTRODUCTION

M H Key and P T Rumshby

The Central Laser Pacility (CLF) is funded by the Science Board of the
Science and Engineering Research Council and in the year covered by this
report, April 1983 to April 1984, its allocation was £k2200.

The Science Board has provided the facllity for research whose malor themes

are:

High Density Plasma Physics

High Intensity Laser Plasma Interactions

Energy Transport in Laser Produced Plasmas

Laser Driven Implosions

X-ray Lasers

Other Applications of lLaser Produced Plasmas

High Power UV Gas Laser Development

Applications of Short Pulse Frequenmcy Tumable Lasers
Ultra Vielet Lithography

H oD e om0 W

The programme is managed by the Laser Faeility Committee (LFC) whose
membership i1s given in Table 1. The LFC delegates responsibility to the
Rutherford Appleton Laboratory for the operation of the Facility.

The Laser Division of RAL was alleocated 50 man years of effort which was
deployed in the organisational structure shown in Table 2.

Staff costs and overheads used used 48% of the allocation while facility
running and minor development costs used 42%. 10% of the total allocation
was spent on the Phase I programme of capital facility development
(discussed in more detall in Sections A6 esnd € below). The major facilities
provided by the CLF and & brief indication of their principal geientific
applications is given in Table 3.

The Nd glass laser is the major facility and about 62Z of resources was used
to support its programme of research by UK Universitles deseribed in

Section A.

Development of high power UV gas lasers is an in house project which is
aimed at providing future facilities for University users. About 14X of

resources are committed to this work (Section C).

Multidisciplinary scientific application of excimer lasers and excimer
pumped dye lagers by UK Universities is catered for by the relatively nevw
and small Ultra Violet Radiation Facility (using 11% of resources) which had

1ts first full year of operatione in the reporting year (Section B).

A target preparation service (8%) and a small group giving theoretical
support by malntaining computer codes (5Z) completes this description of the
CLF.

Use of the CLF by UK Universities is free of charge to those successful In a
peer review process. Research grants of typilcally three years duration
covering expenditure in University Laboratories and research assistants’
palaries may be obtained from the LFC by application to SERC. LFC Grant
holders are entitled to bid for time on the CLF's lasers through a procedure
described below.

A few per cent of the time may also be allocated to bide For short trial
experiments from University researchers working in the Science Board ares

who do not hold LFC grants.

The SERC encourages uge of the CLF by industry or other organisations on the
bagls of payment for the full ecost of laser tlme. Such use 15 limited to

not more than 107 of available laser time.

International collaberation fu the research programms is particularly
welcomed, either through collaborative participatlon in approved experiments
of UK University groups, or through agreemeants negntiated with the CLY and
SERC.

(11}



Selection and scheduling of University experiments using the Nd glass laser
is via proposals to one of six informal epecfalist scientific groups which
anyone may Join. FEach has a University Chairman and an RAL secretary
(Table 4). Each group places its proposals in order of priority prior to
the preparation of a draft schedule (by the programme coordinator and group
secretaries). The draft schedule, which includes as many of the high
priority proposals as pogaible (typlecally < 50% of proposals), is then
discussed and modified at a meeting of the more formal Glass Laser
Scilentific Programme and Scheduling Committee {GLSPSC). All University
staff members involved in the programme have voting rights, together with
the group gecretaries and programme coordinator. The Committee is chalred
by the Division Head of Laser Division and is formally advigory to him.

& simllar procedure applies to use of the UVRF but the UVRF scheduling
meeting has no scilentific sub groups and proposals are brought to it
directly.

Scheduled experiments are supported by the operating budget of the CLF which
covers travel and subsistence costs for University users and minor

engineering work and other costs of experiments.

The experimental progremme is linked to theoretical work in Universities
which is supported by grants from the LFC and coordinated by the Theory and
Computation group (Section AS5).

There is & large and diverse community of University researchers
participating in the programme. They number about 130 staff and research
students. The majority are physicists but there has been a recent rapid
growth of participation from chemists (30) and blologiets.

(111)



MEMBERSHIP OF THE LASER FACILITY COMMITTEE 1983/84

Professor D D Burgess (Chairman)
Imperial College of Science

& Technology
London

Dr J E Allen
Department of Engineering Science
University of Oxford

Dr E H Evans
Department of Biology
Preston Polytechnic

Dr D € Hanna
Department of Physics
Southampton University

Dr J D Kilkenny

Imperial College of Science
& Technology

London

Professor E W Laing
Department of Natural Philosophy
University of Glasgow

Dr C L S Lewls

Department of Pure & Applied
Physics

The Queen's University of Belfast

Dr A Maitland
Physics Department
St Andrew's University

Dr H T Miles
Department of Physics
University College of Swansea

Professor J P Simons
Department of Chemistry
University of Nottingham

Dr I J Spalding
Culham Laboratory
UKAEA

Table 1
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Table 3

Major Facilities at the CLF

Nd glass laser
facilicy

Ultra — violet
radiation facllity

High power KrF laser

Developuent

VULCAN

UVRF

SPRITE

Plasma Physies

Applications of
iIntense X-ray

and particle

Photo chemistry

Photo biology

Materials processing
UV lithography

Fon linear optics

High power WV
laser research
(Future facility
utilizing high
X~-ray brightness

sources Plasma diagnostics UV laser produced
(Future VUV facility) plasma}

X-ray laser

research
Target Preparation Service
Theoretical support service

Table &

Groups of the GLSFPSC Chairman Secretary
Laser plasma Interaction and Mr T P Hughes Mr W T Toner
Energy transport
Laser plasma Compressiocn and Dynamies Dr T A Hall Dr 4 J Cole
Dense plasma and radiation physics Prof D D Burgess Dr S J Rose
XUV lasers and application of laser Prof G J Pert Dr R W Eason
produced plasmas
Theory and Computation Dr R A Cairns Dr A R Bell
Glass Laser Facility Operations and Dr M H Key Mr J E Boon

development

(Scientific programmer coordinator R G Evans)
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SECTION A GLASS LASER SCIENTIFIC PROGRAMME

INTRODUCTION
R G Evans (RAL)

In the period covered by the annual report the VULCAN glass laser has
operated rellably and without any major changes in the laser and target
areas. With the imminent arrival of the twelve beam illumination geometry
in the new Target Area West there has been a surge of activity ae users have
gought to establish the baseline performance of thelr experiments in the
exisiting six beam geometry. This has led to a puccessful series of
implosion experimentg using six 0.53 um beams to drive stable, low aspect
ratlo ablative implosions to densities in excess of 10 g e~ ? and core sizes
less than a tenth of the initial target radius. Tramaport and ablation In
spherical geometry was the subject of an luternational collaboration with
Los Alamos National Laboratory and ie an area in which important thecretical
and experimental advances have been made at the CLF. The measurement of
charged particle energy loss rates in hot deﬁse plasmas has been very
succeasfully extended to a wider range of target parameters than previously
and 1s now belng used as a diagnoastic of target parameters in other

experinents.

Rayleigh Taylor instabilities on the outside of spherical targets have been
observed for the first time to complement the earlier data on planar targets

and the Essex X-ray framing camera is now being used for thig work.

An important advance in high density plasma physics has been the diagnosis
of shock velocity, particle velocity and density change in a colliding
planar shock, together with the change in the X-ray absorption spectrum near
the K-edge during sheck transit.

The study of laser plasma interactions has continued its trend to using
preformed, controllable target plasmas using the Imperial College Z pinch
and exploding foils. The Thomson scattering data on heat flow has been

extended to show structure on the lon feature in the presence of large heat

&)

flow, while exploding foils have given important new data on the role of
plasma wave propagation im producing the 3m0/2 speckrum. An Iimportant part
of this has been a collaboration on the plasma theory with the University of
Helsinki.

“Other” applications of laser produce plasmas have continued to grow with
EXAFS being joined with high resolution X-ray imaging for biolegical ‘
purposes and a study of laser annealing by time resolved Brapgg X-ray
diffraction Erom the sample surface. Slow but steady progress in X-ray
laser research is being made with an improved understanding of C fibre

hydrodynamics.
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Al  LASER PLASMA INTERACTION AND ENERGY TRANSPORT

Al.l Intreduction
T P Hughes (Essex) and W T Toner {RAL)

In the past year the group has continued to attack long standing problems in
its fileld with increasingly sophisticated techniques. BSubstantial progress
was made in our understanding of 3/2 y; emission (Section Al.2} and thermal
transport (Section Al.6) and clear evidence for SRS was observed in long
scale length plasmas at moderate irradiances (Section Al.3). Vieitors from

Helsinki, Los Alamos and Ottawa made substantial contributions to the work.

Temporally and spectrally resolved measurements of forward and backscattered
3/2 Wy from thin foll targets are discussed in Al.2. At early times, the
spectra are very broad and double peaked and pulsate on a timescale of about
30 ps. On the disappearance of the critical demsity surface for g the
pulsations ceagse and the widthe of the spectra decrease markedly. Although
the backscattered blue and forward scattered red peaks are both reduced,
they do not entirely disappear. The data are analysed in terms of a model
of the two plasmon decay instability which can account for the continued
presence of both peaks in forward and backscattered 3/2 w, through
refraction of the plasmons in the inhomogenous plasma. The abrupt ceasation
of pulsations when the plasma goes underdense is taken as strong evidence in
support of models which ascribe pulsatious in 2 e, 3/2 Wy, 0, and MO/Z
emigsion to the effects of unstable fluild flow across the ponderomotive

pregsure Jump at critical density.

In section Al.3 it is demoustrated that the thin foll target technique can
be used to produce the long density scale lengths required for stimulated
Raman scattering to dominate over the two plaamon decay imetability at mod-
erate 1rrad;ance- Very broad backscattered spectra are obperved, centred at
about 9000 A with widths between 1500 A and 3000 A. An unsuccessful attempt

to observe Themson scattering from thin foll plasmas is described in Al.4.
The time resolved X-ray spectroscopy of layered targets im spherical

Al.1l

geometry discussed in Al.5 gives very clear evidence of a sharply defined
heat front advancing at a rate which is consistent with & nearly classical
thermal transport model. Measurements of absorption, magnetic fields, ion
blow-off, expansion profile and X-ray continuum emission yield a
comprehenaive plcture of the plasmz conditlons and place important
constraints on the theoretical modelling. The disagreement between this

work and results from LLE Rochester is discussed.

Section Al.6 is a progress report on the study of high gradient tramasport in
a laser heated Z-pinch plasma. Time resclved spectra of both electrom and
ion features were obtained containing clear evidence of ion acoustic

turbulence and also exhibiting spectral asymmetries.

M.2 3 w,/2 Harmonic Emission from Laser Irradiated Thin Foils
V Aboites, T P Hughes, E McGoldrick, S M L Sim (Eassex), S Karttumen

(Technical Research Centre of Finland) and R G Evans (RAL)
Al.2.1 Abstract

Temporally and spectrally resolved 3 MOIZ harmonic emission have been
obtained from 1.05% pm laser irradiated thin foil targets which become
underdense during the laser pulge of &0 - 900 ps. The results show a
change In the spectrum of both the backscattered and forward scattered

harmonic light coincident with the disappearance of the n, aurface.

The results are analysed by considering the phase matching conditions for
the generation of the 3 mu/2 light, including, for the first time, the

effects of plasma wave refraction in the inhomogeneous plasma.
Al.2.2 Introduction

The observation ((Al.1) to (Al.4)) of harmonic emission at the frequency

3 mu/2 implies the gemeration of mOIZ plasna waves near the quarter critieal
density surface, n /4. These w,/2 plasmens can be generated by elther the
two plasmon decay instability (Al.5) or by stimulated Raman scattering
(Al.6Y. 1In an inhomogeneous plasma the two plasmon decay finstability 1s

Al.2



expected to be the dominant mechanigm due to its lower threshold. The
spectrum of the 3 mu/z harmonic emission arising from the coupling of the
two plasmon decay waves with incident or reflected electromagnetic waves has
been calculated by several authors ((Al.3) and {Al.7))} to be double peaked
with wings shifted to both the blue and the red of the mominal 3 w,/2
position.

The (w, k) matching conditions (Al.7) for the production of 3 wy/2 radiation
from the decay waves in the two plasmon instability are such that the blue
wing of the spectrum can only be generated propagating away from the
incident lager beam. The blue wing can be observed in backscatter only 1if

it subsequently reflects from ites own critical surfae at 9 nc/ﬁ.

The experiment described here was designed to investigate the contributions
to the 3 m0/2 spectrum from reflected electromagnetic waves. As well as the
reflection of the 3 m0/2 light there is w, light reflected from the n,
surface which can combine with NOIZ plasma waves at nc/4. If a thin foll is
irradiated with & moderately long laser pulse the foil will explode .and its
peak density will reduce with time. When the peak denaity falls below 9
nc/ﬁ the reflected 3 w,/2 light will disappear and when the peak density
falls below o, the effects of reflected_mu light will disappear. If the
3 w,/2 light 1s produced solely by the two plasmon decay process them all 3
mujz emission should cease when the peak density falls below nc/ﬁ. In this
experiment the 3 mnlz light emitted in forward amd backscatter is spectrally
and temporally resclved and transmitted Wo light gives a time marker as the
- peak density Inm the foll target drops below n,. Changes in the 3 mOIZ
spectrum are expected with the blue wing in backscatter disappesring at the
same time as the 9 uc/4 surface and the (less certain) effects of reflected
pump radiation disappearing at the time of w; "burnthrough”.

Al.2.3 Experimental Arrangement

The experimental layout 1s shown in Figure Al.l. The incident light beam
(Ag = 1.053 ym, T = 600 to 900 ps), contalning energies on target of up
to 100 J, was focused by an £/1.5 aspheric doublet lems onto thin folls of

various materials and thicknesses. The baeckscattered and forward ecattetred

al.3
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3 Wp/2 harmonic light were spectrally and temporally resolved on an §-20
streak camera with resolutions of ~ 10 A and ~ 20 ps respectively. A
portion of the incident light was frequency doubled to provide a time
fiducial on the 5-20 streak records. The time at whiech the laser burned
through the foll was measured by tempdrally resolved observations of the

incident and transmitted 1.05 um laser light on an 5-1 streak camera.

Figure Al.2 shows the positions of the fiducial, backscattered and forward
scattered 3 ®g/2 harmonic spectra on a typical $-20 streak Tecord.

Figure Al.3 shows the microdensitometer trace alemg the time axis of such an
example with the corresponding trace of the incident and transmitted light
from the S-1 streak camera. The time taken for the plasma to go underdense
is estimated from the appearance of the transmitted light, which is
normalised to the peak of the reference obtained from a calibration when no
foil was present. Although this is only a crude approximation it is
sufficient for our purposes since we only want to dlstinguish between the
times when the plasma goes underdense to 9'nc/4. n, and nclﬁ. Similarly
features In the backscattered and forward scattered 3 molz harmonic spectra
are normalised to the peaks of Fhe references obtained for a low emnergy,

frequency doubled shot onto a partially transmitting target.

Al.2.4 Experimental Observations

Various thin foil targets were used - 0.75 ym Aluminium, 0.5 um and 0.4 um
patylene and 0.35 ym polystyrene — all designed to go underdense during the
laser pulse. TFigure Al.4 shows microdensitometer traces through the spectra
at different times for the 5-20 streak record of Figure Al.2 which display
the main characteristics of the 3 mOIZ spectra. Initially, the 3 mu/2
smission in both forward and backscattar is very broad (~ 100 - 150 A) and
double peaked, pulsating rapidly on a time scale of ahout 30 ps. Later on
the pulsations cease and the spectral width of the 3 mojz emission is
appreciably narrower (~ 50 A). During this later phase of the emission, the
backscattered blue wing and the Forward scattered red wing become fainter,
although the effect is less pronounced in the forward scatteted enisslon.
Figures Al.5 and Al.6 show that the timing of this change In the spectra is

coincident (within experimental error) with the occurence of the Wy

Al.4

burathrough, and by 1mplication, with the disappearance of the a, surface.

A very simple self similar model is used to describe the one dimensional
expansion of the foil. The density #(x, t) is assumed to be a functiom only
of the self similarity variable £ = x/t so that the characteristic thickaess

of the foil, L, is proportional to t and we may write
L=Ct
s

where Cs 1s the sound speed. The temperature, and thus C , varies during
the laser pulse and approximately T a ¢2/3, Cs = W1/8 g5 that a First order
correction may be made by writing

t
L(e) a [7 9143 (eyde!?
[}
The peak density in the foil, Emax, is inversely proportional‘to 1. in'a one

dimensicnal expansion so

1

2 (t) ————
th $173 (£lyae!l
0

max

A single measurement of Rmax = Ec at the time of burnthrough then serves to
normalise the model for each laser shot. The model is obviously invalid for
small times since Ehax + ®@as t * 0, but it is only used here for densities

within a factor of four of Ec.

The predicted time of disappearance of the 9 nc/4 surface 1s then claose to
the appearance of the 3 NOIZ emission in both back and forward scatter and
within the measurement errors it is not possible to say whether the 3 mO/Z
emlssion begins before or after the 9 nclﬂ surface has disappeared. The
onset of 3 m0/2 emission is almost certainly determined by the time taken
for a large enough density scale length to be set up so that the
inhomogeneous threshold for two plasmon decay 15 exceerded. TFrom the present
data [t is not possible to determine whether there is any change ia the

3 mo/z spectrun when the % n /4 surface'dlsappears.
e

Al.S



TIME AND FREQUENCY RESOLVED 3Ww/2 EMISSION FROM THIN FOILS

1

INCIDENT RED SHIFTED : BLUE SHIFTED
FIDUCIAL BACK SCATTERED FORWARD SCATTERED
3w/2? 3w/i2

Fig. Al.2
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The same simple model also predic}s that the nclh surface 1s present all
through the laser pulse and cessation of the 3 m0/2 emission is due to the
pump intemsity falling below threshold rather than the plasma density
dropping below nc/4.

In summary, the forward and batkscatter spectra are double peaked while

9 nclh >n > n, and tend to fluctuate on a 30 ps time scale. When

n, > noax > nc/4 the spectra are also double peaked with a predominance of
the red wing in backscatter and the blue wing in forward scatter, but the

temporal behaviour has a smooth envelope.

Al.2.5 Theoretical Model

The widely accepted model for 3 wulz generation is the coupling_of incident
(Eo, Wy} or reflected (-Eo, @y} pump light with,molz plasma waves produced
by two plasmon decay. The w and X matching conditions for this process in a
homogeneous plasma have been calculated by Avrov et al (Al.3) and Barr
(Al.7). Avrov considers a nonresomant coupling (le, k ** k, where k is the
wavenumber of the plasmon), while Barr mades no such assumption. Both
models predict a small red-shift from the nominal 3 m0/2 value for
backscattered 3 w,/2 light and a small blue-shift for forward

3 Nu/2-emission. Double peak spectra seen in solid target experiments
(AL.2, Al.4) can be explained at least qualitatively by the reflection of
the forward blu? component from the 9 ncfh density (ie, the critical density
of 3 wolz light). This is supported by an underdense gas target experiment
{A1.8) which shows only a red—sh;ft in backscattered 3 mulz emission. In
addition, shifts are larger than predicted by the existing modéls (Al.3,
Al.7), ie the shifts imply rather high electron temperatures at nclk. This
motivated us to study the spectral characteristics of 3 wn/2-emission in

more detail to interpret experimental observations.

We include for the first time the effects arising from the plasmon
propagatiocn and reflection in an inhomogeneous plasma which increase the
possible coupling configurations modifying earlier results.considerahly. In

some experimental conditions the pump wave of the two—plaamon'p:ocess may
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travel down the density gradient affecting the spectral behaviour of

3 w0/2—emission. This type of situation is likely in thin foll targets
after burn-through or in underdense gas targets. At high laser intensities
also reflected light (from n, or stimulated Brillouin scaﬁtering ahove nc/h)

may exceed the TPD-threshold and act as a pump for the two-plasmon decay.

In the presence of a density gradient the wavenumber k of a propagating
plasmon is a sensitive Eunction of the local plasma density particularly in
the region of long wavelengths ile, kzkg << 1. From the Bohm-Gross
dispersion relation (w? = m; + 3k2v§), where mp i1s the plasma frequency and
v, the electron thermal velocity) we obtain for the relative change of the

wavenumber k

Ak 1 an
KT @B W

where 4n is the change in density. For instance, with dn/mn = 0.05 and

kAD 0.1 we pet &k/k = -0.83. On the other hand, for a linear density
profile the corresponding distance is Ax = Lnﬁn/n where Ln is the gradient
scale length. Thus the maximum distance to the turning point of the plasmon
is

A = 252
( x)max 6k ADLn (2}
which is small for kzkg << 1 in a rather steep profile.

This simple argument predicts that the wavelength of a plasmdn excited in
the two-plasmon process will change considerably during its propagation and
may even be reflected from a slightly higher density layer. Thils means that
two-plasmon decay and the following 3 w0/2 generation can take place in
slightly separate regions. For instance, a short wavelength molz—plasmon

{(k >> ko) from TPD is able to couple resonantly with a wgo-photon for 3 mu/Z
generation at somewhat higher density or after reflection (k ~ ku). Now,
the pumber of different 3 molz coupling configurations 1s increased and we

have four baslc cases.

Al.7

(1) incident ®Wy-photon and wy/2-plasmon

(11) reflected wy—photon and wy/2-plasmon

(1i1) incident ®@g-photon and reflecied wy/2-plasmon
(iv) reflected wy—photon and reflected m0/2-p1asmnn

where (i) aund {ii) now also include the propavation of the plasuon.

The frequency shift of the 3 mo/2 emlssloa 1s determined by the -1atehiny
condicions: Wi, = wg + w; (3 “0/2 process) and W, = w; + w, (TPR} where wy
and W, are the frequencies of the TPD—excited plasmons. Using the
Bohm-Gross dispersion relation for plasmons and the Eact that Wy remains

constant during the propagation we obtain
Ad, ] (3)
)+m(1+1k2 2) (4)
p 2 Z.AD !
where mp and kl o are local values corresponding to the density at which
r

two-plasmon instability oceurs. Eliminating the plasma frequency wp\f;om

(3) and (4) we find for the 3/2-frequency '

=3 35202 Ty 2 S
Uyrp = 7 Wt g Yotplky ~ - 5o, )
From Eq (5) we get the corresponding wavelenglh sHift from the nominal
3/2-value ' )
1 .2 2 2
A} = - I AD (kl - kz) AL (4]

where A 1is the (vacuum) wavelength of the:1nhidén&ﬁiéséf;;i§h£;-?FB}Eélly,
the shift (Al.6) 1s the same as given By_Barff(A};T);:beQEVgr the

geometrical prodlem to solve for k; and EZ is‘quiflzaifﬁéfé

two-plasmon decay aund 3 man generation take pladevat A4 fierent densfties.

Figure Al.7 shows the k-di{agzraas for two-plasueon decsy ‘iind the followina
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3 wg/2 coupling geometries with incident or reflected wg-light assuming that
TPD operates at a lower density. For simplicity we assume that EO and Yn
are in the positive z-~direction so that the y-component ky of the plasmon

wavevector El remains constant during the propagation.

He now conaider the cases (1) and (iii) glven above ie, 3 mulz generation
due to the coupling between the incident photon and plasmon. From Figure
Al.7 (a and c or e) we find k2 = k2 + k2 - 2k (k2 - x2) 142 g4q

12 2 2 2 0 1 ¢ 1 b
kil =k + k - 2k k_ cos®, whexe 8 Ls the angle of the 3 w./? emission

1 0 a/2_ 0 32 6
with respect to kg (ie, small 8 corresponds to forward 3 mDIZ emission and 8
near 180° gives backscattered emission). Now we obtain from Eq (6) for the

shift

1/2
b, (1~ 551102 - 8ein? - 476 aZeost) ), (1)

where we have used k3,2 = % Y6 kg (ku and ka}Z are taken constants being
much less sensitive to density changes than plasmon wavenumbers). The
pargmeter @ in Eq (7) 1s defined by e = kllkl showling how much larger or
smaller the plasmon wavenumber is in the region of TPD excitation as
compared to the wavenumber which matches for 3 wo/2 interaction. The upper
limit of a 18 determined by Landau darping of the plasmon.

From the k-diagrams in Figure Al.7 it can be seen that 3 mo/2 generation
takes place before plasmon reflection for 8 < cos'l(kolkafz) % 52° and after
teflection for 8 > 52°. Note, however, that the relevant values of the
parauneter o may be differeat for these two cases (a > 1 for & < 52° and
a>1lor a<l for 68 > 52°),

The wavelength shift (7) is derived agsuming that the incident
electromagnetic wave couples to the TPD-plasmon. In a similar way we can
analyse the cases (ii) and (iv) when reflected light (-Eo,mn) couples to
mnlz plasmons to generate 3 wDIZ harmonie emission. The ensuing wavelength
ehift is

v o2 1/2
A =-% E) (- %3—(11':2 - 88in?0 + 4¥6 alcas®) ). )

Now the angles B < 128° correspond to 3 m0/2 generation before plasmon

reflection and 6 > 128° .after plasmon reflection (see Figure Al.7). 1In the

v 2 2
linit o > 1 Eq (8) reduces to 84 = = 7 (%) & (1 + 4/% cos8) which 1s the

same as given by the homogeneous wmodel of Barr (al.7).

Figure Al.8 shows the wavelength shifts as a function of the 3 wolz emiseion
angle B for various cases assuming that the incident wave (E,mu) travels in
the direction of the density gradient (E||Vn). The solid curves for a =1
are the shifts without propagation effects of plasmons (Al.7). The dashed
part of the curves (a # 1) represent 3 wolz generation from a propagated
plasmon before the turning point of the plasmon and the dash-dotted branchea
{a » 1) are for 3 mn/2 generation after plasmon reflection. The red-shifts
for @ < 1 in Figure 8 are readily obtained from the coupling between the
photon (% Eo, 90) and the “red” plasmon (Ez, W,) which may not be excited at
a lower demgity than that at which 3 molz emission originates.

A new feature 1s that a relatively large blue-shift in backscattered 3 we/2
emisaion can exist simply due to the xeflection of the “blue” plasmon
(E],wl)- The shifts are also modified by the propagation effects of
plasmons such that blue-shifts tend to emhance and red-shifts to reduce,
thus reducing the asymmetfy of red and blue shifts given by the homogeneous

plasma model.

In some experimental conditions the incident pump wave may propagate down
the denpity gradient. This is the case for underdense targets when the peak
density 1s less than the critical density so that there are quarter critical
layers at both sides of the peak density. Density ripples in underdense
plasma may also lead to such a situatlon. At high laser irradiance the
reflected light may become imtense enough to exceed the threshold of
two-plasmon decay. In this case also the pump wave (now reflected light)

travels down the demsity gradient.

Al.10
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In this type of condition the "red” plasmon (Ez,wz) propagates to higher
densities and can be reflected. The ensuing wavelength shift due to

coupling to the plasmon (iz, mz) is

v..2 172
M= 2 (2)7 2 (1 - Z5(1102 - Bein?0 £ 476 aZcos®) ), (9)

where the ~ sign refers to the 3m0/2—coup11ng between the pump wave (EO, wy,)

and plasmon and the "t+" sign for the photon (-Eo, wg) .

Figure Al.9 illustrates the shifts versus 3 wu/2 emission angle @ for the
case of thils reversed density gradient (En‘l'vn). The solid curves (a = 1)
are the same a8 in Flgure Al.8, the dashed part of the curves (a > 1) are
from the 3 mulz emission before plasmon reflection and the dash-dotred
branches (a » 1)} are from the coupling teo reflected plasmons. As expected
the red-shifts are now increased and blue—shifts decreased. Also a
red-shifted component in forward 3 m0/2 emfgsion appears dus to reflection
of the "red” plasmon which was not present in the previous case of normal

incidence (cf Figure Al.8).

Finally we consider the case in which the density gradient is perpendicularx
to the incldent wavevector (inl Vn). This is likely in filaments or in the
presence of a strong self-focusing when the two-plasmon decay occurs on the
wall of the plasma channel. The plasmons propagate such that the
kz—component of the plasmon wavevector (le, component parallel with EO and
perpendicular to ¥n) remains counstant. Sinmple geometry gives

ki - ki = ki + 2ku kz which 1is independent of the o~parameter. Thus the
shift (6) does not depend on the plasmon propagation or reflection effects
and the shifte are given by the solid curves In Figures Al.8 and Al.9.

To summarise the features of the model:
(a) In backscatter, the blue peak requires that either the 3 m0/2 photon be

mﬂumdﬂBnJ&thtmeﬂmudeMMMgﬂ%mnMrﬁhuﬁ

close to n f4.
¢
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Wavelength shift vs emission angle &, parallel to -Vn.

(b} In forward scatter, with the pump wave travelling up the denaity
gradient, only the blue shifted peak is generated. The red peak requires
that the pump wave for the two plasmon decay procesa be travelling dowm the
density gradient. Experimentally this may cccur if the reflected laser
light 1s sufficiently intense to exceed the two plagmon decay threshold, or
on the "back™ side of a thin fqll after burnthrough. 1In thias latter case
the "red shifted” plasma wave must reflect before combining with a pump
photon. '

(c) The effect of plasma wave propagation In an inhomogeneoug plasma is to
make the red and blue shifts more nearly equal than in the homogeneous
plaoma medel of Barr (Ref 7). The uncertainty in the value of a in
equations (8) and (9) reduces the value of the 3 m°/2 gpectrum as a
temperature diagnostic.

Al.2.6 Conclusions

In golid target experiments ({Al.3)}, (Al.4), (Al.5)) the multiplicity of
possible processes makes it difficult to establish the exact coupling
mechanisms leading to 3 mulz photon or the molz plasmon.

In gas target experiments (Al.2) the veflection of the 3 w0/2 photon is
impossible since there 1s no 9 nc/4 surface and reflection of the mu/2
plasmon is small if the density gradients are very long. Experimentally
only the red peak 18 seen in backseatter in gas targets.

The thin foil experiment reported here shows both red and blue wings in
backscatter after the peak density in the feoll has dropped below 9 ucl4,
showing clearly that propagation and reflection of the wolz plasma waves 1s
oceuring. The blue wing generally decreases in iantensity at late times when
the foil develops longer density gradients. As the separatiom of the points
of generation and reflection of the TPD plasmons increase, their absorption
{both collisional amd Landau) along the increased path length is greazter and
consequently the blue wing becomes fainter.

Al.12



The observation of the red wing in forward scatter requires that in some
regions the pump wave is8 travelling down the density gradlent. There are
three circumstances in which this could arise.

(a) The laser light reflected from critical demsity is sufficlently intense
to drive TPD.

(b) After the foll has burned through the pumplight penetrates through to

the second ncI4 layer on the rear surface.

(¢) The two plasmon decay on the front of the foll may saturate by forming
a local density depressiom with larger demsitles in both the forward and

backward directions.

Processes {a) and (b) tenod to be exclusive and one would expect a change in
the appearance of the forward scattered red wing around the time of
burnthrough. There is & pronounced change in the 3 mu/2 spectrum around the
time of burnthrough but since it affecte forward and backscattered red and
blue peaks it is not a conclueive indicator of the swltch from process {a)
to proceaa(b). Profile modification around nclh due to the ponderomotive
presgsure of the electrostatlc decay waves must occur to some extent, and
only a small density depression, An/n = 0.1 is required to reflect the
plasma waves. Process (¢) above must be regarded as a likely explanation of

the forward scattered red wing but again the results are not definitive.

There remains the dramatic change in the 3 wy/2 spectrum occuring around the
time of the disappearance of the critical density surface. While the n,
surface 1s present the epectrum is very broad and pulsates rapidly in time,
after burnthrough the spectrum is narrower, but still double peaked, and
variea smoothly in time. These rapid pulsations have been observed
previously in 2 w; (Al.9), 3 wy/2 (Al.4), w; (AL.10) and w,/2 (Al.11}), from
solid targets and explanations ilnvolving filamanetation, unstable
hydrodynamic flow at critical density or bursts of hot electrons have been
suggested. The occurrence of filamentation is normally associated with long
scalelengths in the underdense plasma whereas these oscillatlions are

observed predominantly at early times while the plasma scale lengths are

Al.13

short and we regard this explanation as unlikely. Since the same behaviour
is observed In processes originating at o, {1e wy and Zuwg eniseion) and at
nc/4 3 mDIZ and wolz emiselon) the pulsations are unlikely to arise out of
any mechanism peculiar to the two plasmon decay but are more likely due to a
longer range effect. Such an effect can be provided by an unstable fluid
flow across the ponderomotive pressure jump at critical demsity. This has
been seen in fluld simulations (Al.12) and predicted by a steady flow model
(Al.13). This instability may either affect the ablation flow and thus
propagate i1ts influence out into the underdense plasma, or alternatively the
changing density profile will change the resonance absorption conditloms and
may introduced pulsations into the source of hot electrons. The hot
electron demsity in the coronal plasma 1s essentially uniform because of
their long mean free path, and the hot electron density at quarter eritical
will respond rapidly to changee in the source term. Since the Bohm Gross
dispersion relation is essentially an electron pressure correction a
changing hot electron population will alter the k and w of the most unstable
two plasmon decay waves. A flow instability at critical demsity or a
pulsating source of hot electrons can thus influence processes occuring at
n, and nc/4 simultaneously. This can be either through the fluld dynamics
of the expansion flow or through the influence of hot electrons on the
plasma dispersion relation. Removal of the eritical density surface removes
both the pondercmotive pressure Jump and the source of hot electroms and
thus alse removes the caugse of the pulsating harmonic emissions. On the
basis of the present data those two mechanlisms cannot be distinguished but 2
pulpating source of hot electrons could be detected through the hard X-ray

Bremgstrahlung wih a sultable X-ray streak camera.

Quite separately from any question of pulsatlione, the hot electrons
generated at critical density will make a substantial contribution to the
width of the 3 w°/2 emission, which is predicted to be proportional to Te’
or more generally to Pe if the electron distribution functlion is not
Maxwelldan.

Experimental measurements (Al.1l4, AL.15) of the fraction of incident laser
energy golng into hot electrons Ty give 0,05 < nu € 0.1 for short pulse

experiments at ¢ =2 x 1015 W ep=2 and 3 = 1 pym. The density of the hot
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electron population ny ia estimated by equating the energy carried away by
the hot electrome in the free streaming limit with the absorbed power into

hot electrons.

Ty p=1f g kTH VH
where £ 18 a flux liwmiting factor which for hot electrons in a cold
background we take to be £ = (.6, (Any reduction in f would lead to an
increase in the hot electron density nH.) Since the hot electron mean free
path 1s large compared with the separatlon of L and nc/ﬁ the hot electron
density in thie region will be approximately uniform.

Typically at ¢ = 2 x 1015 §¥ co™2; Ty = 12 keV (Al.15) and the above equation

gives n, = 2.5 x 101? en™ 3, compared with n /4 = 2.5 x 1020 en” 3. T is
c H

H
typicelly ten times the background thermal electron temperature Tc so in the

pregence of hct electroms the electron pressure
= . + 0.
PE n, (0.9 ch 0.1 kTE)IA
15 abodt twice the pressure in the absence of hot electrons
P = n kTe/4
e ¢

The reduction of the spectral width of 3 wD/2 emigsion by about a factor of
two when the plasma becomes underdense is thue explained by the change in
the total electror pressure when the hot electrons are removed.

One further effect of the hot electron production is to drive a large cold
electron return cutrrent to maintain quasi-neutrality. The return current
may drive ilon acoustic turbulence and the lon waves (mia < mpe) act Iin turn
to broaden the spectrum of electron plasma waves. This effect is

probably significant in the broadening of 2 Wy emisasion (Al.9) but is
probably not a major contributor to the wuch larger width of the 3 wn/2

emission.

In gummary we believe that the change in width of 3 mu/Z emlssion colncident

with the disappearance of the n, surface Is explained by the contribution of
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hot electrong to the plasma dispersion relatiom. FPulsatioms Iin 2 @, and
3 mU/Z emission in the presence of a steep density profile at a, are
probably linked and caused by rapld chenges in the density profile at n -

Al.3 Raman Scattering from Pre-formed Plasmas

V 4boites, E McGoldrick, S M L Sim (Essex), D Bassett, A J Cole and
C J Hooker (RAL) .

In lager produced plasmas two processges are thought to give rise to plasma
emigsion in the region of mujz. These are the Two Plasmon Decay Instability
(TPPL) (Al.5) and Stimulated Ramen Scartering (SRS) (&1.6) both of which
oceur near the quarter critical demeiry region. In addition SRS can occur
at much lower densities (Al.16). Both Instabllities way generate very fast
electrons which are detrimental to lzeer fusion.

Generally the TPDI dominetes, except for very high frradiances and in long
scalelength plasmas so earlier attepts at Rutherford to observe SKS have
feiled. To overcome thie problem large acalelength plasms were produced by
using pre-formed plasma. Here thin foils were exploded with a pre-pulse,
and the main pulse was delayed wutil the maximum density of the plasma had
fallen below eritical density {meagsyred ugsing burn through techniques}. The
experiment then epectrally and temporally resolved emission in the reglon of
wy/2.

PFoil targets of 0.7 pm to 0.3 pm thick parylene were irradiated with twe
pulses of 0.53 pm laser light travelling in opposite directicns. The
pre-pulee (15 - 25 J, ~ 420 ps duration) formed the plasma and a nancsecond
later the second pulse (40 - 60 J, ~560 psz duration) with irradlances
between 1013 and 1015 9§ co™ 2 hit the plasma (Figure Al.10).

Emission from the plasma waa c¢ollected by the focusing lens of the second
pulse (£/1.5) and directed onto the slits of a grating spectrograph (300
1/mm grating). The output from the spectrograph was then coupled to the Sl
streak camera to give a gpectral window of 5500 A, centred at 9000 A. The

camera was operated at 600 pe cm ! streak speed giving spectral and temporal
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resolutions of 35 A and 120 ps respectively.

Other diagnostics used were an X-ray diode array to measure hard ¥-rays and
interferometry (using a 0.35 um probe) to measure scalelengths in the

plasma.

Typically the astreak record is expected to consist of three signals;
uncoaverted 1.05 pm light (acting as a spectral and temporal marker),
forward scattered emlission produced by the pre—pulse, and back—scattered
emlssion from the main pulse.

Figure Al.ll ghows a typical streak record for a 0.7 m foil. It éan be
seen that the forward scattered emigsion 1s relatively narrow, double peaked
and centred round the nominal m0/2 frequency. The backscattered emission is
very different, being very broad {FWHM ~ 3000 A), single peaked and shifted
to shorter wavelengths with the peak at ~ 8800 A. This emission is almost
certainly due to convective SRS occuring in the low density regions of the

plasma upto quarter critical density (Al.17).

The first signal is similar to that observed in earlier mo/2 experiments
(Al.18) and i1s attributed to scattering of the pump wave from plasmons
created at quarter critical density by the TPDI in a process simflar to that
which produces 3 m0!2 emlssion (Al.19).

For the 0.3 um thick foil a typical streak record is shown in Figure Al.l2.
Here little forward scattered emission is observed probably because the
quarter critical density exists for a much shorter time and so less TPDT canm
The backscattered emission is similar to that seen for the 0.7
Here the FWHM is ~ 1500 A, and peaks at ~ 9270

occur there.
pm fo3l and is due to SRS.
A.

The temporal evolutlon of the forward and backscattered signals was analysed
for the 0.7 pm foll shot shown earlier. It was found that the peak of the

SRS emission occured at the peak of the main pulse as expected, and that the
peak of the TPDI emission occured after the peak of the pre-pulse. This is

because there would have to be time For the scalelengths at quarter critical

aAl.17
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density to relax enough for the Inetability threahold to be reached.

Unfortunately little Informaticn could be obtained from the interferometry.
Analysis has shown that the probe was umable to reach sufficiently high
denglties to be of use. The X-ray dlode meagsurements gave some indicatiocn
that harder X-rays were observed when S5R3 was cbaserved, but too few data
shots were obtained, and the signal levels were too low for any more

definite conclusions to be reached.

Summing up, this experlment has shown that, by using this technique to
produce long scalelength plasmas, conditions can be created in which SRS can
be made to dominate over the TEDI without the need for very high
itradiances. Further work is necessary however, before a full understanding

of these processes is reached.

Al.4 Thomson Scattering from Two Plasmon Decay Waves in a 1.05 im

Laser Produced Plasma

V Aboites, S M L Sim (Essex), H A Baldis (NRC, Ottawa) and R G Evans (RAL)

Scattered light at 3 NO/Z harmenic can be generated by the coalescence of a
pump or reflected light wave with molz electron plasma waves produced by the
two plasmon decay instability at the nclk layer. Although the growth rate
for the two plasmon decay instability ie highest for kp »> ko, where the
subscripts p and o denote the decay and pump waves respectively, the
matching conditions give the maximum growth rate for 3 mn/2 harmonic

generation for k. ~ k .
P []

Previous obeervations (Al.4, Al.20) of the 3 wolz spectra have shown that it
occurs in short bursts of emiseion on a ~ 30 ps timescale. Similar
pulsations have been observed in time resolved Thomson scattering studies of
the k-spectra of plasma waves driven by the twe plasmon decay instability Iin
a CO2 lager pfoduced plasma (Al.21). This experiment was designed to
measure the k-spectra of the two plasmon decay waves involved in 3 wolz
harmonic generation by correlating the temporal behaviour of simultaneously

observed 3 wy/2 and Thomson scattered signals.
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The experimental layout is shown im Figure Al.12. The backscattered 3 mulz
harmonic spectra, produced from 5 um thick Al foil targets irradiated by
1.05 ym, 1.8 ns laser pulses, were recorded on an S-1 streak camera. An
5-20 streak camera was used to record the Thomson scattered signals from an
0.5 ym, 1.5 ne probe beam which was synchromous with the main 1.05 ym beam.
In order to reduce the level of the 5 wo/2 harmonic signal an etalon wasa
introduced into the 1.05 im beam to generate a pre-pulse containing ~ 20% of
the incident energy. The separation between the pre—pulse and the main
pulse was arranged so that the peak plasma density n, was nc-< o, < nclﬁ at
the time of arrival of the main pulse.

However, despite these precautions, the levels of 5 wy/2 signals and
refracted green light were atill comparable with the Thomson scattered

signals making it difficult to identify a true "Thomson scattered" sigral.

Al.5 Detalled Meapurement and Analysis of Near Classical Thermal

Trangport in 1 ym Irradiated Laser Plasmas

J D Kilkenny, O Landen, S D Tabatabzsel, J Hark (IC), O Willi, A Hauer (LANL,
USA) and C J Hooker (RAL)

The transport of enmergy from the reglon of the absorption to denser portions
of lager produced plasmas has remained a topic of active investigation and
controversy for nearly ten years {Al.22, Al.23, Al.24). Early work largely
involving flat targets seemed to indicate a severe limitation of the heat
flux relative to classical predictions {Al.25). More recent work involving
apherlecal targets has tended to yield trenaport results closer to clasaical
(Al.26, Al.27, A1.28). In the present experiment we have studied tranmsport
and plasma evolution In spherical targets using a wide variety of
dimgnostice. This wide range of dliagnostica yields a more comprehensive
plcture of the plasma conditions than has been presented previcusly. For
example, the combination of time resolved X-ray line spectroacopy (as a
disgnostic of thermal transport) and interferometric probing (as a
dlagnostic of plasma expansion) places important constrainte on the
theoretical modelling.

Al.19

The basic target configuration used in most of the work is shown in

Figure Al.l4. The solid glass bali prevented any implosion of the target
(and consequent inward movement of the criticel surface) during the shot.

In most cases the targets were uniformly illuminated with the six-beam laser
facility at the Rutherford Appleton Laboratory. The six beams are focused
by £/1 lenses with optical axes normal to the faces of a cube. Incident
irradiance levels ranged from 3 to 8 x 101% w/cm?, The laser pulse had an

approxinately Guassian temporal profife with a 0.83 ns halfwidth.

The primary diagnostic of thermal transport was time resolved X-ray line
spectroscopy. X-ray line emisaion was observed primarily from silicom in
the glass centre and the thin aluminium layer. A few lines were also
observed from sodium, calcium and magnesiom impurities in the glass. The
experimental configuration weed for time resolved spectroscopy 1s shown in
Figure Al.15. A dispersing crystal is located about midway between the
target and the atreak camera slit. Alse shown in Figure Al.15 is the method
used for obtaining a time fiducfal mark indiecating when light is first

incident on the target.

Another important diagnostic used in these experiments was Interferometric
probing. A 40 pa, 3w probe was used to measure the density profile in the
expanding plasma. In addition to giving details on the expansion profile,
this serves to show that quite uniform blowoff conditions have been achieved
in the case of uniform illumination.

Other diagnostica that were employed are:

(a) TIon calorimetric measurement of absorbed energy. For uniform

illumination, the absorbed fraction was about 27X,
(b) Faraday cup measurement of ilon blow-off.

(c) Faraday rotation measurement of magnetic fields in the cases when

nonuniform illumination was employed.
(d} Multiple chaanel pinhole X-ray imaging.

Al.20
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(e) Time integrated crystal X-ray spectrograph.

(f) A seven channel (filtered) X-ray diode array was used to measure the

X-ray continuum. This diagnostic and inner shell line measurements

were used to evaluate the role of hot electrons.

On most of the shots in this series, we attempted to have dniform
jllumination on the surface of the spherical targets. We were also
conceraned, however, with the role of refraction for rays with significant
departure from normal incidence. In the early part of the experiment, we
thus tried a_variety of focal conditions as ;llustrated. The goal was to
have as uniform illumination as possible while usipg relatively little

overfocusing.

Uniformity of illumination was diagnosed with X-ray pinhoie imaging, Faraday
rotation probing and the previously mentioned interferometric probing. The
pinhole imaging was used as a criterion of uniformity of energy deposition.
The Faraday probe was used to measure the magnetic flelds that result from
nonuniformity in illumination. It was found that for D/R ~ 2.25 (tangential
illumination) good uniform XA-ray photographs (for a varlety of X-ray energy
channels from 1 to 10 keV) were obtained with negligible (large scale)
magnetic field generation (< 100 kG). For uniform illumination, the
absorbed fraction measured in these experiments {with ion calorimetry) was

about 277%.

For incident irradiances of about 6 x 101% W/cmz, the hot electron
temperature as measured from the X-ray continuum slope was about 2.5 keV.
Inner shell (Ka) emission was measured from the calcium in the glass. 1In
additien, Ku was observed from solid vanadium targets coated with various
layers of plastic. From these measurements, we conclude that no more than

1% of the absorbed energy was present in hot electromns.

An example of a time resolved line spectrum is givenr in Figure Al.16. Clear

delays can be seen between the time fiducial and the onset of aluminium

Al.21
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emission and between the aluminium and silicon emission. Both theory and
experiment show a very rapid rise (< 100 ps) for the onset of silicon and
aluminium emipsion. The delays are thus well defined quantities. Average
mass ablation rates can be obtained by taking these Intervals as the time
needed to ablate either the outer plastie or the aluminium and inner plastic

layers.

In Figure Al.17 we plot the mass ablatlon rate versus absorbed irradiance.
For any particular peint the absorbed irradiance 1s taken as the average
value during the delay (measurement) interval. The pointa on Figure Al.l7
also represent a range of values of both irradiance and plastic thicknesses.
The measurement intervals are thus distributed across various parts of the
laser pulse and do not emphasise any particular part of the temporal

profile.

Time resolved measurements of calcium emission from the glass were also
made. For the normal tangential focused shots, a very small delay (< 100
ps) was obgerved between the tuzxm on of silicon and calcium line emisslon.

This would seem to indicate a relatively asteep profile of the heat froat.

Alge shown in Figure Al.17 is the range of data in a recent study of mass
ablation at KMSF (Al.27) and points taken at the University of Rochester
(Al.28). The KMSF data agrees reasonably well with the present work while
the Rochester points are somewhat higher. Reconciling this apparent
digerepancy could be very important for laser fusion. At this point, it is
not clear whether the higher fluxes would be a benefit or detriment.
Enhanced penetration might lead to a form of preheat degrading the
efficiency of laser driven implosions. 1In addition, the larger heat
transport in the Rochester work seems difficult to explain by present

theoretical methods.

Some of the differences between the Rochester work and the present study

are:

(a) £/l focusing was employed in the present work while £/3 was used at

Rochester.

AL.22

- (b) Higher absorption was observed in the Rochester experiments.

{e¢) Rochester work employed time integrated X-ray spectroscopy while the

present work was time resolved.

As a point of comparison with the Rochester work, time integrated X-ray
spectra were also measured in the present experiments. The assessment of
transport using time integrated spectra ic made by observing the reduction
of intensity of the radiation of the alumium or silicon as a function of the
plastic thickness. In Figure Al.18, we plot some time integrated spectral
results. We also show results from the Rochester experiments at a slightly
different incident intensity. Since time delays were the primary diagnostic
in the present work, a smaller range of plastic thicknesses were employed
than in the Rochester experiment. In the present work however, there is
¢learly little difference in the fall of intensity between high and low Z
radiators. A substantial difference was observed in the Rochester

experiments.

A further indication of the differences between the Rochester experiments
and the present work may be obtained from the small number of shots taken in
the present work at ason—tangentfal illumination. These shots yielded an

apparently higher mass ablation rate, as shown in Table Al.1l, altheugh they
were very close in irradiance and measured absorbed energy.
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Table Al.l Mass ablation for non-tangential illumination

m Absorption Incident
gn/cm?-s Irradiance
x 10 1“(“ cn 3y

Tangential 1.8 24% 2.8
D/R = 2.25
Non—-tangential 3.3 25% 3.3

1.5 > D/R > 1.0

The present experiments have been modelled with the Lagranian hydrodynamic
code LASNEX, With this modelling, thermal transport is treated as flux
limited diffusion.

With the modest hot electron temperature, the non-local deposition of the

hots is not dramatically different from that which would occeur in a single
group transport modal.

In Figure Al.19, we show the result of a LASNEX calculation of emission.
The delay between aluminium and silicon emission at 3.5 x 10Ll% W em~2
absorbed irradiance should be compared with 440 ps observed in the
experiments. In maklng such direect comparisons we find that the best
results are obtalned when a flux limit of about 0.08 is used. This flux
limit also gives the best comparison with measured expansion profiles as
shown in Figure Al.20.

In conelusion, we find that the thermal electron transport in these
spherical target experiments Is best deseribed by near classical modelling.
The observation of little difference between emission from high and low Z
elements 1s also comsistent with this plcture. Some clue as to the
difference between the present work and the higher flux observed in the
Rochester experiments may be given by the tighter focus shots described in
Table Al.l. Further analysis of this discrepancy i1s needed.

Al .24

Al.6 Heat Flow and Ion Acoustic Turbulence in a Laser—heated Z-pinch

Plasma

A E Danger, A X L Dymoke-Bradshaw, M Lewis (IC), D A Pepler and W T Toner
(RAL)

An experiment was carried out to investigate the heat flow and ion acoustic
turbulence generated when a large temperature gradient 1s Induced in a
plasma. Such a gradient was created by focusing the A = 1.05 ym laser beam
into a fully ionised hydrogen Z-pinch plasma. The plasma parameters were
then measured by collecting and analysing 90° scattered light from a

A = 0.53 pm probe beam {see Figure Al.22).

A trial experiment had been carried out to look at the heat flow (see
Section 5.9 of the RAL 1983 Annual Report to the LFC), but this was limited
in that it was not possible to determine the relative positions of the
heated and scattering volumes with sufficient accuracy. This was rectified
by the inclusion of an alignment system which had a reproducibility of <

10 ym. The collection optiecs for the scattered radiation were also

improved.

Figure Al.23 shows the experimental layout. The A = 1.05 pm heating beam
used wag a 2 ng flat-topped pulse, focused to a spot of ~ 100 ym diameter on
the axis of the pineh., The A = 0.53 pm probe beam was also of 2 ns
duration. The light scattered through 90® was collected, and the output
spectrum is of the form shown in Figure A1.24, with the exact shape being
dependent on the eleetron temperature and density. There are two parts to
the spectrum: broad wings due to the electrons, and a much stronger, narrow
lon feature centred on the probe beam wavelength. The scattered beam was
split into two, with ~ 10% of the total light going te a high dispersion
spectrometer, and the rest to a second spectrometer with lower dispersion.
The output from the first spectrometer had a spectral range of ~ 10 A and
was centred on the probe wavelength, thus giving a high resolution (~ 1 A)
image of the ion feature. The whole spectrum was recorded from the second

spectrometer, with a spectral range of ~ 250 A, and ~ 4 A resolution. Both
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Fig, Al.23 Generalised schematic of the scattered spectrum, with an
intense ion feature {width n few A) and a broad (v~ few
hundred &), low intensity electwxon feature.

of these spectra were recorded on film using streak camerag, with a time

resolution of ~ 0.4 ns.

It was possible to change a number of parameters throughout the experiment,
thus allowing a full study to be made of the plasma conditions. For example
(a) the position of the heating beam could be moved, with respect to the
diagnosed volume, by up to several hundred microns both vertically and
horizontally, thus allowing the relative directions of kEI and AT to change;
(b) the relative timing of the heating and probe beams could be varied, and
(c) it was possible to trigger the Z-pinch at any time up to & us before the
laser was fired, thus enabling the initial neamd '1‘e to be wvaried.

Ion and electron spectra were recorded for a number of these conditions, and
typical outputs are shown in Figure Al.25. As the ion feature is much
brighter per unit bandwidth than the electron feature, a strip of neutral
density filter was placed In the focal plane of the spectrometer centred on
the ion feature to prevent the film saturating. This shows up in the
photograph as a dark strip, with the lon feature gshowing through in the
centre. Figure Al.26 is a series of microdensitometer traces of these
featues as a function of time. The ion feature clearly shows that ion
acoustic turbulence is present, and analysis of the electron feature gives
n, ™ 1017 and T, ~ 25 eV. Many shote exhibit an agymmetry in the electron
feature, and some also in the ion feature. In the latter, this is probably
due to.a relative electron-to—ion drift wvelocity, which produces iem
acoustic waves at mpi if the Landau damping is low (ie TBITi is large).
Asymmetries in electron features are harder to explain, but may be driven by
the fast streaming and slow counter—streaming electrons. The latter form a
space charge neutralising return current. Analysis of all the data is
continuing at present.
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A2 LASER PLASMA COMPRESSION AND DYNAMICS
AZ.1 Introduction

T A Hall (Essex) and A J Cole (RAL)

The results reported in this section ¢over all the implosion and ablative

acceleratfon experiments whose main aim s to improve our understanding of

the processes occuring in laser driven compression of microballoon targets.

The highlight of the years work was the systematic study of ablative
implosions with green laser light (section A2.2). This “campaign”
experiment, comprising of a loglecal progression from uniformity studies
(section AZ.2.3) through to X—ray radlographic and emission diagnosis
measurements [sectlons A2.2.4, 5 and 6), wae carrled out by experts in each
field from the varlous university groups active at the C.L.F., together with
RAL staff. Careful planning of the experiments, including extensive
simulations of target performances {Section A2.2.2) was an important

contribution te the success of the campalgn.

Several new techniques for observing implosion experiments were tried out
during the reporting peried ineluding point—source radiography (section
42.3) and the x-ray framing camera developed at Essex university (Section
AZ.4).

Work coutinued on the Rayleigh-Taylor instability (Section A2.5) and alsc on
thermal smoothing effects In targets irradiated with third harmonic (0.35um)
lager light (Section A.2.6).

A2.2 Systematic Study of Six Beam 0.53 im Ablative Tmplosions

A2.2,1 Introduction
M H Key (RAL), J D Kilkenny {IC) and C L 5 Lewis (QUB)

A long term theme of the work of the seientific group for 'laser plasma
compression and dynamics' has been the endeavour to understand and optimise

ablatively driven implosions.

The major varisgbles are the target parameters viz radius r, wall thickness
4r and wall material (density p and atomic number Z) and the irradiation

parameters viz laser wavelemgth A, irradiance I and pulsge duration T.

Fairly good understanding of some of the limlting factors hae been obtained
from experiments and calculations isolating specific processes. Pressure
multiplication is proportional to r/ir but study of R-T instability has
shown growth rates of about 50% of the classical value suggesting a growth
expoadent Yt ~ {r/4r) /2 in an implosion and therefore an upper limit

r/Ar ¥ 10 (A2.1).

1f the power P of the lager i35 limited then the irradiance is linked to the
target size (P ~ 4nr21). Consideration of hot electron generation suggésts
that there is an upper limit to A2 arising from the range of hot electron
preheating (pﬂ.)h which 1s proportional to Ix2. Targets with r/Ar = 10 and
of a size matched to the CLF Nd glass laser have p Ar ~ 1073 gem™ Z.  For het
electron preheating to be less than shock preheating there is a limit

122 3 101% 0 e 2 im2,

Preheating by soft X-rays is also important and may cause a loes of pressure
and density in implosions which can only be overcome by increasing the wall
thickness of the target and thus, for conatant r/far, the radiuws. Since the
laser energy EL is proportional to r? this is an expensive requirement.
Conditlons where soft X-ray preheating does not give a significant
temperature rise relative to shock preheating in the inner half of the

pusher are obtained for pAr > 1072 gen~? £or 10w Z shells (A2.2, A2.3).

AZ.2



The laser wavelength X is a key variable. 4t I32 ~ 1014 W cu”2 ym2 and for
absorption fraction A = 0.3 the ablation pressure PB/l Mbar = 4(A/1 ym)~2

(42.4). Thus shorter wavelengths are advantageous.

Problems at shorter wavelength include reduced thermal conduction smoothing
of spatial preasure variationms arising from spatial frradiance varlatioms of
scale length L. For the relevant irradiance range an approximate thermal
smoothing facter £ for an implosion is given by

£~ O.I(L/r)(r/Ar)%(All um)—o'9 (A2.5), In multibeam irradiation achemes
individual focused beams have typically 2:1 intensity varlation (A2.6} The
need for pressure uniformity of a few perceat and thus £ < 0.1 may mitigate
agelnst wavelength A < 0.5 ym. There is considerable uncertainty on this

point however due o lack of good experimental data.

The above discusslon also suggests that there is negligible thermal
smoothing on the spatial scale L/r ~ 1 associated with the pattern of beam
overlap in multibeam irradiation. There is therefore a requirement for a
few percent uniformity of the irradiation itself. Calculatiome indicate
that six beam symmetriec irradiation is capable of approximately 15%
uniformity, with 12 beams giving an improvement to about 3% (A2.7).

It was decided therefore to conduct a careful study of the performance of
optimised targets driven by slx beams in perparation for future experiments
at the CLF using 12 beams.

The optimised conditions would be rfér — 10, A = 0.5 m, T ~4 x 101% gy em2
which with the 300 J in one nsec avallable from the six beam VULCAN iaser
set the target radius at approximately 80 um.

A coordinated series of experiments was planmed to Investigate the
performance of optimal six beam (f/1) ablative compression in which the
tnitial phase was designed to optimise the uniformity of irradiation and
measure the absorption fraction (section A2.2.3). Imaeges of harmonic
emigsion at 2w and 3/2w and of X-ray emission were used to determine the

conditions of wmost uniform irradiation varying the overlap of the beams on

A2.3

the target (d/r where d 1s the distance of the focal point beyond the target
centre).

It was concluded that best uniformity was obtained for dfr ~ 4.5 as

suggested also by calculation (A2.7). The absorption was A ~0.2. the
X-ray data also gave a quantitative estimate of the ratio of maximum to
minimum ablation rate of 1.25 * 0.05 for the three beam overlap polnts

relative to the 1 beam centres.

In the second phase of the experiment (A2.2.4) pulsed X-radiography was used

to diagnose the symmetry of implosions and the maximum density.

The choice of targets for this work was influenced also by the requirement
of the diagnostic method. It iz advantageous to use a low Z ablator giving
low intensity of X-rays from the ablation plasma relative to the
backlighting source. Maximum stability against BT growth is obtained with
2 low density low aspect ratio homogeneous shell. Maximum X-ray probe
penetration is obtailned using a low Z shell. The choice vas therefore a
homogeneous polymer shell. The gas fill density should ideally be large
enough that the compression ratio in a perfectly synmetric lmplosion would
not exceed the practical limit of about 1000 x expected to arise from
imperfect sphericity. Freon gas fill at depsitles p ~ 1072 gcm‘3 was
therefore envisaged {in the event empty polymer shells were used in the

experiment for reasons of target avallability).

Practical consideration of backlighting source intengity relative to target
self emission also set a limit to the irradiance on target. Typieal
conditions chosen were I = 2 x 10l% g cmFZ, r =80 ym, rfir = 10 with an
jmplosion time and pulse duration of about 1 ns. Simulation of the
implosions indicated real compressed density of about 15 g ew™ 3 with the
effects of radiative preheat being relatively unimportant (A2.3).

Observation of the uniformity of the initial phase of implosion varified the
conclusion that For d/t ~ 4.5 the pressure maxima were at the 3 beam overlap

and minima at the fadividual beam centres with a pressure ratilo of about

1.3:1, Average density in the core at peak compresslon was meagured to be

A2.4



10 gem™3. Thie 1s close to the 1D modelling result for conditione of feirly
negligible preheat induced decompression of the Imploding shell and suggests
that the optimisation discussed earlier is soundly based. OQur earlier
experiments wiht high aspect ratlc shells and non optimised conditions all

ghowed much lower density and strong departure from this 1D 1deal

performance {AZ.G}.

In the third phase of the experiment the objective was to produce 'hot'
ablative implosions in which the core temperature was sufficlent for X-ray

and thermonuclear emission diagnostics (4Z.8).
Target designs are discussed in A2,2.2 and these were of Lwo types.

For X-ray emisslicn the target design was based on a homogeneous plastic
shell of low X-ray opacity with & Freon fill gas as discussed above. The
Freor was chosen to give line radiation from Cl XVI of sufficieunt photon
energy to escape through the low Z pusher at peak compression

{pAr ~ 1072 gem™2). It is difficult however to satisfy all the constraints
for optimal implosion and obtain the necessary core temperature. In
practice reduction of the aspect ratlo comstraint was needed to achieve a
higher implosion velocity and core temperature. The effect was to reduce
density through preheat induced decompreseion and/or RT instability.
Results are discussed in A2.2.5.

For thermenuclear emlssion the chosen targers were D-T filled at 10 bar
pressure. 10 bar Ne was added to raise the density to 1071 g(:m-3 and reduce
the compression ratic. A glass shell was needed to contsin the D-T and a
homogeneous glass shell was preferred for better stabllity against R-T
growth. The higher shell density implies & slower implosion velocity for a
given aspect ratio. It was therefore necessary to reduce the shell
thickness and iﬁcrease the aspect ratlo above 10 in order to achleve

sufficient implosion velocity and temperature for fusion.
Typical conditions were I = 5 x 101, 1 =0,5n08, A=0.2, r =80 m, &r =1
to 3 pm. The experiments are described in section A2.2.6. Neutron yield

and remperature decreased with wall thickness increase ranging from 105, 400

42.5

eV to 7 x 103, 200 eV (Figure A2.45). The temperature 19 proportional to
the inferred value of momentum flux density pvZ in the imploding shell
deduced from the shell parameter and ablation pressure, as expected for an

ablative implosion.

Meapurement of the value of pAr at the time of thermonuclear burn was made
from the energy less of 3.5 MeV DT ¢ particles and 2 MeV DD protons which
have ranges of approximately 2 x 1073 gcm‘2 and 2 x 1072 gcm‘z regpectively.
Energy measurements were made by anaiysis of etched tracks In CR39 and even
though DD proton ylelds are 16~2 of DT a ylelds, good data were obtalned for
both.

The pAr at the time cf burn was typlcally 10 x the initial par of the shell
with paximas pAr ~ 1072 gem™ 2 obtained for the largest (3 um) wall
thickress. This is consisteat with density of 10 gcm'3 and the

corresponding jon temperature 1s 200 eV.

The CR39 technique was seen to be an extremely valuable and accurate
diasgnostic with interesting possibilities for deducing the source volume and
uniformity of the pusher from the emergy spread of the a and p emigsion as

discussed in section A2.2.6.

Futufe work will give a direct comparison between 6 beam and 12 beam target

irradiation.

A2.2.2 Target Design Calculations
B J MacGowan (IC) and S J Rose (RAL)

Prier to the start of the Campaign Experiment attention was focussed on the
design of sblatively - driven, single — shell nicroballoona for the x—ray
emission (A2.2.5) and thermonuclear spectroscopy (A2.2.6) sections. Glass
microballoons filled with a mixture of Neon and DT wexe chosen for the
thermonuclear spectroscopy experiments whereas Fraon-filled plastic shells
were used in the x-ray emission work. In each case go as to produce a

sufficiently high output, it was Intended that the targets produce a high

A2.6



maximum gas temperature of at least several hundred eV. Several other
constraints were taken into consideration. Firstly the aspect ratio must be
low enough (less than about 10) that Rayleigh-Taylor instability does not
break up the shell during the implosion. Also the target wall must be
sufficiently thick that fast-clectron or radiative preheat does nor greatly
affect the implosion. 1D MEDUSA simulations were used to design the
targets, shown in Table A2.1, which fit as far as possible these
requirements. They were designed assuming the output of green laser light
to be 400 J which together with 77% transmiesion through the lenses and an
agsumed absorption of 35% results in approximately 100 J abeorbed.

Fast electron and radiation transport were each included using a multi-group
approximation. Care must be exercised, however, in iaterpreting the results
of such calculations. For example, the code predicts an unrealistically
high ion temperature when the spherically convergent shock reaches the
centre. Also because targets could only manufactured with low gas
densilties, the resulting maximum compressions predicted by 1D simulations
(over 3000) are unlikely to be achieved in practise. Although it is
pessible to circumvent these difficulties by fgnoring those parts of the
simulation which are though to be unreallstic, there still remains

considerable uncertainty in the predicted target performance.

Table A2.1 Calculated target performance

Irradiance Pulse 5Shell 5Shell Shell Initial Maximum  Neutron
(Wcm"z} Length Quter Thickness Material Gas Fill Gas Yield
(ps) Radius {pm) Temp.{ev)
{ um)
2 bar
9 x 10l 500 73 10 Plastic  Freon 400 -
(10” Zgem™ 3
10bar Neon
1.6xt01l% 500 61 5 Glages + l0bar DT 560 105

A2.2.3(a) X-ray Studies of Illumination Uniformity

J Wark, J D Kilkenny, B J MacGowan (IC)
(1) Iotroduction

The 1illumination uniformity wag studied by recording the variation in
brightness of X-raye emitted from irradiated microspheres. The X-ray -images
were recorded using two orthogomal pinhole cameras filtered with 25 pm Be
+5ym Al. The cameras were positioned halfway between two of the six beams;
thus on the horizon of the asphere were both double and triple beam overlaps,

as well as two single beam positions (as shown Iin Figure AZ2.1).

In order to enhance the effects of any non-uniformitiea im the 1llumination
the solid glass spheres of 70um diameter were coated with 3-6im of plastic.
Thus Iin regions with higher absorbed energy the plastic would be ablated
more quickly, revealing the brighter X-ray source ¢f the glass. The Al
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filtering was used so that the relatively long lived Silicon He a line was
suppressed, and the X-rays from the glass ¢losely followed the laser pulse.
The fractional absorbed energy was also monitored using six ion

calorimeters.

Over 20 shots were fired, the beams being focussed between 2.5 amnd 5.5
target radii beyond the microsphere to look for focuselng dependence of the
uniformity, at a typlcal incident irradiance of 5 x 101% em 2. In order to
obtaln quantitative informatiéﬁ about uniformity, it is necessary to know
the relative brightness of glass and plastic X-rays with the filtering used.
Figure A2.2 shows the average relative X-ray yield against plastic thickness
for shots with similar absorbed irradiance. With 6um of plastic, burn
through to the glass is not achieved, and it 1s not until the plaatic
thickness is reduced to ~ 4 pm that the X-ray yleld increases. From this we
can estimate the mass ablation rate to be » 7 x 10% gm en 2 g~ 1, which is
about 30% higher than previous measurements using layered targets (A2.4).
This is probably due to the lower X-ray energy used in this method, as the
heat front has a finite gradient.

(1i) Qualitative Results

Typical results are shown in Figures 42,3 and A2.5 with thelr associated
beam balances {Figures A2.4 and A2.6). It can be peen that with good beam
balance (+ 2.5%), X-ray emission is dominant at the three beam overlap
positions, with lowest yleld at single beam points. However, it was found
that if the beam balance was bad { + 7.5%), no such structure could be
seen, the maximum and minimum being apparently random. Only three shots
were obtained with beam balance better than + 3%, all at a defocus of 4.5
radli, and all of thesge shots ghow that three beam overlap positions have
the highest X-ray yleld. Little information can be extracted from the shots

with poorer beam balance.

(111) Quantitative Results

Assuming that the X~ray yield from the plastic and glass is proportional to

the time the laser spends burning through the material, we can write:

A2.9

I=A4¢(0.6-T)+ BT
where 1 is the relative X-ray Intensity, T the time the laser pulse spends
burning through the glass in nranoseconds, and A and B are constants
determining the relative brightness of plastic and glass X-rays

respectively. From Figure A2.2 we gee that at T =0

1= 11748 = 0.64

Therefore A = 195 + 13 and at T = 0.6 (ie. no burn through to the glass)

I=11+1=0.68

Therefore B = 18.3 + 2

Using these values for the constants A and B it Is possible to convert X-ray
intensities to the time the laser beam gpent in the glass, a&nd hence
determine relative differences in the mass ablation rate around the horizon

of the microgphere.

Taking the average of the three results used, the mass ablation rate is

(25 + 5%Z) higher at a triple beam overlap than at a gingle beam position.
This experimental reault agrees qualitatively with the simple absorption
model described by A R Bell in (A2.7) for an angular absorption dependence
of Coe @ or Coaze. The quantitative regults cannot be directly compared as
the effects of thermal smeoothing in spherical geometry are not known, though
planar smoothing results indicate that in the irradiance regime used some
smoothing would take place (A2.9).

{1v) Uniformity of Illumination Control

Figure A2.7 shows the varlatlon in absorbed energy with defocus as measured
with the icon calorimeters. The energy falls off from ~ 33%Z at obscuration
(d/R = 2.25 with f/1 lenses) to ~ 17% at d/R = 5.0. This is not merely a
geometric effect {ie. less energy absorbed at higher d/R as less energy hits
the target); the ratio of absorbed energy at d/R = 2.25 to that at 4/R = 5
is ~ 2, whereas by geometrical effects alone Et would be ~ 5. This is

A2.190
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5x 100" Wem ~. The four peaks correspond to the four triple-beam overlap positions.



SHOT NUMBER = 9, ON 29/4/83
BEAM IR ENERGY GREEN ENERGY  EFFICIENCY

UE 1. 59 L1 LA 0.56
UW 11 71 4232 0.47
N 126.27 41 .66 0.41
S 91 . 89 40 . 65 0.55
LE 112 .00 40 - 12 0.44 AVERAGE = 39.5% CONVERSION
LW 89 .14 39. 75 0.55

TOTAL ENERGY = 245.93 JOULES, AVERAGE = 40.99 J/BEAM
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E L i
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Fig. A2.4 Beam balance histogram associated with Fig. A2.3.






SHOT NUMBER = 11, ON 29/ 4/83
BEAM IR ENERGY GREEN ENERGY EFFICIENCY

UE 68.53 31.90 0.57
Uw 84 -13 28 .08 0- 41

N 95 . 56 35-62 0-46

S 69 - 22 29 .43 0.52
LE 85- 37 2918 0-42
L W 66 - 85 2840 0.52 AVERAGE CONVERSION = 38.6%

TOTAL ENERGY = 182.60 JOULES, AVERAGE = 3043 J/BEAM
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E b-FF-———— e b e e e — ] 30-4
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Fig. A2,6 Beam balance histogram associated with Fig. A2.5.
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probably due to refraction effects and the fact that the corona is larger
than the initial target surface; even at a defocus of 5 the rays from the
edge of the lens pass within one initial target radius of the target

surface.

In conclusion we have observed a higher mass ablation rate at the triple
beam overlaps, In qualitative agreement with a Cos 9 or Cos2 © absorption
dependence. However, such effects were often maeked by poor beam balance
which must be improved in further uniformity experiments. The absorbed
energy has been measured as a function of defocus and shows that the
calculated improvement in uniformity at defocil greater than obscuration
(A2.7) does not produce as sharp a fall off in factional absorbed energy as

purely geometric considerations would suggest.

£2.2.3(b) Harmonic imaping studies of illumination uniformity for 0.53pm

ablative compressions.

V Aboites, S Sim (Essex), D Bassett and I Ross (RAL)
(1} Introduction

The productinon of energy through the implosion of D-T nicroballons by using
laser beams requires a high degree of uniformity of the energy depositicon in
the surface of the target in order to achleve spherical convergence

(A2.10). '

In this experiment a study of the uniformity of illumination of imploded
microballons was done when they were irradiated by the six beams of the RAL

Vulcan laser under different focusing conditions.
Several linear and non-1inear processes in the interactlion of intense
electroagnetic radlation with plasmas provide us with information about

very specific reglons of a plasma.

At the critical denslity veglon (ncr)' where mp a wo, (uo refers to the

frequency of the incident light on the plasma) resonance absorption can give

A2.11

rise to electron plasma waves of frequency u which may couple either to
electromagnetic waves of [requency w, or to another electron plasma wave of

frequency w, to generate Zmo radiation (A2.11 and A2.12).

Alternatively, generation of 2m0 also may be due to the Parametric Decay
Inatability (PDI) where near the critical deasity n. 2 electromagnetic
wave of frequency “, decays into an lon acoustic wave and an electron plasma
wave of frequency near ® which by further recsmbination with electron
plasma waves mo pr electromagnetic waves mo may generate 2mo radlation
{(AZ.13).

Therefore, the critical density region of a plasma ncr' can be identifled
with the region of generation of Zwo radiastion. The appearance of the 2 w,

emission would be expected to be specular.

Similarly, generation of odd-integer half harmonic emission ia due to
processes ocurring at or near the quarter critical (ncrlh) region of the

plasma, where mp = wolz.

Tuwo of these processes are the Two Plasmon Decay Instability (TPD) or
Stimulated Raman Scattering {SRS), where the former corresponds to the decay
of an jincident electromagﬁetic wave into twe electron plasma waves of
frequency =~ wo/2, and the latter corresponds to the decay of an incident
electromagnetic wave into a scattered electromagnetic wave and an electron

plasma wave both of frequency molz (A2.14 and A2.15)

In particular, electromagnetic waves of frequency 3m0/2 can be generated by
the coupling of an electromagnetic wave of frequency mo and an electron
plasma wave produced either by TPD or SR5. The nature of the 3 m0/2 light

would be expected to be diffuse.

For this experiment, in order to study the smoothness of the critical (ncr)
and quarter critical (ncrlﬁ) gurfaces of the plasma produced by differeat
irradiation conditions, observations werz made of the Zub and 3m°/2

radiation emitted by the imploded microballomns.

A2.12



(11) Experiment

Glass microballons of diameter BSuTsto 1%0um coated with 4um of plastic vere
irradiated at intensitles vp to 10 Wem by using slx green (D.5um) laser
beams. The pulse length was lns and the beams were focussed using £/1

lenses. The energy beam balance was ~ 10%.

The collection of Zmo and BMOIZ emission was done by using an aluminium
coated spherical mirrer of 150mm focal lemgth. An iris was used to stop the
aperture of the mirror down ko £/10 giving an experimental final resolution

of approximately 5pm limited by spherical aberrations.

The Zmo and 3m°/2 light was diverted by mirrors (HR @ 0,23im and HR @ 0.35um

respectively) and imaged onto two open-ghutter cameras.

An interference filter centered at Zfigm plus one OX7 filter and two UGS
filters giving an attenuation of ~10 for 0.5um were placed in front of the
Zmo camera, and an interference filter centered“?E 351nm plus one OX9 filter
and one UGl filter giving an attenuation of ~10 for 0.5im were placed in

front of the 3m°/2 camera.

The alignment of the spherical wirror was done by using a He-Ne laser
injected through the 3m°/2 and 2w, turning mirrors {see Figure A2.8). Once
the spherical mirror and the microballon were aligned with the He-Ne laser,
photographs of the static image of the microballon illuminated by the He-Ne
lager were tsken with both cameras. This was done in order to superimpose
on the same film the image of the original position of the miecroballon with
the lmage obtained by the 2m° and 3 mnlz emigsion.

The focussing of the laser beams on the microballon was characterized by the
parameter D/R where R is the radius of the nicroballon and D i1s the distance
from the target to the focal plane of the focussing lens. Figure A2.9.

The collection aluminium mirror was placed equidistant from three of the
final laser focussing lenses l.e. at an angle of ~ 54° from the axis of

these three laser beams.

42.13

For our experimental conditlons our computer simulations show that 1light
which is specularly reflected by an ideal spherical target surface would be
observed as shown in Figure A2.10 where the three symetric internal spots
correspond to light specularly reflected from the three front laser beams
and the three symetric external spots correspond to light specularly

reflected from the three back laser beams. The dotted line represents the

critical surface of the plasma.

Therefore, irregularities on Lhe critical (ncr) surface are manifiest by
observation of Zmo radiation coming from regions of the target not

corresponding to these six ideal spots.
(111i) Results

Figure A2.1l shows the result obtained from a surface tight focus ghot, the
three spots corresponds to the light emlitted inside the angle of our
collection optics. Figures 42,12 and A2.13 for a D/R = 3.5 and D/R = 4
respectively, show evidence of an irregular critical and quarter eritical
surface due to non uniform iljumination. Finally, Figure A2.1l4 shows that
for D/R = 5 we obtain the closest resemblance to the calculated image by our
cosputer simulations for the case of specular light from an ideal spherical
target surface Figure 42.10, which indicate that for D/R = 5 we get the
smoothest critical surface for our experimental conditions. It should be
noted that the position of the spot near the stalk of the microballen is
lower than expected, thls may be due to the disturbance of the plasma
symmetry of the microballon produced by the presence of the expanded plasma
from the stalk. This ie corroborated by the 3m012 emission plcture which

shows a pear shaped quarter critical surface.

Our results show, in agrcement with our computer simulationg, that for our
experimental conditions the best degree of vniformity of illuminakion is

cbtained for a parameter D/R = 3, when account 1s taken of the stand-off of
the crirical surface From the solid and the need to avold regimes in which

the uniformity is particulatrly poor.
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In order to ensure that the uniformity or non-uniformity of the emission
observed was effectively due to the D/R parameter and not to lack of

uniformity in the Laser beam profiles, pictures were taken displaying the

beam profiles for all six beams for every shot. Figure A2.15 shows the Zwo - 2wy - - 3wgi2 - _ BEAM PROFILE -
2 3 .

and 3m°/. emission together with two cypical samples of the beam profiles a} SHOT 07/220483

for the same shot. ,% - 2.75 TARGET DIAM 266um

COATED WITH 200nm Au
ENERGY ON TARGET 211J.

~ 3wgl2 - - BEAM PROFILE -

It was found cthat non—uniform laser beam profiles were obtained whenever the

laser is fired at a repetition rate faster than approximately 45min.

It can be seen in Figure A2.15(a) chat for a qualitatively uniform laser
beam profile we get a very non uniform critical (ncr) surface which is due

to the focussing condition D/R = 2.25 used in this shet.

For a focussing condition of D/R = 5, which is the optimum condition for
uniform illumination, we can see in Figure A2,15(b) the lack of smoothness

of the critical surface caused by the very poor unifermity of the laser beam

B} ! SHOT 141290483
profiles. The reason of this poor laser beam profile 1s that this shot was d_g TARGET DIAM 149 pm
R
fired just 20 minutes after the previous one. COATED WITH 4.6um PLASTIC
. ENERGY ON TARGET 199)
However, Figure A2.15{c) show that for the same focussing condition D/R = 5
and uniform laser beam profiles obtained because the laser was fired 73 - 2wg = ‘ ‘ —3""’0"2 - . - BEAM PROFILE =

minutes after the previous shot, we obtain a pattern indicating a smocth

critical surface.

{iv} Conclusions

From experiments of imploded micreballons with six laser beams it was Ecund

that the optimal condition for uniformity of illumination is at the the

focussing condition D/R = 5. This value is, in agreement with computer e) SHOT 10/270483
simulations which predict optimal illumination for D/R > 4.5. d_5 TARGET DIAM 137pm
R COATED WITH 4pm PLASTIC

ENERGY ON TARGET 160
The importance of uniform laser beam profiles has also been established.

- 3wgl2 ~ - BEAMPROFILE -

Future experimencs on the new twelve beam laser are planned.

Fig. A2.13 harmenic images showing che effect of beam prefile on the
observed uniformity.



A2.2.4 X-Radiographic Studies of Ablatively Imploded Plastic Shells

€L S Lewis, S Saadat, M J Lamb, P McCavana, J McGlinchey (QUB), M H Xey,
W T Toner and R W Eason {(RAL)

A2.2.4(a) Introduction

The ability to generate high density, hot plasma (10's of glen= 3 and 100's
of e¥) by means of an ablatively imploded target depends largely on the
degree of volumetric compreesion which can be achieved in practice and thus
the degree of spherical symmetry and stability which can be maintained
during the target convergence. There are several processes involved in the
laser—target interactionm and the hydrodynamic response of the target which
wllil influence the overall performance of the target and the quality of the

imploeicon attalned.

Potential problems originate with the deposition of laser energy outside the
critical surface and its subsequent transport into the ablation surface.
With a finite number of beams incident on the target the uniformity of the
absorbed energy density in the critical reglon depends on several factors.
These include the number of beams, the energy balance between beams, the
gmall scale intensity fluctuations within a beam and the overlapping of
beams in the vicinity of the target. The extent of overlapping is related
to the focussing lens effective f/number, the beam profiles, the size of the
rarget and its position relative to the lens focus. In general spatial
variations in absorbed energy density are to be expected with a wide range
of spatial frequencies. If these non-uniformitles are mapped onto the
ablation surface with sigaificant amplitude variation then a non-spherical
implosion will be driven. The exact nature of the mapping, i.e. the 2-D
non-linear heat flow between the critical and ablation surfaces is not fully
anderstood but some thermal smoothing is expected which will effectively
gmooth the higher spatial frequencies. The hydrodynamic response of the
target will aid the smoothing process with an overall effect sensitive to
the average irradiance on target and the lager wavelength. A counteracting
effect resulting from the non-uniformities may be the generatlon of magnetic

fielde in the overdense plasma leading to inhibition of the thermal

A2.16

smoothing process and possibly the peneration of fllamentary structure in
the overdense plasma.

The integrity of the target Is subject to the Rayleigh-Taylor imstability
during the initial acceleration phase (and later during the deceleration
phagse) but it is not ¢lear how the growth of this hydrodynamic Instability

may be damped by the above thermal and hydrodynamic smoothing processes.

Decompreasion of the target shell during the implosion will limit the
volumetric compresion and peak demsity attained. Decompressiocn, as opposed
to shell distortion through non-uniform drive pressure or Rayleigh-Taylor
break-up, may result from preheating through shocks, soft X-ray radiatlon
from the surface plasma or hot electrons. Many of the processes or limited
combinations of them can be studied in laclation per se gnd such experiments
are reported elsewhere in this report. It was the objective of this
experiment to ldentifiy on a reasoned but somewhat empirical basis a target
deslign and a laser illuminatlon prescriptlon which minimised the adverse -
effects and produced an implosion which could be adequately described by the
best modelling available. Having obtained a numerical model "fix', future
experiments could be designed to Iinvestigate the effects of the above
processes by stretching experimental parameters to the point that present
modelling breaks down.

A2.2.4(b) Experimental arrangement

The six beams of the VULCAN lager were uveed in second harmonile to deliver <
150 J of inecident enmergy in 0.9 nsec to low aspect ratio, unfilled
polystyrene shell targets. The principal diagnostic was pulsed X-ray
radiography using pinhole imaging and an active phosphor/image intensifier
detection system. The experimental set—up i1s i1llustrated in Flgure A2.16
and the pinhole camera diagnostic axls relative to single, double and triple
beam overlap directions is illustrated in Figure A2.17. The camera axis is

aleng a vriple beam overlap directiocn.

Targets with a typical wall thickness of AR ~ 10im were chosen to minimise
decompression effects through radiative prehear (A2.3, A2.16) (See also

A2.17
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Fig. A2.17 Beam geometry with respect to viewing axis. Symbols 1, 2 and 3 refer to centre of beams, two-beam
overlaps and 3-beam overlaps respectively.



section A5.4.6 1bid). Shell diameters were typically 2R > 160im to achieve
< 5 MBar drive pressure with the final irradiance conditions and to
simultaneously give a relatively low aspect ratio R/AR > 8 to minimise any
Rayleigh Taylor instability and allow for a moderately high finel core
density. The implesion time gcale of 1-2 nsec was sufficiently long to

allow smoothing processes to approach steady state (A2.5}.

Uniformity of target illumination was approached empirically (as described
in detail 1in Sectiom A2.2.3 1ibid) by observing the uniformity of X-ray,
second harmonic and three halves harmonic emissions from the taxrget as a
function of the defocussing of the main lenses. Uniformity Increased with
D/R (where D ig the distance of the focal plane beyond the targer centre and
R is the target radius) but at the expense of energy absorbed into the
target which was measured with plasma calorimeters. A compromise was
adopted with D/R = 4.5 and a fractional laser energy absorption of 9.2.
Typical absorbed irradiance levels were them 1-5 x 1013 W co™2. Beam energy
calorimetry showed that the six beams had 3% rms emergy deviations frem
the wean energy per beam and target equivalent plane monitors showed each
beam had typically +20% varlations in intensity about the beam average on a

spatial scale of = 30um on the target surface.

A2.2.4(¢) Diagnostics

(1) X~ray backlighriag

# 30 J of 1 m radiation in a 100 ps pulse was focuased to # 300 im spot
size on a backlighting targer (Cu or Au foils angled at = 30° to the pinhole
camera viewing direction) and was driven by an o¢scillator synchronised to a
long pulase osclllator driving the main target beams. The backlighting
plasma was > 1 mm from the main target. The imaging pinhole was positioned
m 7 mmn from the main target and a P 1l phosphor coated fibre-optic plate
detector doubled as a chamber window = 50 cm away. A Elbre-optically
coupled Mullard 50/40 image intensifier outside the chamber recorded optical
images on HPS5 film with a demagnification of = 0.7. Pinholes were
fabricated with an off-line (-switched YAG laser in 15 u thick Pt foll and
referenced spatially in a mounting stud so that pinholes could be replaced

A2.18

from shot—to-shot with a 10um accuracy. 12 pym diazmeter pinholes were used
with the copper backlighting targets and a permanent 15 ym Be filter for
early time soft X-ray radiography. 20 pm diameter pinholes with an
additional 30 um saran (C,H,Cl_ ) filtering were used with gold backlighting

2272
targets for later-time harder X-ray radiography.

{1i) ¥-ray streak camera

This was used to streak rhe self emissions of a typical shell target and a
typical backlighting target on the same shot. X-rays projected through a 1
mm wide slit covered with a filter pack providing a range of cut—off energy
channels from 1.5-4.0 KeV were streaked with a time resolution of =~ 30 psec
to measure the relative timings of the target and backlighting beams and
aleo to give a measure of the frame time of a radiograph. This was
typically = 200 psec for a copper target as illustrated in Figure A2.18 and
“ 100 peec for a gold target.

(1ii) Self-emission imaging

A x 10.7 magnification pinhole camera with Kodak No-Screen fllm detection
was used to image both shell and backlighting self-emission to keep a record
of the shell illumination uniformity and the relative self-emisslon
brightnesses. Two channels were used employing 5 ym and 25 um Be. In all
data shots the CH shell self-emission was negligibly small.

(iv) Backlighting spectral content

Miniature erystal spectrometers with Tl AP and PET crystals and SB35 X-ray
film were used to momitor the Cu and Au backlighting spectra respectively.
The relative energy content of the backlighting sources when filtered for
the appropriate pinhole imaging channel was deduced and is shown in Figures
A2.19 and A2.20 for Cu and Au tespectively. An estimate of the abselute
brightness was possible in the latter case but not needed for the data

reduction later.

A2.19
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Fig., A2.19 Relactive energy content of copper backlighting spectrum.




A2.2.4(d) Radiography Data
- Au spectrum

13 -l ! Raw radlographs are shown in Figures A2,21 to A2.30 and experimental
x 10 "keV keV str 10J, 100ps
perameters listed in Table A2.2. Figure A2.2]1 1is a system calibration shot
¢ =300um where an unirradiated CH shell has been radiographed with a Cu source (h

~1.2 keV) to provide the overall magnification (x 50) and the overall
spatial resolution in the target plane (: 15 mm}. The fading of
backlighting image intensity in the upwards direction within the shell
corresponds to & softer X-ray spectral content in the backlighting plasma

plume.

Figurea A2.22 to A2.26 show Cu radiographs taken at early stages of

/SOUI’CE convergence while Figure A2.27 18 close to peak implosion but shows no

Speci‘rum meapurable transmitted light through the core feature. Figures A2.28 and
A2.29 ghow Au radiographs (h ~ 2.5 keV) near peak compression with
sufficient transmitted intensity to estimate the core density. Figures

A2.22 to A2.30 show the Initial shell dimenslons te scale but centred with
15)Jm Be + respect to the radiograph by eye as no absclute reference was available.
30 ij Sarcm Figure A2.30 shows a misaligned radiograph but 1llustrates the geometric
ceatring of the core with regpect to the shell self emission which is also
geen to be negligibly weak compared to the backlight.

Several qualitative features are clear from the raw data. Early
radiographs, delineating the shell outer boundary, show hexagonal structure

reflecting the six beam geometry used and the associated spatial variations

in absorbed energy density. This etructure 18 to be expected as 1llustrated
in Figure A2.31 where a simple model predictioan of the target shape is
compared to a data shot. The model agsumes an absorption coefficient
scaling as cos2@ (O the angle of incidence) and a fourth power supergaussian
beam profile. The shape, ag seen by the pinhole camera, is calculated when
the initial radius L 18 reduced to ru/3 for a leng defocus of D/R = 4.5.
The distortion from spherical symmetry is due to = 153% higher drive pressure
along a triple beam overlap direction compared to a single beam direction.

‘ - At late times Figures A2.27 to A2.29 this structure seems to have largely
2 3 smoothed out, to within the spatial resolution of the data.

ct
E (keV) K- EDGE

A2.20

Fig. aA2.20 Absalute energy content of gold backlighting spectrum.



Peak Figure
Shot - Towine | Tabs d;?i:nty - p'::ﬁ T probe A2.35
Date No Target @H AﬁT Ezwin J | Egpine I qo1n ywreme | 143 wizem? | p;gbe* b/R ry E?p ry med exp. :zp density ns Tgiget Labé]
- /“ ~ /“1 iﬂséision afen”
19/5/83 19 3413 159.8 1 129.9 20.4 1.8 3.6 600 4.5 [45-57.5 43.9 2.3 3.5 1.680 Cu 1
19/5/33 29 3409 162.03 | 11.25 90.63 22.6 1.22 1.83 700 5.5 46.5 54.4 3.0 2.56 1.780 Cu 2 i
20/5/83 01 3447 147.46 9.78 | 171.2 25.2 2.78 4.17 700 5.5 136.6-46.4| 28.3 2.0 6.0 1.780 Cu 3 ;
20/5/83 04 3437 189.04 | 13.5 132.055 19.3 1.3 2.62 600 4.5 162.5-64 65.6 3.2 2.5 1.680 Cu 4
20/5/83 09 3442 150.35 9.9 166.94 21.3 2.61 5.50 500 3.5 36 29.1 1.87( 4.9 1.580 Cu 5
‘26/5/83 23 3418 149,62 7.9 134.4 24.1 2.21 4.25 700 4.5 30 19.7 1.9 | 58 1.780 Cu
27/75/83 6 3422 167.17 8.3 101.1 24.2 1.28 2.56 700 4.5 151.7-57.8; 40.8 2.1 3 1.780 Cu 7
8/6/83 7 3451 | 150.38 8,32 | 124.4 27 1.94 4 700 4,5 134-35.8 23.9 1.951 10 [ 1.780 tU 8
8/6/83 8 3440 178 12.8 76.23 22.7 .B5 1.7 800 4.5 |84.5=.5 66.3 3.580 2.0 1.880 Cu 9
9/6/83 1 3446 163.52 | 11.5 91.8 24 1.3 2.4 1100 4.5 35 4.8 2.761 3.2 2.180 Au 10
9/6/83 1 3453 156 9.2 135.3 27.4 1.96 4 800 4.5 26 23.2 2.1 14 1.780 Au il :
10/6/83 1 3455 149 7.2 103.6 33.8 1.65 3.3 650 4.5 18.6 19.0 10 1.9 8.0 1.730 Au 12 i
10/6/83 3 3457 144.5 7 115.2 3301 1.85 3.9 550 ; 4.5 20.4 20.4 9 1.8 8.2 1.630 Au 13

*Probe timed with respect to pezk of drive pulse

TABLE AZ2.2




SHOT 29 ON 19/05/83

X-RAY SHADOW OF A COLD CH SHELL

v /r
172 0 Cu
rop=81um
x47 g/ Ar=7-2
AX=10um D/r0=5-5
100 um 0 0 70 2-0 30 40Tns
Fig. A2.21 Radiograph of unirradiaced CH shell. Fig. &2.22 Copper spectrum radiograph of irradiated CH shell.



SHOT 06 ON 27/05/83 | SHOT 04 ON 20/05/83

r. 7t ' Cu  "12’%
/2.0 r0=83-5 um Cu
ro/Ar=10 rp=945um
ro D/rg=45 o /Ar=7
D/ro =4'5
05
13, -2 3 Yy
lapg =2 8x10 Wem aps 52610 Wem 2\
0 : 0 . |
0 05 1+0 15 20 Tns 0 10 20 30 20T hs
Fig. A2.23 Copper spec.rum radiograph of irradiated CH shell. Fig. A2.26 Gopper spectrun ratiograph of irradisced GH sholl.



SHOT 19 ON 19/05/83

SHOT 01 ON 20/05/83

r, ,./r ‘ .
1/2 0 r0=80um

s=3-6x1013 wem'

I<:tb

0 05 10 15 20Tns 25

Fiez. A2.23 Copper spectrum radiopraph of irradiated CH shell.

fr2’" Cu

10

05

% 05 10 15 20 Tns

Fig. A2.26 Copper spectrum radiocgraph of irradiated CH shell.



SHOT 07 ON 08/06/83

SHOT 01 ON 10/06/83

r / '
172’0 | Cu
r0=75 um
: 1'0J rk) /Z!r'::S)
D/r0=4-5
3

05
3 -
Iqbsi?ﬁ?_’f1°1_w__°m
0 . . .
0 0-5 10 15 20Tns
Fig., A2.27 Copper spectrum radiograph of irradiated CH shell.

r1/2/'-0 Au
r0=74-5um
10 rO/Ar=10-3
D/rA=4'5

0-5/

0 05 1-0 1-5 20 Tns

Fig. AZ.28 Gold spectrum radiograph of irradiated CH shell,



On one shot, Figure A2.26, where the D/R focussing was changed to 5.5 the

hexagonal symmetry appears to have rotated by 30° guggesting a relative SHOT 03 ON 1 0/ 06/83

enhancement of drive along the double beam overlap directions. (This

cbservation was not reproducible.)

411 the Cu backlighting shots show an absorption feature related to the
presence of a ¥ 5 pm diameter carbon fibre stalk used for mounting the
targets. This feature indicates the presence of material, right up to peak
compression, spanning the region between the initlal stalk coentact point and
‘the imploding shell outer surface. The origin of this wmaterial is unclear
but may be shell material left behiind due to the shadowing effect of the
plasma produced around the initial stalk which lies in a triple beam overlap
direction. Rough estimates of the mass of material required to give the
observed opacity and assuming cylindrical symmetry suggest that the material
has a density <1 g cm~? and comprises a few per cent of the total target

mass.

A moderately-high volumetric compression with reasonable spherical syametry
has been achieved as seen from the Au radiographs. At peak compression the
bulk of the non-ablated target material is confined to a reglon of radius
(0:2 - 0.25) r, where T, is the initial target radius giving a volumetric

compression of the order 100.

A2.2.4(e) Data Analysis Au

r0=72-25 um
rO/AI'=10'3
D/I’0=4-5

The data was quantitatively compared against the predictlons of the 1-D
hydro~code MEDUSA which was run without radlative preheat. Runs including 1'()'
preheat showed small but negligible effects in the hydro of the shell outer

surface for the present 4R and Iabs parameters.

As a comparison standard we choose to define as r!i the radial distance from () ES
the target centre to the chord which would present a line-of-sight
attenuation of 50% to the backlighting filtered source spectrum when the

13, -
intensity was integrated over all frequencles presgent. The distance Iabs=39)<10 wcm

(ra) MED could be calculated from the appropriate Medusa output time

corresponding to the probe time and (rk)ExP could be directly measured from ()

0 05 10 15 20 T ns

Fig. 42.29 Gold spectrum radiograph of irradiated CH shell.
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Fig.

Shot 19 on 19/05/83 Model

A2.3]

Hexagonal structure as observed in experiment and predicted by modelling.



the raw data using microdensitometry and the detection relative response - -
characteristics. T(R) = foIE T, (R) <& / fo I dzi R SR

(r%)MED was a post—processed quantity from appropriate Medusa outputs giving = 1.0; R> Ro

the material density at each Lagrangian cell position and its evaluation

allowed for (a) the polychromaticity of the source spectrum and (b) the where IE 1s the relative intensity of the source spectrum after allowing Ffor

convolution of a Finite sized imaging pinhole to record the tramsmitted fixed filters in the detection channel. Transmission profiles ware

light. calcualted from Medusa outputs fer CH targets asasuming cold material
absorption coefficients and using uE = 2000/E3 cm? g'l above the carbon

(1) Source Spectrum Effect K-edge with the photon energy E in KeV.

The Medusa output gives the target radial density profile p(r) at a given (11) Pinhole convelution effect

time and a boundary r = R0 beyond which the target material can be taken to
be optically thin to X-ray backlighting radiation. The areal mass density The function T{R) becomes the relative radial source brightness function In
along & chord at radius r = R ie given by the target plane for projection via a pinhole of diameter D onto the
detectlon plane. The relative transmission function as recorded in the
'R final image plane is calculated as follows with reference to Figure AZ2.32.
1 ¢ 2 N
(fo d )R IR (§2£§l§§)1,2 A point at radius r' in the detector plame will receive fntensity from all
points in the gource (shell target) plane within the shaded cirele of area
or equivalently by m D2f4 (1 + 1/m)2 where w = v/u is the pinhole camera magnification. A1l
relevant ray bundles are sufficiently close to the principal axis that angle
R
(IP ). = 20(R )RZ - RZ)IIZ_ f 0 2(r2 - Rz)lfz (dp(r)/de)de projections are ignored. Radial variations iu source brightneass throughout
R o ° R the tegion of the shaded circle is allowed for by calculating the relative
where the first term is finite only if p(Ro) >0 ag in the case of a cold transmigsion profile In the detector plane as
target with a discontinuity in its density profile. h
T(r') = [, T(r) 2¢8(z) dr / (D24 (1 + L/m)?)

a2 ' -
Hence the trausmission profile of the target to monochromatic backlighting where a=r'/m-D/2 (1+1/m)
is given by b=r'/m+ D/2 (1 + 1/m)

&r) = cos™! ¢ (r'/m)2+ r2 - (D/2 (1 + 1/m))2 )
(2rr'/m)

R 172
T, (R) = exp (=2 w, [ ®(r2 = RD) (dp(r)/dr) dr )
E R

vhee p (r » Ro) =0 and p_ 1is the target material mass attenuation and valid for r' » D/2 (m + 1).

E
coefflcient at the probe radiation energy, E.

. For r' = 0 the transmission 1s given simply by
For a broad-band source spectrum the transmission profile is T(o) = IDIZ(l + 1/m) 2nr T(r) dr / (IDZ/H (1 + 1/m?)
0

A2.22 A2.23



Fig. A2.32 Geometry of pinhole cenvolution procedure.



This profile can be directly compared to transmisslon profiles deduced from

raw data.

Figure A2.33 shows the measured and calculated transmission profiles
corresponding to the cold shell radiograph of Figure A2.21. This fit gives
the effective spatial reaclution D > 15 pm , the overall magnificatdon m =
50 and indicates the validity of the backlighting spectrum used in further
analysis., TFigure A2.34 shows the measured and calculated transmission
profiles for an Au radiograph near peak implosion (cf Figure A2.28) using
the pinhole diameter D = 20 um.

Figures A2.22 to A2.29 also show the Medusa predicted trajectories of the

rzi ¢hord during the implosion (as well as the shell inner boundary) and also
the experimental observation at the probe time. In all cases the agreement
is good and is summarised in Figure A2.35 where the normalised r% rgtios are
plotted against a normalised time parameter tp/timp and where tp is the

probe time and t is the computed peak imploslon time for a given target.

imp
The Cu data close to peak lmplosion time is less reliable due to the longer
frame time of this soft energy channel and also due to the more sensitive

nature of the transmission profile to softer X-rays in the outer plasma when

cold material absorption coefficlents are probably inadequate.

The good agreement between Medusa and experimentally measured hydro movement
glves indirect evidence that the targets achleved final core parameters
comparable to theoretical predictions. In the case of the Au radlographs
vhere a complete radial tramsmission profile was measurable a secondary
check was possible by carrying out a deconvolution of the pinhole diameter D
and an Abel inversion procedure to obtain a radial density profile of the
core. A rough deconvolution procedure was followed by transforming the
measured transmission profile, T(r), to a deconvoluted transamission profile

T'(r) with the following conditions satlsfied.
1) f(ry) = T' () = 0.5
2) T(rp) = T'¢ {ry - (D/2)2)1I2) = 1.0

A2.24

and 3) [ (x(l - Mx)dr = [T w1l - T(D)) ar

An Abel inversion, allowing for the spectral content of the filtered
backlighting soure was then carfied out on the function T'(r) by the method
described in the previous annual report (A2.17). Figure A2.36 shows a
deduced density profile near peak compression from the raw data of Figure
42.28 together with Medusa density profiles at each end of the radiograph
frame time over which the data-will be averaged. Again the agreement is
good Indicating that peak densities of the order p = 10 g cm 3 have been
achieved. The hydrodynamic efficiency of these Impleosions was estimated to
be typically _ 10% using a maximum shell velocity of > 5 x 106 cm/sec from

medusa shell trajectories.
A2.2.4{f) Conelusions

A set of target and illumination parameters have been established for the
currently avallable output of the VULCAN laser system which give rise to
implosion dynamics consistent with modelling by the simulation code Medusa.
For experimental comparisons simulations did not attempt te allow for
effects such as radiative preheat, Rayleigh-Taylor instability or
illumination mon-uniformity indicating that for the present experimental
conditions the presence of these effects does not seriously degrade the
quality of the implosion. The major factor im achieving these good
implosions and high final density has been the choice of low aspect ratio
targets. This is 1llustrated in Table A2.3 and Figure A2.37 where the
current experimental parameters are put in the context of similar
experiments carried out in recent years and reperted in previous. annual
reports. It is clear there i3 a strong correlation between aspect ratio,

agreement with simulaticn and peak density attained.

Although this work has not been quantitative in its assessment of the
adverse effects expected to be important in achieving higher demsities it is
anticipated that future work with twelve beams will allow higher aspect

ratio targets driven with higher, more uniform ablation pressure te reach
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Fig. A2.36 Density profile deduced from Abel inversion of a gold radiograph.
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higher peak density. To take full advantage of more uniform i1llumination
1t may be necessary to eliminate mounting stalk perturbations by using
unsupported targets amd to monltor higher pr values by using higher energy
backllghting sources. Preliminary investipgations into inertilally suspended
targets and high emergy, spectrally resclved backlighting technlques have

already begun.

42.2.5 Emispion Diagnosis of 0.53im Ablative Implosions

B J MacGowan, J D Kilkenny (IC), S J Rose and M H Key (RAL)

Initial experiment design revolved arcund the utilization of the polymer
nicroballoon targets filled with Freon 12 to produce hot emitting cores
gurrounded by the remains of a low opacity polymer shell (A2.18). Low
aspect ratlo target designs featuring the polymer shells have been described
in section A2.2.2. Due to poor energy coupling into the targets as a result
of the large amount of defocue required for uniformity, the absorbed energy
was insufficient to drive an implesion fast enough to produce a hot emitting

core in a low aspect ratio target.

Space resolved spectrescopy was achleved using a standard minlspectrometer
with a 10um 3lit positicned so as to glve x 6 magnification. The resulring
gpectra raken on 5B5 film showed no core emission from the thicker walled
polymer balloons. The best result was achieved when the aspect ratile
constraints were relaxed and a balloon of wall thickness 4.2um and aspect
ratlo 16 was imploded. The spectrum in the repglon of the Cl XVI Hea is
shown in Figure A2.38 together with the associated pinhole image. The
Li-1ike satellites to the Hea are just resclvable and indicate a density
peak 1n the centre. The high background nolse level in this spectrum makes
more quantitative analysls difficult.

Further work was done on implosions of D-T filled glass balloons. These
targets were unsatisfactory from the designers point of view due to the
large aspect ratlos {as much as 20). Typical diameters were ISd—LEOum and
wall thicknesses 1.5-3pm. Neutron ylelds of up to 10° were observed aﬁa

when compared with a constant teaperature, constant density medel implied

A2.26

core ion temperatures In the range 200 — 500eV¥. Figure A2.39 shows the
inferred ion temperatures plotted against the calculated peak pv2 of the
target wall. The pvZ was calculated uging the absorbed irradiance and
ablation pressure scaling laws derived from experiment at RAL (A2.19).
There seems to be some correlatlon with pvZ. Polnts are also shown which
were obtained in December 1981 at RAL (A2.8). The targets used in December
1981 were slightly thinner walled but do not deviate significantly from the

more recent data.

Space resclved spectra were obtalned from the D-T filled glass
microballoons. An example of the allicon spectra obtained is shown in
Figure A2.40. The presence of a Caleium impurity in the glass was detected
in 2nd order Bragg diffraction, from the core reglon of the rarget.

Emisaion to the long wavelength side of the Ca Hee may be indicative of less

ionised states of Calcium emitting 2 - 1 (Ke) radiation.

42.2.6 Thermonuclear Spectroscopy with CR39 Track Detectors

A P Fews, D L Henshaw (Bristol}, D A Pepler, S J Rose and W T Toner (RAL)

Detailed analysis of a-particle and protou tracks in CR39 prepared and
etched under carefully controlled conditicns enables the energy of the
particles to be determined with a precision approaching the straggling limit
(A2.20). This technique has been applied to ablatively driven implosions of
DT filled glass—walled microballecons. With thin walled balleons

{t € 1.6 uym) both o~particles and protons penetrated the stagnated shell
material to be registered in this detector. Proton tracks have been

recorded for implosions with balloon wall thicknesa of up to 3.2 pm.

CR39 detectors were positioned 30 ma from the target, arranged to occupy the
maximum possible available solid angle. Mylar layers of various thickness
from 2 to 60 pm were used to protect the CR39 on several of the shots. The
microballoons had a gas fi1ll of 20 bars DT. The beams were focused using a

d/R parameter of 4.5.

The first step in the determination of the range, and hence the energy, of

AZ.27
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Fig. A2.38 Space resolved spectrum and pinhole picture for high aspect ratio polymer microballoon filled with

| bar Freon 12. The central target diameter was 133um and wall thickness 4.2Zum.
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Fig. A2.39 Estimated ion temperature based on measured neutron yield
for compression carried out in December 1981 and June 1983.
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Space resolved spectrum of a glass microballoon. This shot at absorbed irradiance 10" Wem

Fig. AZ2.40
7 10° neutrons. The balloon was 158um in diameter and 1.6um wall thickness.



the incident particle is to measure the dimensions of the etch pit under the
optical microscope. The beat estimate of the particle range cemputed from
these measured parameters includes compensatlon for range straggling and
multiple coulomb scattering wihtin the CR39 itself. This is described in
more detail dn A6.7.2.

The track response of the CR39 is calibrated by measuring the ratio of the
track etch rate (ET - 1) as a function of particle range for both
B

a-particles and protons. The track etch rate rises with decreasing particle
range, reaching a Bragg type peak at ~ 1.9 um (0.37 MeV) for a-particles and
~ 0.7 ym (0.07 MeV) for protons.

Figure A2Z.42 ghows a photomicrograph of a-particle tracks and a proton track
from shot 14, 23/6/83 given in the table of results (Table A2.4)., The
proton track appears substantially darker than the a-tracks because it has a
range of 40 pm and consequently still has a cone-like structure. The
a-tracks are heavily over—etched and only a spherical remnant of each track

remains.

Figure A2.43 shows examples of the measured a-particle spectra from shots l4
and 19 on 23/6/83, with glass wall thicknesses of 1.2 m and 1.6 um
respectively. No amylar protection was used for either shot. The resolution

of the CR39 for these examples 13 estimated to be ~ 0.1 pm.

Figure A2.44 ghows two examples of measured proton spectra, from shot 19,
23/6/83 which may be compared with the corresponding a—particle spectrum In
the previous figure and for shot 18, 21/6/83. The number of tracks reaching
the CR39 detectors are limited because the (DD) proton yield 1is only 1% of
the DT reaction yleld. The difference in a-particle and proton density
radius product {pR) for shot 19, 23/6/83 1s due to systemaric error in the

proton response callbration.
Table A2.4 shows a summary of the principal results obtained. The neutzon

yield was monitored with a plastic scintillation counter. The neutrons and

a-particles, both produced in the DT reactlon are present in equal abundance
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and the protons are produced by the DD reaction at typlcally 1% of the DT
reaction yleld. Both the initial balloon wall thickness and the thickness
measured from the thermonuclear preducts (pR) are given In units of 10-3
gcmTZ. The o(pR) gives the standard deviation in the measured pR. Ion
temperatures deduced from Neutron yeilds are shown in Figure A2.45 as a
function of specific absorbed enmergy. A uniform temperature and density was

assumed.

A graph showing the varlalton of pR with Initial microballeoon wall thickness
1s shown in Figure A2.46. It can be seen that the target thicknese pR
measured at the time of thermonuclear yield is between 5 and 11 times the
initial wall thickness.

Discussion

Since the conditions of the radiographic shots could not be reproduced
exactly In this phase of the experiment, a set of targets of progressively
increasing wall thickness was chosen so that trends seen In the data could
be extrapolated for comparison. The ilon temperatures deduced from the
yields shown in Figure A2.45 are in good agreement — perhaps fortuiltously so
— with the results of two simulated shots of thick walled targets at a
rather higher irradiance than was actually used. But the data show a smooth
progression indicating that all targets behaved in a similar manner. The
uncertaintles (~ % 25%) in relative DD/DT yield mean that the yield ratio
can only serve ag a conslistency check on the temperature. The observed
ratios of a factor of 100 on average suggest a slightly higher temperature
{~ 500 eV) than elther the absolute yilelds or the widths of the alpha and
proton pAR distributions would suggest. The mean values of the paAR
distritions for alphas and protons show that thermonuclear emission takes
place when the shell pAR has increased between four-fold and eleven Eold
which is substantially less than the radiographic data give at peak
compression. The most remarkable feature of the data 1s the small values
observed for the widths of the a and proton p&R distributions which are
never more than a few percent of the mean pAR. The following effects all

zontribute to o (pR):
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Shot Absarbed qm T; (n=100) 4 4T Number Balloon wall g-particle a-particle proton preoten
Index Energy neutron eV a proton of protons | dlameter thickness o EAR -2 G {pAR) 2 DAR _2 g{pAR)
&) yield yleld yield measured {im} pm 1070 .g.em 10"~.g.cm 1073.5.cm”“ | 107 }.g.cm 1073.q.em 2
]
14,23/6/83 34 106 403 1.320.1x106 N/ 3 155 1.2 : 0.28 1.616%0.005 0.061 2.2:0.1 0.24
. i =
19,23/6/83 a7 6.5x105 377 4.7:0.5x105 5.61!.4:\(103 20 158 1.6 i 0.37 1.770%0,00C3 0,948 2.320.1 0.18
1
|
11,24/6/83 35 1.8x105 337 - 7.0:2.8x102 4 142 1.9 |I 0.43 - - 4.0:0.2 0.38
1
1
1
15,21/6/83 50 7.4x104 303 - 3.411.71(102 3 140 2.51 0.58 - - 5.120.3 0.36
1
. 4 2 :
18,21/6/83 45 6.7x10 280 - 5.8%1.7x10 12 161 2.7, 0.62 - - 5.5%0.1 0.25
l
. 1
23,23/6/83 34 4 x 103 170 - 2.'J'i2.'.’:1\:1.01 1 163 2.9 0.67 - - 7.4 N/A
i
1
13, 5/7/83 22 7 x 103 210 - 3.11‘4.6):101 3 126 3.2 : 0.74 - - 8.3%0.4 0.73
1

Table AZ.4
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Straggling and instrumental broadening. This is estimated at
0.023 x 10~3 g cm™ 2 for alphas and between 0.13 and 0.27 x 1073 gem™2
for protons.

{b) Doppler Broadening due to lon temperature. At a temperature of 375 eV
the contribution to the sigma of the alpha particle distribution should
be 0.02B gm cm™2. The contrlbution to the proton sigma at the same T
should be 0.23 x 10”2 gn cm™?.

i

{(c) Variation of pAR during the time of neutron emissien.
(d) Varlation of pa&R from place to place on the sphere.
(e) Varlations due to source size and source/shell aspect rtlo effects.

These effects should all be combined in quadrature. The low values of &(pR)
observed are consistent with the temperatures estimated on the basise of the
yields. The residues, which must account for the combined effects of (c),
(d) and (e) are so small that they impose tight constraints on the
interpretation of the shots. Although the analysis of this data 1s still
prelininary we may take, for example, shot 19-23-06-83 where the yleld
indicates Ti ~ 380 eV for a fuel compresicn of 1000 or 460 eV for a
compreasion of 75. The residunl alpha pAR 1s 1.65% of the mean pAR or

0.029 mgm cm™ 2. The pR of the uncompressed fuel in this shot is

0.035 mgm cm™ 2 so that we must assume alpha emission comes from a small
fraction of the compressed fuel. A small localised source 1s also required
g0 that the spread in shell pAR due to particles traversing it in directions
algnificantly away from radial can fit the data: a source to shell aspect
ratio of less tha 1/5 to 1/10 i3 required. The pAR observed is four times
the value for the uncompressed shell so that the emission time must be of
the order of a few plcoseconds, unless it occurs at peak shell compression.
The finite area scanned for tracks together with the effects of Coulomb
scattering in the shell indicate that an area of shell equivalent to a

cirele 20 um in dlameter {at the initilal shell position) was sampled.
Simllar conclusions can be reached using the proton data from shot
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18-21-06-83 although here the restrictlon on source size from variations in
fuel pAR Ls less severe. But here the area of shell sampled was still
larger, being equivalent to a 40 um diameter circle at the initial shell
position. A variation of less than three percent in the shell piR is
required by the data. Nore that the shell piR is here 7.5 times its

uncompressed value.

The proton (pAR) results are subject to large statistical uncertainties.
They are however very close to the limit set by straggling and the source
temperatures deduced from the yields. It may infact be necessary to invoke
a reduction in straggling due to energy loss taking place om free rather
than bound electrons in the ionised shell. Such a reduction is to be
expected due to the large number of soft ceollisions with free electrons
which give enhanced energy loss but make little or ao contribution to

straggling.

In both the shots discussed above, the data are consistent with the
thermonuclear particles being produced by a converging shock in a small
volume of the fuel at an early time during the cowpression. A more complete

analysis of thls data 1s in pregress-

AZ.3 Point Source, Quasi—Monochromatic Radiography

C L 5 Lewis, J M¢Glinchey, S Saadat, R E Corbett {Queen's University of
Belfast) R W Eason, C Hooker, D Bassett (RAL)

AZ.3.1 Introductlon

X—ray radiography has been established as a powerful technique in diagnosing
ablatively imploded targets when the final compressed plasma is not hot
enough to take advantage of spectral emlssion dlagnostics. To date it has
been customary Lo generate an extended X-ray emltting plasma to backlight an
imploding target and to image this target via a piphole or a
¥Kirkpatrick-Baez microscope onto a detector which may be passive or active.
With loong-lived backlighter emission the radiograph may be streaked with 1-D
spatial information. With short-lived synchronised backlighters a
radlograph frame may be recorded with 2-D spatial informaticn. There are
AZ.31



some disadvantages assoclated. Spectral discrimination in the probe
radiation is limited to broad-band filtering with foils or sometimes
reflectivity cut-offs 1f grazing incidence optics are employed. This
complicates Abel inversion procedures applied to the spectrally integrated
opacities measured from a radiograph and demands a knowledge of the relative
spectral content of the probe radiation. Furthermore the requirement of an
extended source sets a limit on the highest useful X-ray energies which can
be geaerated for a given backlighter laser pulse energy and hence a limit on
the maximum pr value in a target which cam be diasgnosed. At present this
limit 18 pr 22 x 10~2 g co~2 for ~ 2.5keV backlighting radiation (cf.
Sectlon A2.2.4 ibid).

This section describes preliminary studies into an alternative backlighting
technique which promises to overcome these difficulties. The method relies
on producing a bright plasma with spatial dimensions smaller than the
desired epatial resolutlion in the object plane and to record radiographs by
point projection.

842.3.2 Polnt-Projection Assessment

Quasi-point sources were produced by irradiating small diameter wires ($>
10um) with the laser beam focussed at the end of the wire and incident
perpendicular to the wire cylindrical axis. The effective size of the point
source used 1s the plasma as geen looking along the wire axis from its free
eud. The simplest radiographic arramgement is to place an object on the
wire axis between the wire end and a detector and to use broad band
filtering for spectral selectivity. This is 1llustrated in Figure A2.47
where a copper grid is radiograpﬁed- Such radiographs can be used to
estimate the scale size of the source in orthogonal directions and for 10ym
gold wires irradiated with 20J of energy in 100 psec at 1.06m using a £/2.5
lens{~ 50ym diameter focal spot) the source slze was typically found to be
in the reglon 6~15pm. The smaller dimension is found to be in the direction
of the incident laser beam.

A development of the simple point projection is illustrated in Figure 42.48
where a Bragg crystal has been included to glve spectral dispersion along
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one of the spatial dimensions in the radiograph. This means that a wedge of
rays from the source with photon energy satisfying a Bragg reflectiom
condition will traverse s partlcular plane of the spherical object to be
radiographed. In the cirecularly symmetric radiograph each chord
perpendicular to the disperaion plane corresponds to monoenergetic probe
radiation and there is spatial resolution along the chord. The orthogonal
spatial dimension in the object 1s equivalent to spectrally displaced chords
in the radiograph.

The geometry of the system studied 1s described with reference to the
symbols in Figure A2.49 which shows the energy selective point projection
aystem 1n plan and elevation.

An active X-ray detector was uged and consisted of a P11 phosphor coated
fibre optic plate coupled to an image Intensifier outside the vacuum. The
detector is illustrated in Figure A2.50. The phosphor plane was at the
chamber wall at a digstance p from the backlighter and had a ugseful diameter
g. The tatget and erystal reflecting surface must be contained within the
golid angle determined by the detector. i.e. AQ® {8 cos B/p)z where 0 is
the Bragg angle for wavelengths incident normally on the detector. The
target must be positioned at a distance from the backlight » Dv/s giving a
maximum magnification of the target of m = ¢/D. The dimensions of the
erystal required depend on its position. We choose to position it midway
between the backlight and detector so that c = d and the mean wavelength
reflected could be varied by traversing the crystal along the perpendicular
bisector. 1In this case the crystal dimemsions are given by w # 8/2 and L =
8/ (2 gin 8). The range of wavelengths Ak from the backlight needed to
radiograph the entire target is determined by the range of Bragg angles

A8 =(s cos @)/p subtended at the detector. For a crystal with plane spacing
d this gives Ax =2d4(1 - (A/2d)2ys/p where A = 2d sin &. 1In the present

~ 100 ym, s = 50 mm, L = 45mm,

~

case these parameters had values p = 50cm, D
w=22mm, v« =3 mn, @ ~ 200 and the detector was normal to Bragg reflected
rays for O 35°, The crystal used was PET with 2d = B.74 A piving 2 ~ 0.5
A for radiation centred at A = 5 A(E=2.5 keV) with 0= 35°.

Convenient backlighting targets were found to be of Z ~ 80 as these ealt a
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RADIOGRAPH OF Cu GRID WITH 25um X RAY SOURCE

Fig. A2.47 Direct projection of Cu grid. Pericdicity 70um, hole diameter 35um and W wire target x'25um.
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Fig., A2.48 Schematic of point projection with spectral dispersion.
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TUNGSTEN SPECTRUM
bright quasi-continuous M~band spectrum with a suitable Ai/A. This is

i1llustrated in Figure A2.51 where a range of targets were investlgated using
standard crystal spectrometers. The 1llustrated W spectrum is typlcal with
the resolved lines in the reglon 4.2=4.8 A attributed mainly to Nal-like 3-4 1
transitions and the quasi-continuum centred at - 6 & attributed to Cal, KI,
S¢I, TiI, VI etc = like 3d" - Bdn-l 4p, 4f unresolved transition arrays.

The 10 um wire backlighters used were W, Au and Bi-coated gold. Q |B

A2.3.3 Experimental Observations

Spectra from W wires were recorded initially in the X = 4.,2-4.8 A region to

fix the crystal position In wavelength apace. This was achieved by using a JJL
step wedge filter of 10 pm thicknesees of Saran foil (CgH,Cl,). providing a U\f
wavelength marker at the Cl K—absorption edge at A = 4.4 A. Flgure A2.52

illustrates a W gpectrum with 5 Saran filter channels. Accurate centre ' l; v T

wavelength setting could then be calculated as a function of the crystal .0 5.0 . 6'0
WAVELENGTH (A)

translational parameter x in Figure A2.49. The step-wedge also allowed a

relative exposure ve recorded f£ilm dengity response of the overall system.

H-D characteristice were similar to the HP5 film's own HD curve implying

conetant conversion efficlency from X-rays to viasible photons in the

phosphor over the exposure ranges of interest. The narrowest line width

observed showed that the ppectral resolution of the system A/AX was ~ 1000
~ PEAK WAVELENGTH VS Z
and that the Integrated reflection coefficient R 40 of the ecrystal 3 1073 B. 51
gince spectral resolution was crystal rocking-curve limited. C
Spherical target positioning for radiography was initially tested with solid &1 L E3

Vanadium spheres of “dlameter >~ 100pm. Figure A2.53 1llustrates such a
radiograph using a gold backlight. The sharpness of the sphere edges
indicate a spatlal resolution of = 10um. A background signal seen within
the shadow 1s attributed to fluorescence from the crystal and inadequate

light baffling of the phosphor from scattered light. The flucrescence can

PEAK WAVELENGTH (&)
1]
o

be drastically reduced by moving.the crystal closer to the backlight and
simultaneocusly reducing the exposed surface area. This however will make
wavelength tuning more difficult. In retrospect the overall sensitivity of 4,57
the system would allow much thicker Al fllters in front of the phosphor to

82.34 4.|__......,.|_.....______|_. B e e LT e S TP -
72 73 74 75 76 77 70 79 en a1 82 8‘; 84

ATOMIC NUMBER Z

Fig. A2.5] Sources of useful spectra for peint projection radiography.
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Fig. A2.52 4 tungsten line spectrum illustrating possibility of high resolution spectroscopy over a limited
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27/10/83 #7
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Fig.

RENER]

Radiograpin of a solid sphere.

suppress scattered light. In the experiment & um mylar with = 700 A Al on

each surface was used.

Figure A2.54 illustrates an unirradiated CE shell target radiographed with a
gold backlighter. The shell structure (AR = 9 |m) 18 easily discernable but
the overall contrast is spoiled by the background diascussed above. Finally
we attempted scme radiographs of imploding CH shells. Only & of the 6
Vuican beams were available. These were symmetric but contained in a plane
orthogonal to the radlography dispersion plane. Each beam delivered # 20 J
in » 1 o gsec at A ~ 0.52 ym and the radlograph was taken ~ 600 psec after
the peak of the drive pulse. A radiograph is shown In Flgure A2.55 where
the expected egg-shape of the resulting compressed core is seen. Self
emission from irradiated targets does not appear to be a problem for low z
CH targets due to the spectral selectivity of the crystal and the
significantly greater brightneas of the backlight in the selected spectral
range. At wvorst the self-emission is a subtractable contribution ia the

radiograph.
A2.3.4 Conclusione

Point projection radiography with spectral dispersion has been demonstrated
and with some technical improvements promises to be a powerful diagnostic
technique for high pr measurements. Absolute brightness from the small
diameter Au wires in the 2.5 keV region is ~ 10-20%7 of the brightness of
typlcal extended backlighters for the same incident energy and can be
improved with tighter focussing ontoc the wire. This was estimated from
pluhole images/projections ooto X-ray film and from crystal spectrometers.
The relative exposure density onto the detector in each case can be
estimated by assuming, for the same spatial resolution, the imaging pimhole
must have the game dimensions as the point source i.e. b ~ 10 um and that
the extended source must be at least as big as the object to be radiographed
f.e. D ~ 100 pm. For a high magnification system v >> u the ratio of
polot/pinhole exposures 1s ® uDA@c/d2 assuming the probe Specarum 1a flat
and limited in each case to the wavelength range needed to radiograph an
object of diameter D. In the present case, with 10-20% absolute emiassion

from the backlighter the polnt projection image densities are comparable to
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those obtalned in pinhole imaged radiographs. This has been verified
experizentally.

The point projection system has the potential to generate much harder probe
radiation due to the higher incident laser power density and this may be in
the form of spectral emission of strong resonauce lines if 1-D spatial
information on a single chord iz adequate. Combinations of sultably placed
resonance lines could gemnerate a quasl 2-D radiograph. A4 further extension
of the scheme is to replace the Bragg crystal with a narrow-band X-tay
reflecting Barbee mirror. Here the probe radiation will contribute to all
parts of the image but can be made quasi-monochromatic with an optimally
designed mirror for broad contlnuum sources or by choosing a suitably strong

resonance line within the mirror pass—band.

A2 4 Framing Camera Studies of 1.05um Implosicns

N Finan, T A Hall and E McGoldrick (Easex)

Development work on the x-ray framing camera (see section A6.7.1 and
reference A2.21) has proceeded far enough for it to be possible to use it as

a dlagnogtic on the six beam system.

The camera was used te observe the collapse of microballons illuminated by
s5ix beams of 100J, 1.05um light in a 2ns pulse, using standard backlighting
techniques. The balloons were of glass shells of 130 - 180m diameter with
S5-6um thick plastic coatings to reduce self emission of X-rays whille
maintaining high absorption of backlipghtiug X-rays at the core. Some of
these were etched with 40um etchings on one side (A2.22). The backlighting
target was copper irradiated by a 50J, 2ns, 1.051m laser pulse focussed to a
250pm spot. The defocus of the six beams was kept at a D/R of 4.3, and the

backlighting and mailn beams were co-incident in time.

The S1 switch of the framing camera was switched with a series of short
(~100ps) pulses produced by a Fabry Perot etalon. To produce pulses of
equal intensity (to glve equally spaced Erames) the etalon was slightly

mis-aligned to separate the pulses in space. The beams then passed through
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a neutral density filter wedge to produce equal intensity pulses. These
were then focussed by a lens onto a diffusing screen in front of the

gwiceh.

4 10pm pinhole was placed ~2cm from the target to give ~ x 10 magnificetion
at the Caesium Iodide photocathode, giving an overall image magnification on
film of ~ x 30. The framing rate was set by the etalon at two frames per

nanosecond (Figure 42.56).
Figures A2.57 and A2.58 are typical of the results obtalned.

Four images can be seen (although the first in Figure AZ.57 is very faint),
separated In time by 500 ps, and the progress of the implosion can be
clearly followed. The implosion is not sphevical and takes on a hexagonal
shape aa it implodes due to the increased drive pressure on the balloon's
surface where two and three beams overlap. Similar structure has been
observed using a short back-lighting pulse and a pinhcle camera [see section
A2.2.4),

Detailed analysis of the data is being carried out, including the comparion
of implosions with etched and unetched targets.

A2.5 Measurements of the Rayleigh-Taylor Instability in Laser

Irradiated Targets

J Wark, J D ¥ilkenny (IC), A J Cole, P T Rumsby and M H Key (RAL)

Recent measurements of the Raylelgh-Taylor (R-T} inmstability {A2.23) in
lager accelerated plane targets show that the growth rate, ¥, is
approximately ome third of the classical value (42.1), /?EE—, where k is the
wavenumber and & the acceleration. The experiments discussed here show the

first clear evidence for splke formation In a laser driven R-T instability.
These rTesults were obtained using a target with an initial mass perturbation
of known k. The targets were fabricated by a novel laser—etching technique

as described in reference (A42.22).
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Fig. A2.56 Schematic diagram showing the position of the framing camera and backlighting source relative to

the microballoon target.
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Fig. AZ2.58 Framing camera pictures of a [65um diameter plastic coated

Fig. A2.57 Framing camera pictures of a |80um diameter plastic coated ; u
glass sphere imploding.

glass sphere imploding.



The targets were plastic microballoons of ~ 150 im radius and 10ym wall
thickness. One half of the target was mass modulated with a wavelength of

20pm and a modulation depth of ~ 2um as shown in Figure AZ.59.

The experimental set—up 1s shown in Fig A2.60. The etched side of the
targets were irradiated with three of the six orthogonal 0.33ym beams of the
gix beam irradiation facility. The beams were focusaed 4.5 target radii
beyond the spheres for cptimum uniformity of 1llumination (esee section
AZ2.2.3 1bid) with a typical total absorbed irradiance of 4 x 101% co~2.
Behind the microballoom a separate Cu target was Irradiated by & fourch
synchronous short pulse backlipghting laser beam. This produced a plasma
typlcally 300um across and 200pm high. In the spectral region of
observation the X-ray emission frpm the microballoon was negligible compared
to the back~light. The Cu plasma provided a source with which to make an
X-ray absorption picture of the irradiated microballoon. The absorption

pleture was recorded using an active pin~hole camera with a magnification

of 20 and pinhole diameter of 9um and 3ym Al filter. The spectrum of the Cu -

backlighting target, measured with a crystal spectrometer, showed a peak at
a wavelength of 103, with a rapid fall at shorter wavelength. The spectrum
gives agreement with the transmission observed at the centre of the
microballoon, calculated by extrapolation of the backlight intensity from

outside the reglon shadowed by the target.

The delay of the backlighting beam with respect to the main beams was
measured using an X-ray streak camera. This ylelded the length of the X-ray
pulse from the Cu plasma, which was found to be 300ps FWHM. The velocity of
the microballoon wall is ¥{2as); where 8 1s the distance moved. Using
independently measured pressure-irradiance scaling relationships, (42.4),
the maximum time-smearing resolution was calculated to be % 8ym, and was

typically less than the pinhole resolution.

An X-ray shadowgraph of the transmiesion of such a targer is shown in Figure
A2.6l. In this case the irradiatéd slide of the target has travelled inwards
15um and spikes protruding radilally outwards from the sphere can clearly be

seen. The unirradiated side of the balloon was used as a reference point to

calculate the distance travelled by the Imploding hemisphere. The amplitude

A2.38

of the spikes cannot be explalned by secular growth, ie. the troughs cf the
initial perturbation moving further due to their smaller mass.

Asguming that the ablated mass is negligible {a maximum of 15% of the wall
thickress in this experiment) then the ¢lassical growth expounent, Yt, can be
expressed as /EEE, whete 5 is the distance moved by the target. The average
amplitude of the observed spike Is plotted as a function of Y3 1in Figure
A2.62. Also shown 1s the expected amplitude due to purely secular growth
allowing for a typical mass ablation rate calculated from independent
measurements (A2.4). The total growth rate is 0.6 Tc; subtracting the
secular growth glves 0.25 Tc.

Subgequently another two microballoons were shot that had an initial
perpendicular amplitude of only 1 ym. The results are shown in Figure
A2,63. A modulation of the correct wavelemgth can clearly be seen in
Flgures A2,63{(a). The etched hemisphere of the second microballoon was
accelerated towards the pinhole camera, rather than perpendicular to it,
with the unwodulated side thinned down to O.5um Figure A2,.63(b)., A
horizental bar can clearly be seen through the thinned part of the balloon

showing that mass modulation has indeed taken place.

In conclusion we have observed the growth of radially protruding spikes on
an irradiated sphere with an initial mass perturbation. The amplitude of
the splkes cannot be explained purely by secular growth, but agree with a
Rayleigh-Taylor growth rate of ~ 0,25 of the classical. Targets with a
lower amplitude Initial perturbation also show evidence of spike formation.
Acceleration of such a target towards the pinhole camera has shown clear

evidence of mass redistribution.

AZ.6 Thermal Smocthing Messurements at 0.35pm

A J Rankin, J D Kilkenny, S D Tabatabael (IC) and A J Cole (RAL)
AZ2.6.1 Introduction
Recent experiments at this laboratory (A2.24) have demonstrated the use of a

shock transit time technique to measure the degree of smoothing in non
42.39
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Fig. A2.59 Electron micrograph of an etched polymer microballoon target.



1.06pm

100ps
BACKLIGHTING
BEAM

COPPER
BACKLIGHTING

SOURCE

THREE ORTHOGONAL
0-53um 1ns DRIVE BEAMS

ETCHED
MICROBALLON
TARGET

X~ RAY
PINHOLE CAMERA

Fig. A2.60 Experimental arrangement for one-sided irradiation of etched microballoomns.
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Fig. A2.63(a) Side-on radiograph of an etched balloen with an initial

perturbation amplirude of lum.

(b) Face-on radiograph through the thinned region on the
unirradiated side of the targec. Horizontal bars of increased
absorption are visible,

uniformly irradiated foil targets. The results cbtained previously suffered
from an anomaly concerning the zero smoothing shock transit time ratio and
the very limited irradiance data set obtained. This second experiment has
succeeded In resolving this anomaly and expanded the irradlance regime
considered to reveal the anticipated smaller degree of smocthing from a
technique avoiding hydrod§namic foil acceleration affects (A2.9).
Improvements in image quality have been made through more efficlent relay
optica and evidence of filamentation or jet structures on pinhole camera

photographs also obtainped.

A2.6.2 Experiment

Figure AZ.64 shows the experimental set up. A single beam of the Vulean Nd
glass laser was frequency tripled in KDP crystals to deliver up to 30 J in a
600ps pulse. The focal spot sizes were typlcally 150um and were monitored
through a pinhole camera with 10 pm Pt pinhole, viewing side on to the

25um thick aluminium targets. The {maging system used an f£1.2 50mm camera
lens equipped with a light exclusion cone to relay the image through a
specially designed fl1.6 157cm achromatic lens onte the 250pm wide camera
slit.

3w, rejection mirrors protected the Hadland streak camera equipped with an
520 photocathode from scattered laser light., A laser beam timing fiducial
was supplied as in previocus experiments (AZ.24) and beam modulatlions were

again simple stripes of neutral density filter.

Figure A2.65 shows a typical optical streak image from a 25 im Al target for
an yamodulated and modulated beam. Figure A2.66 shows equivalent plane
microdensitometer tracimgs corresponding to the unmodulated and modulated

beam cases.

Tmax
Tain o) 2%
a function of incident irradiance is shown iIn Figure A2.67. 1If no smoothing

The scaling of the ratic of the maximum and minimum tramsit time (

were present the drive pressure should scale simply as the inverse square,

if the pressure scales as P a 1T (A2.4) then using the measure irradiance

A2.40



SMOOTHING MEASUREMENTS OF IMPOSED BEAM MODULATIONS USING A MODULATED SHOCK BREAKOUT TECHNIQUE

EQUIVALENT
A\ PLANE MONITOR

EQUIVALENT
( )> PLANE MONITOR

IMAGING SYSTEM

BEAMSPLITTER
LASER

L
o

A £\
. Vv \/ VAR
'FOCUSING LENS 1. 15 :
NON-UNIFORM
" THERMAL EMISSION

BEAM MODULATION

STREAK CAMERA

REAR SURFACE IMAGE

SINGLE Al FOIL STREAK CAMERA SLIT

Fig. AZ2.64 Experimental arragnement for measurement of thewvmal smoothing using a shock transit techmnique.
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modulation of Imax/Imin = 4.5:1 a zero smoothing limit of 0.75 is obtained, °

this 15 close to the observed low irradiance limit.

Only a twofold degree of smoothing has been observed, it seems unlikely that
the blue irradiance ¢ould be increased significantly taking into account the
minium size of focal spot {® 150um) for shock planarity consideratioms
42.25. Difficulties in obtaining a reliable beam modulation péttern using
an interference pattern technique meant that beam modulation scalelengths
were limited to thouse obtained by a neutral denslty technique. Future
experiments will utilise a new interference pattern technique to increase
the number of modulation pattern scalelengths over the beam and enter the
irradiance reglon where significant smoothing could be observed. Also a new
technique of multilayer target design will emable the depth of shockfront

modulation to be observed at different times during the laser pulse.

%ilamentat;on or- jet Structures have been observed by a number of workers
(42.26), Figure A2.68 shoﬁs a schematic diagram of the pinhole camera
afrangement together with a typlcal photograph and a microdensitor tracing.
The fllamentary structures can be seen to extended cutside the foeal spot
region and have a scalelength of 20 im. These are belleved to be.the first

observations of these structures in this geometry.

A2.41
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A3 DENSE PLASMAS AND RADIATION PHYSICS

Ad.l Introduction

High-power lasers offer a unique ability to produce in the laboratory
material under extreme conditions of temperature and density. Part of the
remit of the new group "Dense Plasmas and Radlation Physics” 1s to study
those {(non-ideal) plasmas which by virtue of their high density have
interparticle interaction energies greater than their kinetic energy and
cannot therefore be described by the Debye~Huckel theory which successfully
deseribes more dilure, ideal plasmas. In the last vear experiments have
been conducted (43.2) which have demonstrated the ability to produce
non-ideal plasmas in planar geometry ueing the method of colliding shocks,
to diagnose the demstly using a radiographic techmique and to record the
X-ray absorption spectrum. In addition single-shock propagation has been

used to investigate the equation of state of dense plasmas {A3.3).
The other part of the work of the group involves the study of the radiation
physics of laser—produced plasmas and work con the identification of

gatellite lines (A3.4) 1B reported.

A3.2,.1 Colliding shock experiments

J D Hares, D K Bradley, A J Rankin (IC) and 5 J Rose (RAL)

The aim of these experiments was to compress material to high densities by
the collislon of two opposed shocks driven by two-sided 0.5um irradiation of
a planar target. Planar geometry 1s particularly amenable to diagnoatic
probing allowing both streaked radiography and streaked spectroscopic

absorption measurements to be carried out.

The radiographic experimental arrangement is shown in Figure A3.l1. The
targets are self-backlighting by means of the Bismuth strip A. The
compression is followed by means of the X-ray shadow of the two buried
Bigmuth tracer layers B and C. The focal spot was placed on the cross

formed by the strips, the rest of the target being tranaparent. The

LASER

BISMUTH ],'/\/‘,‘q
BAR A LASER
BISMUTH
PLASTIC STRIPS B+C
TOP VIEW
LASER LASER
X RAY STREAK
CAMERA
Fig. A3.l Schematic diagram of the radiographic part of the colliding

shock experiment.



angle of view 8, is a tradeoff between target absorption (lower for larger
8) and resolution (better for smaller 8). The angle chosen gave &
backlighting cut—off energy of 2.5keV and a spatial resclution (with a 4um
pinhole) of approximately 8ym. Figure A3,2 shows a streaked radlograph from
a shot with incident irradiance of 6 x 1013 Wcmrz, showing a compression of
>6, the lower limit being set by the resolution. A simulation of this
experiment (using the code MEDUSA) predicts a maximum compresssion of
appreximately X 6. The predicted compression from a single shock at this
irradlance is approximately X 3 fmplying a density enhancement of a factor
of two by using colliding shocks. The maximum temperature achieved inm the
simulation (averaged are the central 30um of material) 1s approximately
llev,

The major part of the experiment involved K-edge absorption spectroscopy of
the plasmae produced using the colliding-shock technique. The K absorption
edge of Chlorine wag chosen for study, beilng at a sultable wavelength for

both the backliphter and the detector. Chlorine was easily incorporated %
into the targets by replacing a certral plastic layer by chlorinated
parylene. The targets were again self backlighting by incorporating a thin
layer of Bismuth on one side. The Bismuth was buried under z thin layer of
plastic in order to delay emission until meximum compression. In this way
the asymmetry produced by the Bismuth layer did not significantly affect the
hydrodynamics. Figure A3.3 shows the experimental arrangement together with
target detalls. A Ge crystal spectrometer was used on the front of a
miniature reentrant streak-camera. The spectral resolution was
approximately 2eV at the Chlorine K-edge. The backlighting continuum

intensity was sufficlent to record an absorption jump ratio of 5 in the

TIME —] Insec (approxf lke—

target. The time resolution was approximately 150ps, the incident pulse

length belng L.6ne. Fligure Ad.4 shows the best streak in which a red—-shift
of the edge is observed. The shift (approximately 10eV) 1s apparent 300ps

after the peak of the laser pulse. WELUSA predicts the maximum temperature ’ )
and density to occur 250ps after the peak of the laser pulse although with a DISTANCE —
focal apot radius of approximately 75um and a shock propagation distance of LCUJnn

30um, unlike the gimulation, the experiment 1s not expected to be truely

one-dimensional. A comparable red-shift has been seen on several shots.

A3.2 Fig. A3.2 Streak?g radiggraph from 2 shor of incident irradiance of
. 6x 100" Wem ~.
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A prediction of the shift in the Chlorine K-edge has to include several
effects. Firstly, as the materlal increases in temperature and density
fonigation occurs. This leads to an ircrease in the K-shell ionisation
energy. However opposed to this is the depression of the comtinuum which
goes to lower the lonisation energy. Finally at peak density and
temperature the material is strongly degemerate which shifts the onset of
photolonisation to higher emergy. A simple model has been constructed to
include these effects which estimates the ionisation in the material from
Thomas-Fermi theory and uses relativistic Hartree-Fock calculations to
predict the change in the ionisation energy with increasing lonisation.
Without inclusion of the effects of degeneracy the model predicts a shift of
~ 33eV but inclusion of the Fermi energy reduces the shift to - 1leV, in
good agreement with experiment. The model also predicts that the plasmas
produced in these experiments are strongly—~coupled with ~2.

The experimental investigatlon reported here is one of several
characterising the behaviour of K-edges 1n plasmas. Overall two notable

observations have been made.

(1) Temperature increase at solid density results in breadening of the
K-edge without shift.

(11) Density increagse results In a ved ghift. It is qualitatively
reaponable that if the density remains as solid that the edge position
should not shift with temperature increase because, although the
ionisation would be expected to produce a blue shift, the free
electrons are still present in the same volume of space. The
broadening results from statistical varlations in the microfield and is
consistent with a Holtzmark-type distribution. A density increase
however results in an Inbalance between the competing shift mechanisms
of ionisation and continuum lowering. In the experiments performed
here, the temperature remains low (approximately 1l eV from simulation)

and the broadening is relatively small.

In conclusion, these experlments have demonstrated the ability to perform

absorption spectroscopy of nomideal degenerate plasmas. Simple

hydrodynamic and atomie physics models give results in good agreement with

experiment.

A3.2.2 Particle/Shock Velocity Measurement

An lmportant first objective of the colliding shock experiment was to
measure the particle and shoek velocity of the buried Bismuth strip targets
using single—~sided irradiation. 4As in the two-sided irradiatioen case the
trajectoriea of the Bismuth tracer strips could easily be followed ualng
X-ray streaked shadowgrams.

Figure A3.5 shows a schematic diagram of the strips and their reactlom as
the shock encounters the firet strip and then, after a small delay the
second. A typical streak shadowgram shows the high resolution and good
elarity obtainable using this technique.

The shock velocity is simply calculated from the time delay between the
first strip being hit by the shockfromt and the subsequent movement of the
second strip as it too reacts as the shock hits it. ¥nowing the separation
of the Bismuth gtrips gives the average shock velocity between the two
strips. The particle or material velocity is easily calculated from the
trajectory of the first foll.

Cemplications arise in the interpretatien of these trajectorles as
pincushion distortion effects in the camera intensifier distort the image
paths. A technique will be applied to deconvolute this non-linear effect
from digitized densitometer scans of the pictures. However, the uncorrected

photographs give typical values of

shock wvelocity ~ 2-3 106cme—1
particle veloeity ~ 5 10% ems™!

Shock Hugoniots give the drive pressure to be approximately l8Mbar.

These excellent results give the first simultaneous shock and particle
velocity measurements. A future experiment would use materials whose
equation of state i better known. This would then allow a comparisen to be

made between the pressure calcualted from the particle velocity and that
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from shock pressure inferred from shock velocity. Some of the discrepancies
between ablation pressure (measured from ablation rate) and shock pressure

(measured from optical streaks of stepped targets) may then be resolved.

A3.3 Shock propagation experiments at 0.33im

A J Rankin (IC)
A3 3.1 Introduction

It is widely recognised that an important diagnostic approach to measure
parameters in laser plema experiments such as p,T and P can be the detection
of laser generated shockwaves as they transit the target and emerge through
the back. The arrival of the shockfront at the rear surface is gignalled by
prompt heating of the material and can be detected easily by the use of an
optical streak camera to monitor the continuum emission in the visible part
of the spectrum. A number of experiments have been performer in many labs
(A3.1, A3.2, A3.3) to measure the shockwave velocity and through the E.0.S.
infer pressure in the shocked wmaterial. A few anomalous results were
obtained at AWRE Aldermaston (A3.4) at 1.06um but until now no other
measurements have been obtained in this country. The experiments deacribed
in thie section signal the first attempt to measure shockwave velocity at
this laboratory and comstitute ome of the most comprehensive studies of
shockwave propagation through both stepped and planar foll targets
consisting of both single and multilayer materials.

A3.3.2 Experimental

A single beam of the VULCAN Nd glass laser system was frequency doubled to
irradiate stepped and planar foils with 0.53ym radiation of lns FWHM pulse
duration. Figure A3, 6 shows a diagram of the experimental arrangement.
Stepped Aluminium targets, with typlcally a 12um base and a 6ym step were
aligned using a CW beam axis reference together with a rear surface
illumination system to locate the step onto the 1001m wide streak camera
slit, orlentated transversally te the step plane. The imaging eystem
conslsts of 25 mm microscope objective relayed through light-shields to a

43.5
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38cm achromatic camera lens giving an overall Image magnification of 25 onto
the Hadlande streak camera, fitted with an 520 photocathode. A small
fraction of the 0.53 ym radiation was relayed onto the camera slit via a lm
length of single-mode plastic lum fibre—optic to give a timing flducial
mark. The planar targets consisted of layers of transparent material with
an initial thin Bismuth coating on the front surface. ({(This design was
governed by the mainstream experimental requirements.) A few planar
Aluminiun targets were also irradiated for comparison with the stepped
tacget shots. Focal spots were of the order of 150um to aveld significant
shockwave non planar effects (A3.5). The streak photographs for a typilcal
unstepped and stepped Aluminium target are shown in Figure A3.7. There is
some evidence of beam ronuniformity In the stepped target emission which was
also measured by the equlvalent plane photograph for that shot. The average
shock velocity over the step has been measured for irradiances oE‘2x1013 -
Ix101% Wwem™ 2. Using SESAME E.0.5. data for aluminium (A3.6), a graph of
shock pressure as a function of absorbed irradiance has been plotted in

Figure A}.8.

Figure A3.9 shows a multilayer planar target together with a typical optical
streak photograph. 1In the image, shock generated thermal emisaion is
detected early in time by the cameras 'through' the following 'transparent’
layers of material as the shockfront transits the {nltial Bismuth layer. A
period then follows of zero or low-level emission beyond the sensitivity
range of the camera when the shockfront may be transiting the mylar layer.
The low-level emisslon may be due to radiatlom heating of the mylar by the
Bismuth, Increasing its opacity and preventing the emission being detected.
The shock then crosses the Mylar KC1l boundary where the level of emission
changes abruptly. This level is monitored until a further abrupt change
signals the shockfront cressing the KC1-CH boundary. Emission then
continues until the shock breaks out the back of the target into vacuum. Tn
this partlcular case the focal spot 1s very small (~ 50um} and gross 2D

non-planar evolution is evident. Other shots with targets of different

Fig. A3.7 Optical streak photographs of an unstepped and a stepped
a1.6 aluminium tdrgetl£IEum ayd G:m} at an incident irradiance of
appreoximately JO W cm
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dimensions show larger tranmsit times which scale sensibly. More experiments
are required in a mainstream rather than a parasitic capacity. Comparison
of these results with simulations performed recently (A3.7} on shock

propagation across target interfaces may yield information on the

"compression state of the different target layers.

The stepped target experiments have produced good stepped streaks which have
allowed accurate measurements of the average shock-velocity in Aluminium
targets. The success of the experiments to predict pressure values which

are comparable to previous studies is extremely useful.

The multilayer target results demonstrate a new technique to observe the
spatial shape and positlon of the shockfront through the duration of the
laser pulse. This may be a technlque to measure average shock-velocity in a
planar target avolding the complication of stepped targets and thelr

-

inherent problems.

The co-operation of D K Bradley and R W Eason is acknowledged in the
acquisition of this data during the mainstream experimental time. Also the
assistance of the AWRE target preparation group in manufacturing the

aluminium targets for mounting here at RAL is gratefully acknowledged.

Ad.4 One-Photon two-electron dielectronic satellite transitions in

the X-ray spectra of laser-produced plasmas

J G Lunney (Trinity College, Dublin)

X-ray spectroscopy is now widely used to measure the temperature, density
and state of lonisation of plasmas produced by the laser ablation of solid
surfaces and the laser imploslon of microballoon targets. This work has
recently been reviewed by De Michelis and Mattiold {A3.8). Dielectronic
satellite lines close to the hydrogen—like and helium-like resonance lines
are produced by the radlative decay of doubly-excited autolonising levels.
The intensities of these satellite lines relative to the resonance lines

depend on the plasma temperature {A3.9, A3.10). At high electron density,

- electron collisions redistribute the populations of the autolonising levels

A3.7



and make the relative intensities of the dielectronic satelllte lines
density dependent (A3.1l1 to A3.14). Thus, dielectronic satellite lines,
which occupy a small spectral range, can be readily applled to the
measurement of temperature and density in laser—produced and other plasmas.
This paper reports the cbservation of the one-photen two—electron
dielectronic satellite lines Al XII 1ls2p 1P, - 282 g, and AL XI 1a22p
2P1/2'3/2 - ls2s2 ZS”Z in the X-ray spectra of laser—-produced plasmas. The
lines 1a22p 2P1/2’3/2 - 15282 251,2 are labelled (o,p) by Gabrlel (A3.9).
The lsZp lP1—252 150 line was also observed for magnesium and silicon.
Previously, the (o,p) satellite line has been observed for lithiumlike
boron in the gpectrum of a lager—produced plasma (A3.15).

The plasma was produced using the frequency-doubled output of one beam of
the Md-glass laser system. The second harmonic beam had an energy of 21J
and a pulse length of 1 ns FWHM. The beam was focused at nearly aormal
incidence on a plane aluminium terget to a focal spot dlameter of 80um

giving a peak irradiance of about & x 10 1%gem— 2,

The X-ray spectra were recorded using a miniature space-resolving X-ray
spectrograph (A3.16) which viewed the plasma in a direction making an angle
of approximately 10° with the plare of the target surface. An ammonium

di-hydrogen phosphate crystal{ADP,2d=10.648A) was used, giving a spectral
range of 4.8-%3.0A.

The apectra were recorded with a single laser shot. A 25um slit lying in
the plane of dispersion was used to provide spatial resolution normal to the
target gurface, and so separate the emission of the ablation and recombining
phases of the plasma. Analysis of the spectrum shows that in the ablation
plasma the electron temperature 1s 440+ 20eV and the electron density is

(1+ 0.2) x 1022 en™ 3 (A3.16).

The Al XIII La and its associmted satellires are shoun in Figure A3.10. The
one-photon two—electron satellite Al XIII ls2p lPl - 252 lSu line is
obgerved at at 7.3684, Figure A3.11 shows the Al XII 1ls lSu - 1ls2p 1E’l
line with its assoclated satellites including the blended (o,p) line at

8.078A., In Table A3.1, measured wavelengthse of these one-photon
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two~electron satellites are compared with the calculations of Vainmsghtein and
Safronova (A3.17). Taking into account the relative intensities of the two
components of the (o,p) lines, the theoretical wavelength for the centroid
of the blended line is 8.0779A. In these wavelength measurements, the other
more intense satellites were used for wavelength calibration. The spectral
repolution was limited by the radial dimension of the plasma, and ¢ould be
improved by using a smaller laser focal spot or by increasing the distance
between the plasma and the film. Better wavelength calibration could be
obtained by doping the target with a suitable lower Z element concentration
to give optically thin He-1like and H-like resonance lines. The lalp 1P1 -
252 lSu line was also observed in spectra recorded from magnesium and
silicon laser-produced plasmas and the measured wavelemgths are shown in
Table A3.1.

Table A3.1 Observed and calculated wavelengths

Wavelength(A)
Transition Caleulated Obgerved
Mg XI ls2p 'P =252 5 8. 6684 B. 668+ 0.003
AIXTI la2plp; - 282 l5; 7.3690 7.36840.003

AIXT 1s22p 2P, - 18282 ZSUZ(p) 8.0754

8.076+0.003
2 - 2 2

AIXI 1e22p 2%p,,, - 18282 25, ,,(0) 8.0792

SIXIIT le2p 1P, - 252 15, 6.3409 6.340+0.003

At sufficiently low electron density to make collisonal redistribution
between autoinlsing levels unimportant, the populatiomns of these levels are
are mainly determined by dielectronic recombination. The intensity Iij of
the satellite line from level 1 to level ] due to dielectronic

43.9



- Fig. A3.10 The ALXII L line and its associated satellites including the ARXII 1s2p IP - 252 !
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at 8.076 8. The®satellite iines are denoted using the key letter description of Gabriel (A3.10).



tecombination is proporticnal to the factor qij glven by

437 T giliii )

1 zk 1k
where li is the autoloniaation rate and Aij 1s the radiative decay
rate (A3.9).The relative intensities of lines derived from levels with a
high autionisation rate are not eignificantly changed by collisions between
autolonlsing levels at high electron density (A3.12). For the eatellites of
the aluminium La line Valnshtein and Safronova (A3.17) give q{ls2p 1P1—232
lsu)fq(IEZB 180 - 282p 1P1) = 0.14 and q{ls2p lPl - 282 lso)lq(132p 1P1
- 2p2 1DZ) = 0.044 while the observed line intensity ratios are 0.16 and
0.08 respectively. The high relative intensity of the ls2p 1P1 - 282 150
line in the experimental spectra 1s probably due to the self-absorption of
the other stronger satellite lines. This is corroborated by the fact that
qa(1s2p 'p) 2p? 'p,)/q(1s2s 54 - 262p !P,)=3.2 while the experimental
intensity ratio is 2.0. The opacity of the ls2p 11?l - 2p? 1D2 line is about
3.3 times that of the ls2s lso - 282p 1P1 line. Also, the ls2p 1Pl-Zs2 1Su
line was not observed in spectra recorded from targets of 0.1 im of
aluminium on Mylar. Thus, the relative intensities of these ainglet
dielectronic satellite lines can give information about the demsity x length
product of the plasma being observed.

For the satellites of the AIXIT 1s2 150 - 182p 1P1 line
q{o,p}/q(k,1,3)=0.031 while the experimental intensity ratio is 0.06.
Again, this discrepancy i1s due to self—absorption of the stronger lines.
Also, the (o,p) satellite was not observed in spectra from thin layer
targets made with 0.lym of aluminfum on Mylar.

In conclusion, the one-photon two-electron dielectronic satellite limes have
been cobserved in magnesium, aluminium and silicon laser-produced plasmas.
The measured wavelengths agree with theoretical predictions to within our
wavelength resolution. .The intensities of these two—electron satellite
lines relative to other one—electron satellites show that there is

significant self-absorption of the one-electron satellites.
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Ab XUV LASERS AND APPLICATIONS OF LASER~PRODUCED PLASMAS
ah.1 Introduction

G J Pert (Hull)

In the previous year the group has investigated two approaches to XUV laser
action, namely recombination in the carbon fibre escheme, and

photo-excitatlion using the geeded foll approach.

The carbon fibre experiments have been successful in confirming the model of
the interaction observed in computer simulation, and it 1s clear that the
underlying physles of this scheme is now well understood. However, it hag
not proved poasible in these experiments to consistently measure gain. It
is now clear that there exist two modes of operation: one at low absorbed
energy 1s of high galn, but of a very narrow window and was observed in the
early experiments; the nther of lower galn has a larger window and is more
sulted to general use. At present the absence of sufficiently good line
focusing prevents the construction of a working lager in either mode. Only
limiced further work on this scheme 13 therefore likely to be carried out
until this limitation can be improved.

In the coming yeatr it is therefore probable that the major effort will
concentrate on the photo-excitation scheme. Preliminary experiments to
observe pumping were somewhat Inconclusive, but ylelded wvaluable experience
in conatruction, and handling of the foils. In the coming year studies
should enable the detailed physics of the pumping to be explored and

understood.

The second major area of activity of the group is the generation of
incoherent X~rays as a source for other work such as X-ray microscopy and
X-ray absorption spectroscopy. Notable contributions to this field have
been made by the group in the past and there remains an important area of
group activity. In the past year a first attempt was mede to use a laser
aource for an {-ray microscope instead of the more conventional synchrotron.
Further experiments In the comlng year should enable the practicability of

this scheawe to be evaluated.

ALl

There is little doubt that the high powered laser as a generatar of
incoherent X-rays remains poorly ezploited. 1In comparison with synchrotron
sources it offers a high flux, short pulse duratlen source of as yet poorly
defined spectral quality. However, until it has been systematleally
surveyed its full potential, and utllisation remain unclear. The
identification and gradual accomplishment of this goal must remaln one of

the leong term objectives of the group.

A4.2 CVI Experiments

M J Lamb, ¢ L 5 Lewis, R Corbett (QUB}, L D Shorrock, G J Pert {Hull),
M H Key, C J Hooker, R W Eason {RAL) and Fan Pinzhong (Shanghai)

A4.2.1 Introduction

The use of thin carbon fibres frradiated by cylindrically focused Nd:glass
laser radiation, and its harmonic as a working medium for laser action in
the XUV has been investigated both theoretically (A4.1} and experimentally
(A4.2, A4.3) for some years now. Two sets of experiments have been carried
out, one using single beam 1lluminacion and 1.06 pm radiacion ac relacively
low energy (A4.2) and the second with four beams and 0.53 ym wavelength, at
higher energy (A4.3). These two experiments gave markedly different
results, high gain being observed (A4.2) at low energy and low gain (A4.3)
at high energy. The interpretation {(A4.2, A%4.3} of these results in terms
of the effective mass of fibre clarified thils apparent discrepancy, but in
the absence of experimental data on the magnitude of the burn, the detall
remained obscure. The recent experimental measurements of the effective
(burn) mass in both configurations allow us to confirm the predicted

behaviour, and to check the code values.

The high gain values observed at low energy (A4.2) are necessary to
construct a working laser, however, the energy window over which they occur
allows a very narrow tolerance 1n the input conditions, probably too small
for regular application. This window can be significancly widened by a
sultable pump configuracion which matches the burn and galn conditlon. The

restricted Eibre burn thus has two extremely important consequences.
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(a) High gain can be achieved with large diameter fibres.
{b) Wide gain windowsa can be found.

The first of these avolds the problems of handling very thim (2 1m diameter)
fibree and allows the use of 4 — 5 um ones, which are relatively
atraightforward. The second may overcome some of the problems of laser
shot~to-shot variation, and the deaign and construction of high quality
cylindrical optics giving a line focus of 1-2 cm in length.

A4.2.2 Scaling Laws and Operating Conditions

It is clear from the above remarks that there 1s only a restricted region of
parameter gpace In which high gain can be achleved. If the plasma is too
cold gevere recombination to the ground state gives rise to strong
reabeorption of the Lyman a line; on the other hand 1f too hot recombination
population of the upper states 1s weak. Thus we would expect that for
constant plasma dimensions there is an optimum input energy for peak gain.
Furthermore since the opacity limitation i3 weakened, both directly and due
to larger velocity gradients, by smaller transverse dimensions, the gain may
be Increased by using swmaller initfal fibre mass per unit length, M. This
behaviour has been confirmed by computer modelling of uniformly heated
plasma cylinders (A4.l), where it was found that the maximum gain scaled
roughly as

¢ = const M 17122 (1)

and the energy per unit length necessary to achieve optimum gailn scaled as

E = const HlT/ll {2)

for a constant heating pulse proefile. At very low masses departures from
these scalings occur when the expansion 1s too rapid to permit complete
ionieation to be achlewved: typlically thils limies the mass to that of a £ibre
of diameter greater than 1.5 jm.

A4.3

Practical realigation of such a scheme requires a heating pulse far the
carbon of about 20 J/cm in a tlame of 100 ps for a mass of 3 m equivalent
diameter. Such energy densities are readily achleved by laser irradiation
using a mode-locked Nd:plass system focused on to a line. The limited gain
windew in puamp energy places limitations on the uniformity of the line
focus. For a typical case the half gain width in energy allows a variation
of * 25% about the optimum. This is typlcal of the tolerance allowable in
the focus for completely burnt fibre. In practice such uniformity 1s
difficult to achleve with the simple two lens arrangements (A4.2, A4.3)
which have been used up to now. In consequence experiments have been

limited to fibre lengths of less than 3 mm.

During the heating phase absorption of the laser radlation occurs at a
density much below that of the eolid. The fibre is thus surrounded by a
tenuous, hot plasma blanket, which if the initlal diameter is sufficiently
small completely envelopes the remaining solid. Heat is transferred by
thermal conduction radially into the solid thereby forming the hot plasma by
ablation: due to the stroang non-linear temperature dependence of the thermal
conductivity there Is a sharp interface between the hot and cold components
of the fibre (A4.2). Since the radius of the hot plasma is much larger than
that of the initial fibre the hot plasma closely approximates that of a
uniformly heated fibre, of the same maps. Following an Incomplete burn we
may identify two cdmponents namely the cold residual core, and the hot
plasma; in the latter we may expect an expansion phase having inversion
properties similar to those of equivalent uniformly heated fibre of the same
mass and energy. Since the heat flow is strongly non-linear the temperature
is nearly constant at a value sufficlient to ensure complete lomlsation In
the hot plasma, independent of the fibre diameter, and laser pulse energy,
and the ablated hot mass therefore scales roughly proportionally to the

absorbed energy
E = const M (3a)

In practice the temperature must increase slightly as the mass increases, so

that (3a) represents a lower bound power law relation.
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If the pulse length 1s sufficiently long the thermal conduction dominated
ablation zone between the absorption surface and solid fibre is steady
state. Since density of the solid is much greater than that at absorption,
and the radius of the initlal fibre much smaller than that of the ahsorption
surface, the fibre behaves as & polnt mass source at the origin. The radius
of the absorption surface, R, at which the bulk of the laser radiation ig
abosrbed in some arbitrary manner must be preportional to the thermal
conduction length (A4.4) at the point. Hence

R = const T2/N (3B)

where N and T are the density and temperature at the ablation surface

respectively. The mass ablation rate per unit length
m = const NT1/%R = const T 572 (5)

and the energy outflow rate, which must balance the laser energy ahsorption

Tate
e = const oT = const T’/2 (5)
Hence for a constant laser pulse length
E = const M7/% (6)

When the steady state conditlon is not satisfied the ablation zonme will be
shorter than in steady flow, and the heat transfer to the solid more rapid.
For a glven temperature the mass ablation rate is increased, or
alternatively a lower temperature requited to achieve a given mass rate.
Under these clrcumstances the constant temperature condition 1s more closely
obeyed. Thus In general we may write

m = const Tn : e = const Tn+1 (7)

or

A4S

E = const M{mHL)/n (83

where 1 < n < 1.4, the lower bound being appropriate for short pulses, and
the upper for long pulses, with respect to the characteristic time R/e, ¢
being the sound speed at the ablation surface. The proceeding argument does
not depend on the specific absorption process. In conktrast the actual
conditions at the ablation surface are determined by the details of the
absorption. Thus 1f, as 1s usually the case, inverse bremsstrahlung
dominates, a self-regulating condition aR ~ 1 ylelds a relation

NT1/2 = constant. If absorptiom at the critical surface dominates N =

constant.

The relation (3) ylelding the burn mass as a functlon of energy absorbed may
be compared with the condition for optimum gain (2). TIf these two

relations are simultaneously satisfied the system will operate at peak gain
even though the burn 1s incomplete, and for a fixed initial fibre diameter
will give higher gains at lower energy. It Is clear from the forms of
equation {2) and (3) that only one such intersection can occur at {E¥, M¥).
In practice, of course, a second Intersection may occur when the fibre is
fully burnt through (Figure A4.l1). The parameters (E*, M%) are important
scaling parameters for the problem, and in a well designed scheme should
approximate to the actual operating condition, and to the mass for maximum

gain.

We may identify two practical situations in which the mass M* is greater or
less than the initlal fibre mass per unilt length, Ho. If M* > Mo no
intersection occurs, and if M* < Mo' two optimised conditions can be

achieved.

It 18 clear from equation (1) that the galn decreases with 1lncreasing burn
mass, and that in cousequence a system should operate with low mass.
However, for small masses equation (1} is only valid provided the laser
pulse times are not pgreater than the expansion time of the equivalent fibre.
If this condition 1is violated heating occurs during the expansion (cooling)
phase and the gain falls rapidly (Figure A4.2). This will occur at a

cut-off mass Mc, which depends strongly on the temporal characteristics of
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the laser pulse. For hlghest gain the pump laser characteristics should be

set so that M = Mk = Mc < Mo, presenting a significant design challenge.
200ps. In practice it will be impossible to fully match the Laser condition, within
either focal spot or shot-to-shot variations, to the maximum gain conditien
everywhere and at all times. The gailn decreases rapidly away from the
neighbourhood of the peak gains as the energy 1s increased or decreased
outside a window E * 0.2 E where E is given by equation (2). On the other
hand in the immediate neighbourhood of the peak the galn 1s relatively
constant. Thus clearly the laser must operate within the galn window over
Q its entire length, although not necessarily at its maximum gain value. This
is achieved if the gain and burn curves clesely match, ie in the vicinity of
the intersection (E*, M¥), From Figure A4.l it can be seen that an energy
window of * 0.1 E allows a varlation in the actual absorbed energy of
between * 0.2 E*¥ and * 0.7 E* for short or long pulses respectively: values
which should be within the tolerance limits of working lasers. Under these
conditions the gain along the fibre length will vary but will follow the
400ps variation as given by A4.2 for optimised galn as a function of burn mass.
The optimal operating conditions (E*,M*) thus allows the system to mnaturally
remain near peak gain and to take inte account fluctuatlons in the laser
power dengity. It must be remembered that these conclusions oanly hold if
the variation in power, and therefore absorbed energy and effective mass are

not too large, ie within the window specified above.

The model described in this section is clearly qualitative and no
quantitative conlcusions should be drawn. However, the general behaviour
observed in computational calcularions is in agreemeut with this picture.
Unfortunately the optimal conditions (E*,M*) vary markedly with the laser
pulse characteristics, and their values can only be deduced by a long and
detailed set of computatiomal rums. Figutes A4.3 to A4.3 show three such
sets of data for configurations of experimental interest. Figure A4.3

refers to the experiments earried out using 1.06 wm radiation with one sided

L N 1 ' 1 s 1 = illuminations, pre-pulse ratio 20% and delay 200 ps. In this case M* << Ho,
9 3 L& = 10

EFFECTIVE MASS gm/cm

and indeed reference to Figure A4.2 where the peak gain/mass curve for this
configuration is plorted shows that M* < Mc. This case, in which high gain

1 f peak gain versus effective mass for two laser was observed, is therefore expected to have a narrow galm window with a very
ioaéigzraiions. The curve 200ps refers to one sided L;l:mina—

tion by !.06um radiation with prepulse f?actl?n 20; and delay

200ps. The curve 400ps describes fuqr—sxded Lllumlnatzog by LT

0.5%m radiation with prepulse fractlon 207 an§ delay 0 p;.

The curve 200ps also gives a reasonable appro*xmeclnn_co T e_

case of four—sided illuminatiom by ©.53um radiacion with pre

pulse fraction 20% and delay 200ps.
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sharp cut-off at high energy as the burn and gain curves diverge. Such
behaviour is consistent with the experimeatal data.

Figure A4.4 refers to the experiments carrfed out using 0.53 m radiation
with four beam illumination, pre—pulse ratio 20% and delay 200 ps (section
A4.2.3). In this cape M* > Ho although optimal operation is possible at low
masse, M < Mc. The experimente revealed no galun, and were conslstent with

non~optimised operation.

Figure A4.5 shows results correaponding to a system using 0.53 mm radiation
with four beam illumination, pre-pulse ratio 20% and delay 400 ps (A4.3).
In this case the gain and burn curves lie close together and the syatem is
well gptimised. Unfortunately the galn cut-off occurs at rather high ﬁass
and correspondingly low gain. Thus although well optimised this system hag
too low gain for practical application. These conclusions are in good
agreement with the experimental data obtained under these conditions (44.3)
which typically showed axial/transverse signals ratifos about 1, and weak
positive gain on some shots when account is taken of the time history of

emission.

Examination of Figure A4.3 to A4.5 phows a marked difference between one and
four-aided illumination burn characteristics. The one-sided case obeys the
short pulse scaling law equation (3a) whereas both four-sided calculations
follow the long pulse form (3b), This resulr, 1f consisteat, represents a
notable advantage for the latter case as it 15 clear from Figure A4.l and
Figure A%.5 that a conslderably larger overlap of the gain/burn curves is
possible in this case, and that the constraints along the fibre axis can be
markedly reduced. Indeed in this case the restriction of tolerable power
variation along the axls Is likely to arise from the varlation of timing of
the gain onset and peak as the plasma mass varies rather than the actual
value of the gain.

A4.2.2(a) Time Inteprated Two Spectrograph Intensity Ratios

The standard diagnostic for gain in these experiments has been the single

two spectrograph technique. Sinece such a method uses Lntegrated signals
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significant underestimates of peak gain will occur if the axial line 1s
appreciably absorbed during emission.
line initially always has negative gein (ie absorption) before population

inversion is establighed, due to the La line being optically thick. During

During the expansion the Hu

this phase the axial Hu. is effectively cut-off, the transverse Hu on the
other hand is emitted without re-absorption. At the onset of gain the axial
signal is thus markedly smaller than the transverse. This situation is of
course reversed during the gain phase, however, as absorption cccurs at high

density but galin at lower, its effect 18 thus much stronger.

The reduction in cobserved signal amplitude due to this effect 1s readily
estimated. Suppose a fraction a of the Hu aignal is emltted before gain
onset, and that the average gain amplification after gain onset

A = (exp(GE) - 1)/GL, then the ratio of axial to transverse signal is

approximately
SOAY = - 9
We note that an observation of gain requires 4 > 1/(1 - a).

During high mass expansions a ~ 30%, and A > 1.4 or Gl > 0.8, which for the

1

short lengths of about 2 mm used in these experiments requires G > 4 cm™ *, a

value only possible at peak gain under these conditions (Figure A4.2).

At low mase a(~10%) 1s significantly reduced, and the gain (G1 ~ 2) ia
correspondingly high. In consequence the error in the measured gain is

relatively small.

In order to estimate the consequences of this effect the code TTEST wase
modified to calculate the axial and transverse signals. Under the
conditions of a typiecal run of the experiments reported in section A4.2.3 an
axial/transverse ratioc of 0.8 was found in reasonable agreement with the

measured values (Figure A4.6). The computed peak gain length product was

about 0.1.

Although the effective radius of the fibre in the earlier set of gain
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experiments (A4.3) was not measured an estimate from the computed data
(Figure A4.5) was used to determine the Input conditions for ITEST. 1In this
case a signal ratio of about unity was found In agreement with the

experiments. The computed peak gain length product in this case ¢ = 0.6
corresponds to a gain of about 3 em~l.

A4.2.2(b) Magse/Energy Relationship Calculations

Preliminary caleulations of the mass/energy relationship were reported last
year (A4.3). These calculations were carried out using a version of the
two-dimensional code POLLUX in which the bulk of the energy was dumped at
the critical surface. It was noted that in these calculstions for four beam
geometry where reasonable cylindrical symmetry is to be expected there was
marked disagreement between one and two dimensional calculations. We have
now modified both one and two dimensional codes to include ray tracing so
that an accurate representation of the energy deposition is obtalned, and
have resolved the discrepancy between the codes in favour of the one

dimensional results.

Figure A4.7 ghows the computed mass/energy relationship for the conditions
of the experiments reported in section A4.2.3. Two dimensional calculations
{+) were performed using a mesh 24 x 24 cells, and one dimensional ( ) using
90 cells for an average ionisation z = 5. It can be seen that there is
excellent agreement between the codes provided the plasma mass 1s smell. At
large plasma mass the one dimensional code reproduces the experimental data
but the two dimensional is in marked error. This error is traced to the
small mesh size employed due to limitations of computer time. As the mass
of the core becomes small (large plasma mass) the core occuples only one
cell, and the representation of the ablation zone becomea similarly coarse.
The ablation and heat transfer are therefore poorly represented with
congequent error. In contrast the one-dimensional code being Lagranglan is
not subject te this limitation. A test run with 80 x 80 mesh confirmed this

conclusion.

The one sided illumination calculations (Figure A4.3) are also not as
severely restricted by thls problem as due to the absence of symmetry the
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core is not compressed during the heating phase, but expands and is
displaced backwards retaining a significantly larger size than in the four
sided case. We may again remark on the difference 1in scaling in these two
cases, one-sided illumination following equation (3a) and four-sided

equation (3b), in agreement with experiment.

The suitability of the one dimensional code to represent four sided heating
condiserably eases the computational requirement for identifying scaling
laws and allows parameter variation. In figure A4.7 we show calculations
for two values of z the average lonisation. z = 5 has been preferred to
account for the varilation in the ablation zome for z =0 at the fibre ro z

= § at the absorptien surface, but both values are consisteat with
experimental data. A test run with a new version of LAGR including
ionisation gave a value {x)} of the burn mass intermediate between those of z

=5 and z = 6 (Figure A4.7).

AL2.3 Experimental

The experimental arrangement was essentially the same as described in the
last Aonual Report (A4.5) with the target irradiated from four sides. The
laser pulse was preceeded by a prepulse ~ 300 ps before which had an
fntensity ~ 20% of the main pulse. The individual pulse durations were

s 200 ps. As before the plasma was viewed along the axls and transversely
by two grazing incidence spectrographs. The spectrographs were ¢ross
calibrated so that anomalous intensity ratios could be detected when using
fibre targets. This intensity data for the Ha line (182 A) was to be

compared with computational predictions under the same conditions.

Previous CVI experiments at both Hull and RAL have provided evidence for
incomplete burn-through of carbon fibre targets (A4.6, AG.7). One of the
main objectives of the last CVI experiment was to study the buru-through
behaviour of §ibre targets in much greater detail. Two independent
techniques were employed to obtain the data. The first method was to use a
charge coleletor in conjunction with a calorimeter array to determine the

total number of ifons produced. The second method was to use an
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interferometric probe and to integrate the fringe shift data to determine
the total number of electrons. It was also necessary to know the plasma
column length accurately on each shot and a soft X-ray pinhole camera was
employed for this purpose. The burn—through data would be compared with
compuational predictions. The ability to vary the time of the
interferometric probe beam allowed "time resolved” measurements of demsity
and radius which could also be compared with code predictions. All data
presented here refers to flbres of initial diameter & um.

A4.2.3(a) Calorimeter Array Data

The calorimeter array used was an lmproved version of the previously
deseribed device (A4.8) and had ten channels allowing a study of the energy
distribution over an angular range of ~ 24°, Each chammel was constructed
in a differential manner to subtract out the contribution of scattered laser
light- The signals obtained were automatically logged and plotted using the
GEC40B0. A second ten channel array was used bur behaved erratically,
possibly due to thermal effects in the amplifier circultry. When this array
did work it gave signals consistent with those of the main array, suggesting
that the expansion was reasonably symmetric (A4.5).

Figure A4.8 shows the signals obtained from the wain calorimetexr array,
averaged over twenty shots om 4 pm fibres, and normalised to the peak. The
1ine which has been drawn through the data is a best fit of the energy
distribution predicted by a self similar model (A4.9).

ORI k5
E¢90°)  ((kZ-1)sin2 0 + 1)3/2

where E(B) represents the energy per steradian zt an angle B to the fibre
axls and k is the ratio of characteristiec velocities parallel to the fibre
axis and radially. Since the expansion is almost entirely radial we expect
k << 1, the line drawn being for k = 0.09. This best flt value of k is to
be compared with the code predicion k ~ 0.105. The assumption of a self
similar expanslon axially is unlikely to be valid and this probably accounts

for the slight underestimate towards the free end of the fibre (angles less
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than 90° correspond to the free end and angles greater than 90° to the fixed
end). Having experimentally determined k and koowing E(90°) for any shot we
can calculate the total energy coupled into the target (A4.5). The values
we obtaln agree to within ~ 10% with the much simpler peak x half width

integration which 18 normally assumed.

A4.2.3(b) Charge Collector Data

A charge collector was placed in a position symmetrically equivalent to the
calorimeter array position. The signals from this detector were displayed
on a Tektronix 7844 oscllloscope and photographed. The signals were later
digitized apd iutegrated to give the total number of ilone. By comparing the
energy per steradian detected by the charge collector with the calorimeter
signals the neceasary correction for the "unknown™ ilon charge and expsngion

geometry can be foumd.

Figure A4.9 1llustrates the varlation of plasma mass with absorbed energy
for 4 pym fibres as measured experimentally. The solid line is the
computational prediction of the plasma mass which is im good agreement with
the measurements. We nmote that only one shot achieved complete burnthrough,
requiring an absorbed energy of ~ 26 J/em. The dashed line in Figure A4.9
represents the computational prediction of the plasma mass and energy
requirements needed to achleve peak gain. We note that the galn condition
is not well matched to the burn—through.

By comparing the peak energy per steradian from the calorimeter array with
the energy per steradian repreaented by the lom signal we can determine,
from Figure Ah.l, the value of 8 for the charge collector (we aspume the
average lon charge zZ= 6, which is consistent with the intecvferometry data).
This velue turns out to be only ~ 3.7° off peak. Hence we can use a
gimilarity model to determine the total number of ions (A4.9). These values
agree with the more directly determined numberas to within 10 - 15Z.

Although the measured energles and ion numbers agree very well with a
similarity model the comparison canoot be taken too far. If we examine the

shape of the ion eignals we find they ave only qualitatively the same as the
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shape predicted by a similarity model. Figure A4.10 illustrates the ion
signal obtained on a typical shot compared with the equivalent similarity
profile. Both curves represent practically idemtlcal energies and numbers

of lons but the time dependent behavieur is c¢learly differnt.

A4.2.3(c) Probe Beam Interfercmetry Data

& short pulse optlcal probe beam was used in conjunction with a
Nomarski-type polarising interferometer to obtaln Iinterferograms of the
plasma around the fibre. The expected plasma density at the time of
interest, {1l ns after the main irradiation pulse) was quite low at

101? ca=3, 50 the probe wavelength had to be fairly long in order to abtain
reasonably large fringe shifts. The wavelength chosen was 622 nm, which is

obtalned from the fundamental in a two-step conversion process.

The firvst step is to frequency-double the 1.05 im, 200 ps probe pulse in a
Type 1 CD*A erystal: this is in non-saturated mode, and produces
approximately 30 wJ of green light in a pulse of ~ 150 ps. After filtering
out the residual IR, this 1is down shifted by stimulated Raman scattering in
an ethanol cell. The Raman process is about 80% efficient amd resultsa in a
Further pulse shortening by a factor between 3 x and 5 x, depending on
inteasity. The final pulse leangth is thus around 40 ps.

The experimental layout is as shown in Figure (A4.l1). The probe light was
concentrated onto the fibre with a 700 mm fl lens, some difficulty being
experienced in obtaining good encugh uniformity over the necessary 2 mm
field of view. The interferometer was set to give a fringe spacing in the
object plane of ~ 70 ym, with the fringes tilted ~ 25° from the fibre axis.
Aligoment and focusing were done using He/Ne light, which is very close to
the problng wavelength. The necessity of using the same optlcal path for
fibre positioning meant that an extra 500 mm lens had to be introduced, once
alignment was complete, to Form an image of the required size at the camera:

the magnification at the film plane was then 10 x.

The probe was timed te the peak of the main heating pulse using an S-1

streak camera, and interferograms were Subsequently recorded at times of +
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0.5 and + 1.0 ns on HP5 film. One of these is reproduced in Figure A4.12,
and exhibits fringe shifts of up to two fringes in the region adjacent to
the fibre.

One problem encountered was a partial lose of coherence in the beam across
the object plane: this led to regions of Eringe confusion and wade analysis
of the interferograms difficult. The cause was traced to beam breakup in
the ethanol cell, resulting from too high a green intensity, and was largely
cured by filtering out some of the second harmonic before focusing it into
the cell.

The lnterferometric probe beam was used on four of the shots on flbres. The
fringe shift data obtained at a particular position along the length of the
fibre can be integrated directly ro give the number of electrons per unit
length. Knowing the length of the pinhole camera Image and assuming
uniformity along the length of the plasma column we may then determime the
total number of electrons. In all four cases this is within 15% of the
fully etripped condition z = 6. Assuming 2z = 6 we may plot the
interfreometry data on Figure A4.9 (shown as open points). This data 1s

clearly in good agreement with the charge collector data.

The fringe shift data ean be Abel inverted to obtain electrom density
profilea. An example of two denslty profiles 1s shown In Flgures A4.13.

The two profiles are shown together because they were obtained under almost
identical conditions but at different times (0.5 ns and 1.0 ns with resgpect
to the main pulse peak). Also chown are computational predictions for the
two profiles which we see are in remarkably good agreement. In particularly
the small bump in electron denslty is quite well described.

Although the other two interferograms were obtained under slightly different
conditions we can, nevertheless, ugse the extra data to gain some idea of the
time dependent behaviour of the plasma. Since we expect to generate an
inversion at 2 radiue of ~ 100 pm it 1s of fnterest to determine the density
at this radius and compare the values with computer predictions. It is
necessary to assume some average conditions for the energy input te the

code. Figure A4.l4 shows this data together with the computer predictions.
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Fig. A4.)2 Interferogram obtained on shot 20 24/11/83 at a rime of 1.0ns
after the peak ot the main pulse.
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The errors in the time are due to uncertainty In the prepulse onset time.

In Figure A4.15 we show the plasma radius as a function of time. We have
defined the radius as that distance which encloses 63% of the total number
of electrons within the plasma (corresponding to the l/e radius of a
Guassian profile). An expaneion veloclty ~ 3.5 x 107 cm g1 is indicated
which agrees with the measured ion velocities of ~4 - 5 x 107 cm 57!
(velocity represented by peak of ionm signal). Since there is no unique
definition of radius or of lon velocity the agreement can be regarded as

good.

It ie possible to match computer predictions of the radius to the data in
Figure 44.15 by a suitable cholce of definition of radius. The problem here
1s that there is no clear distinction between cold core and plasma so the
nunber of electrons out to a given distance is somewhat uncertain. The line
drawn in Figure A4.7 is simply a visual best fit and does not represent a

rather arbltrary prediction.

The major assumption is comparing the interferometry data with the charge
collector data wes that the plasma was uniform along its leagth. To test
this agsumption one of the interferograms has been scanned at several
positions aleng the plasma column and a set of density contours built up.
This data 1s shown in Figure A4.16. Apart from a relatively small densaity
bump at ~ 900 um and a large depression at ~ 1200 um the contours are
reasonably uwniform. In fact these two features may not be real anyway since
they correspond preclsely to regimes of poor fringe visibility om the
interferogram (Figure A4.12). 1In any case the uniformity is good over a
length of at least 0.5 mn and the asgumption of uniformity in the data
analyels seems justified. It igs a little lees clear whether the obaerved

non~unlformities have any signficant effect on the observation of gain.

A4,2.3(d) Spectroscoplc Data

A numbet of problems marted the spectroscopic data obtailned during the
experiment and it was necessary to completely disregard the initial
calibration. As a result ouly a limited amount of data was usable. This

A4.16

was made worse by the fact that single shot spectra from fibre targts proved
impoesible and this effectively halved the shot rate. TFigure A4.17 presents
a2ll the useful spectrosocpic data for the Hu 1ine (182 A). It 1s clear that
all shots on fibrea fall eilther on the calibration 11ng or signiflcantly
below 1t, indicating zero gain or abscrption. Referring to Figure A4.9 we
note that the conditions used were not well matched to the galn requirements
anyway but, nevertheless, aome galn does occur. However, during the histery
of the Hu emission, stroung absorption also occurs and a time integrated
measurement will be dominated by this absorption, unless the gain is high.
The daghed line in Figure A4.17 illustrates the expected Intensity ratio,
integrated over time, for the particular conditions used. This prediction

is at least qualirlatively In agreement with the ratios actually observed.
A4.2.4 Discussien

Althdugh the experiment was rather disappointing in that gain was not
observed it did provide a considerable amount of data in excellent agreement
with code predictions. This suggests that 1f the correct conditions can be
met rthen gain will be observed. Indeed i1t would appear that the experiments
described Iin the last Annual Report (A4.5) were probably better matched and
so gsome gain was seen. WNote that in Figure A4.9 the galn condition lies to
the left of the burn-through curve whilst the equivalent flgure Ln the last
Annual Report shows Lt to the right, so that it ought to be possible to

achieve pood matching using some 'mid-ground' conditions.

To improve the detectability of gain a number of routes could be chosén.
Increasing the length of the plasma column is the simplest approach and the
design of good quality line focus optlecs to give a length'o? ~ ] em should
be investigated. The gain reglon within the plasma 1s fairly localised at a
radius of ~ 100 pm so that space resolved measurements using & continuwm
source to probe the plasma may be a useful approach. Ultimately one could
consider time resclution with all the attendant experimental difficulties

that it eutalls.
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A4.3 Soft X-ray Population Inversion Using Resonant Photo-Excitation

J G Lunney (Dublin), M J Lamb, C L § Lewls, R Corbett, P McCavana (QUE),
L Shorrock (Hull)}, S J Rese (RAL) and Fan Pinzhong (Shanghei)

A4.3.1 Introduction

Some preliminary experiments related to photo-pumped X~ray laser schemes
have been carried cut. These consisted of spectroscopic measurements from
doubly irradiated thin foil targets in which pumping and pumped plasmas were
produced in close proximity on opposite sides of the target.

The analysis of the results has concentrated on measurements related to the
Sodium-neon scheme (A%4.10) and this 1s described in the following section.
The scheme involves the pumping of the 1a2 g - 1s4p Ip transition in Ne IX
by the 152 l§ - 1a2p !P resonance line in Na X. Suitable targets were uwade
using the technique of fon—implentation. WNeon was implanted on one side of
a thin aluminium foil and sodium fluoride was coated on the other side. A
100 ps laser pulse at 2 x 101" W co™? was used to irradiate the neon side,
and 330 ps later the sodium fluoride side was irradiated with a similar
pulse. X-ray spectrogcopy was used to measure the state of lonisation of
the neon, and the inferred electron temperature was compared with a
one~dimenglonal computer simulatfon. The spectral brightneas of the pump
radiation was alsc estimated.

Measurements were made of the spectral brightness of chromium and tellurium
which may prove useful pump sourcea in the 1 keV region. Tellurium emits
strong contiuvum radiation in this region and so avoids the problem of

wavelength matching which is critical with narrow line pump sources.

A novel X-ray laser scheme has been proposed by Lunney {(44.11) involving the
resgonant photoecitation of autolonising states of lithium—like ifons. For
example, the Lyman-a line in F IX may be used to pump the ls %26 zsl,z - 1se2s
(3s) 3p 2P transition in F VII leading to gein at 105.6 A. Preliminary
experiments relating to this scheme consisted of measurements of the pump
intensities available in the F IX Lyman-ae line and in the alternative pump

A4.18



sources mentioned above.

AL.3.2 The Sodium—-Neon Scheme

The plasma conditions required for obtaining maximum gain in resonantly
photo-pumped neon IX have been considered theoretlically by Apruzese et al
(A4.10)., The Na X 1s? !5 — 152p 1P line at 11.0027 A can be used to pump
the Ne IX 1s2 i35 - ladp lp 1ine at 11.0003 A and so give population
inversion on the 2-4, 3-4 and 2-3 singlet tramsitioms in Ne IX ar 58, 230
and 82 A respectively. It has been predicted that = gain of ~ 100 en~ ! can
be obtained for the Ne IX ls2p P - 183d !D 1ine 1if the neon plasma has an
electron temperature of 65 eV, an electron density of 102! ew 3 and is
photo-pumped with radiation flux which Ls equivalent to a 227 eV blackbody.
The required plasma conditions can be obtained in the expansion phase,
following irradiation, of a laser produced plasma. If the neon plasma can
be placed close to a laser produced plasma containing sodium then the
required pumping flux can also be obtained. It 1a necesary to preveat
over—population of the lower lasing level by photon trapping of the

152 13 - 1s2p Ip line. Hagelestein (A4.12) has calculated that the opacity
of this lime should be less than 5, which implies that

n(Ne IX) x z < 7.5 x 1015 cp2

where a(Ne IX) 1s the density of helium-like neon and r is the shortest
dimension of the neon plasma.

The pumping and pumped plasmas should be placed in cloae proximity so that a
large solild angle of pumping radiation is coupled to the pumped plasma.
Various schemes have been suggested to produce the two plasmas. Hagelstein
(A4.12) has sugpested enclosing neon gas in a thin cell, the sides of which
can be irradiated to form the pumping plasma. It has alsc been suggested
that the neon plasma can be prepared by the laser irradaition of a thin
layer of neon frozen oo a solid substrate (A4.13)}. 1In the method adoﬁted
here neon was ion—implanted onr one side of a 3 ym aluminium foil which is
transparent to the pumping radiation at 11.00 A. Sodium fluoride was coated
on the other side of the foll as shown in Figure A4.18. The neon was
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implanted at 80 keV which gives a range of 0.14 im and a straggling distance
of 0.046 ym (A4.14). This range was chosen since for a 100 ps, 0.53 m
laser pulse at 10!% W cm 2 the ablation depth Is ~ 0.1 m (A44.15). Assuming
that ~ 50Z of the neon 1s He-like then the above opacity constralnt dictates
that the surface dose of neon should be less than 1.5 x 1016 co—2, gope
targets were prepared at this doping level and also at 6 x 1016 cm 2 to give
more intense X-ray line emission; only the targets at the higher doping
level were used here. A4 0.1 ym layer of sodium fluoride was used so that
the ablation front would penetrate through the sodium fluoride and yet
ensure that the H-like and He-like resonance lines are optically thick. The
targets were mounted in 2 brass ring to give laser and diagnostic access to

both sides.

The expansion and cooling of the plasma on the neon side of the target was
modelled using MEDUSA. Figure A6.19(a) shows the MEDUSA predictions for
spatial variation of the plasma conditions at the end of a 100 ps laser
pulse when a plane aluminium target is irradiated at 10!% W cm™2, The
region of the plasma corresponding. to the neon-implanted zone 1s indicated
and has reached an electron temperature sufficient to give H-like and
He-1like neon. Figure A4.19(b) shows the predictiona.for the plasma
conditions 330 ps after the peak of the laser pulse., At the time the plasma
containing the neon has moved 50 pm away from the target surface, the
electron temperature 1s ~ 100 eV and the electron density is ~ 5 x 1020
em 3. These plaéma conditions are close to the predictions of Apruzese et
al (A4.10) for maximum gain on the 82 A laser line; so for the rargets
considered here this 1s the appropriate time to apply the X-ray pumping

pulse.

The targets were irradlated using the frequency doubled output of two beams
of the VULCAN laser system. On the neon side ~ 6 J of laser energy in a

100 ps pulse was focused to a 220 pm diameter spot giving a laser irradiance
of 2 x 1019 W e 2. The focal spot size was measured by X-ray pinhole
photography. A 10 J pulse of the same duratlon was focused to the same spot
size directly behind the laser spot on the neon slde and was timed to arrive

330 ps later.
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The X-ray emission spectra from the neon and sodium fluoride sides of the
target were recorded using two miniature spectrographs (A4.16) ae shown in
Figure A4.18. On the neon side a thallium acid phtalate (T1l.A.P} crystal,
with 2d = 25.75 A, was used and gave a spectral coverage of 9.5 - 21.5 A,
The spectrograph viewed the plasma in a direction making an angle of ~ 10°
with the plane of the target. On the sodium fluoride side the spectrum was
recorded over a simllar spectral rauge using a rtubidium acid phtalate
{Rb.A.P) crystal with 2d = 26.12 A. TFigure A4.20 shows a microdensitometer
tracing of a single shot, space—integrated spectrum from the neon side where
The H-like and

He-like resonance lines of neon are clearly observed in first order. The

there was no laser pulse on the sodium fluoride side.

H-1like and He-like resonance lines of aluminium are observed in second order

and some of these overlap with some of the neoa lines.

In this space-integrated spectrum the dominant contribution is due to the
dense ablation phase of the plasma and so the intensity ratios of H-like and
He-like lines can be used to estimate the state of lonisation and electron
temperature In this phase of the plasma. From the spectrum in Figure A4.20

the iantensity ratio

I{Ne X 18 25 - 4p 2p) _
I(Ne IX 1s% 15 - 1shp 1P)

0.35

which implies that the populaticn density ratlo
2
n(Ne X 4p “P) - 0.49
n({Ne IX ls4p 'P)

Collisional-radiative calculation (A4.17) of the ionisation and excitation
in a neon plasma with an electron density of 1022 ¢gm3 gives this population
density ratio for an electron temperature of 220 eV. An electron density of
1022 ¢n~3 was chosen for this calculation since this is typical for the
ablation plasma in short pulse irradiation (A4.16). This measured value of
electron temperature for the reglon of the ablation plasma containing the
neon, compares well with the value of 250 eV, obtained from the computer
simulation at the end of the laser pulse (see Figures A4.19(a)). Referring

to the lonisatfion calculatfon at T = 220 eV, n = 1022 em3 3¢ {g found
e e
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Fig. A4.20 Microdensitometer tracing of a space—integrated X-ray spectrum
from the neon—implanted side of the target. The H-like and

He-like neon resonance lines are indicated.




NaX 1s2'S - 1s2pP

Fig. A4.21 TiﬁeTresolved ?nd spectrally-resolved emission in the Na X
| S - ls2p P pum?hline gﬁom a planar Na F target
irradiated at 4 x 10'" W cm ~ with a 100ps, 1.06pm laser
pulse,

that the ion fractions are: f(Ne IX) = 0.43, f(Ne X) = 0.43 and
f(Ne XI) = 0.14. Thus it would appeer that at the irradiance used in this
experiment the electron temperature is higher than the value required to

maximise the fraction of He-like neon.

The absolute intensity of the Ne IX 182 13 - 1s4p lp 1ine from the sblation
plasma can be used to give an indication of the amount of neon present in
the targets during irradiation. The electron temperature in the neon zZone
{8 220 eV and at this temperature the collisional radiative ionisation model
predicts that the fraction of neon ions in the ledp lp state is 4.2 = 107",
The MEDUSA simulation shows that the duration of the X-ray emission is '
~ 80 ps. Thus taking the areal density of neon to be 6 x 1016 e 2 the
expected emission in the Ne IX 182 15 - 1g4p 1P line from the 220 mm
diameter spot is 1.1 x 10~5 J ster ~1. This can be compared with a measured
emiggion in this line of 6 x 107% J gter”!. This would indicate that a
substantial fraction of the implanted neon was present when the targets were

irradiated.

When the photo-pumping plasma 18 produced the neon-containing plasma has
moved away from the intial position of the target surface. If there is
measurable fluorescence on the He-like neon lines caused by the
photo-pumping then there should be a change in the distribution of this line
emission along the axlal directfion wormal to the target surface when the
photo~pumping is applied. X-ray spectroscopy with spatial resolution along
this axls is one way of looking for evidence of photo-pumping. It was
possible to record space-resolved emission spectra on the neon side by
placing & 75 pm slit in the plane of dispersion of the spectrograph and at a
distance of 5 mm from the plasma. Space-resolved neon spectra were recorded
with and without a laser pulse on the sodium fluoride side of the target,
but no clear indication of photo—pumping was observed. The pumping pulse
was applied 330 ps after the laser pulse on the neon gide and the computer
simulation shows that at that time the neon reglon is at a distance of only
50 um from the initial target surface position so that the 75 1m slit would
not spatially resolve any enhanced resenance line emission that may be

present Iin the ablation plasma emission. -
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A space-resolving spectrograph with a 25 ym slit was used to record the
pumping spectrum from the godium fluoride side of the target. The time
integrated emission on the Na X 1a? 5 - 1s2p !P Iline was 1.2 J e~ ster—l.
Because of the combination of lerge source size and esmall spectrograph this
line was not spectrally resolved. In a separate experiment the

Na X 1s2 - laZp !P line was time-resolved and gpectrally-resolved using an
X-ray streak camera at Queen's University Belfast. A similar target was
used and the plasma was formed with a 100 ps 0.8 J laser pulge at 1.06 mm
focused to a 50 pm spot giving an irradiance of 4 x 10" W en~ 2, The rime
regelved spectrum is shown in Figure A4.21. This measurement of the
relative spectral brightness of the Na X 182 13 - 182p P line as a function
of time can be used to estimate the peak absolute spectral brightness of
this line in the pumping experiment. The value obatined was

6 x 1011 ¥ cn™2 srer™! 2”1 which fmplies a black-body temperature of 157 eV
for this optically thick line. When the spectral brightness of the

Na X 182 15 - la2p 1p 1ine is maximum the spectral half widtﬂ of this
opacity - braodemed line is 26 mk, 80 good spectral overlap with the pumped
transition is assured even when the Doppler shift due to the relative motion

of the two plasmas 1s considered.

Prom a knowledge of the spectral brightness of the pump line and the
fractional abundance of He-like neon in the plasma at the time of
photo-pumping an estimate may be wade of the expected level of fluorescence
of the Ne IX 182 15 - ladp Ip 1ine due to photo—pumping. The time~dependent
He-1like neon fraction in the recombining plasma was estimated using an
average—atom ionisiation model to post-process the MEDUSA hydrodynamic
simulation of the plasma heating and expansion (see Figure A4.22). At the
time of photo-pumping, 330 ps after the peak of the heating pulse, the
fraction of He-like neon was found to be ~ 15%. If the neon region of the
plasma receives black-body pump radiation at 157 eV from 27 steradians then

the population density ratio
n(Ne IX lsip l?) - -3
n(fe 1X 1s2 Tgy ~ L-2 x10

Taking the duraiton fo the pumping pulse to be 80 ps, the expected
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fluorescence in the Ne IX 1s2 13 - ls4p 1P 1ine from a 220 ym diameter spot
18 5 x 107% J ster ~l. This is comparable to the emission recorded on this
line in the ablation phase of the reglon containing the neon. Thus, 1f the
line emisslfons from the ablation and pumped phases of the neon plasma can be
spatially or temporally resolved, then it should be possible to use the

fluorescence signal to monitor the pumping efficiency.

In conclusion, a novel technique of using ion—implantation of neon into a
thin aluminium foll has been used to make a target sultable for the
investigation of soft X-ray laser action via resonant photo-pumping. X-ray
spectroscopy waa used to measure the state of lonisation of the neon plasma
formed by the laser irradiation of this target. Space-resolved X-ray
spectroscopy was used to look for fluorescence on the Ne IX 1s2 g - 1a4p lp
line due to pumping by the Na X 1s2 13 - 1s2p P 1line from a sodium fluoride
plasma on the rear of the target. In this preliminary invegtigation pumping
was not observed, but the measured spectral brightness of the pump line
suggests that it should be possible to observe phote-pumping in this scheme
in an optimised experiment using space or time regolutiom of spectral

emigsion.

44.3.3 Alternative Schemes

Lunney {A4.11) has proposed that transitions between certain combinations of
doubly-excited levels of lithium-like ions can be used for photo-pumped soft
X-ray lasers. Choosing the lower laser level to be autoicnising relaxes the
opacity constraint which is inherent in other photo-pumped schemes. The ion
is pumped from a 182 28 to a doubly-excited 15243p level which is metastable
to autoionisation. The laser transition i{s from this 182 £3p level which 1s

strongly autolonising. Taking Fluorine as an example, photo-pumping of the

F VII 1ls2 25 251,2 - 1828 (35) 3p 292,3, 1r2
lead to gain at 103.6 A, the lower laser level being ls 282 2g

transition at 14.96 & would
vz A
suitable pump line is found in the Lyman-a transition in F IX at 14.9841 A.
Therefore this scheme could be investigated expefimentally using the
techniques described in A4.3.2 above. A sultable target would be thin mylar
foil coated on each side with magnesiuvm fluoride. Some preliminary spectra
were recorded from MgFZ coated folls irradiated on one side at 101% ¥ cm 2

Ab4.24
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neon—implanted zone of the target.



with a 100 ps, 0,53 1m laser pulse in order to determine the brightness
available in the F IX Lyman—a line which was found to have an equivalent

black body temperature of 130 eV.

Note that when using foll targets containing identical elements on each side
ther all emission lines in the pumping plasma are In coincidence, apert from
a swall Doppler shift, with the corresponding transitions in the pumped
plésma- Therefore it should be possible to ovserve photo—pumping on all of
these lines in the form of enhanced fluorescence, provided sufficient

spatial or temporal resolution can be employed.

A common problem in all photo-pumping schemes using line sources is that of
obtaining a sufficiently close wavelength match with the pumped transitionm.
Some spectra were recorded from mylar foll targets coated with a 0.1 m
layer of chromium or tellurium in order to assess thelr value as alternative
pump sources. Under similar irradiation conditions of 10!“ W cm™2 in 100 ps
at 0.53 pm the black body temperatures at 15 A were 140 eV and 110 eV for Cr
and Te respectively. This 1s to be compared with 130 eV obtained for the

F IX Lyman—o line. Although both spectra appeared as continua, that of Cr
may be unresclved, closely-spaced, L~series lines (A4.18) in which case the
pumping efficiency will depend on the exact values of wavelengths and
linewidths., That of Te however is belfeved to be true continuum and so the

problem of wavelength matching to the pumped transition is eliminated.

Ab. 4 EXAFS Spectroscopy

Ad.41 Introduction
R W Eason (RAL)

In last years Annual Report (A4.19) we described the first EXAFS experiments
carried out at the Central Laser Facility. During the past year, we have
pursued the field of EXAFS in several directions. Firstly, the time
integrated data on Aluminium has been analysed in conjunction with Daresbury
Laboratory, using Fourler transform technlques, to yleld radial structure
functlons, and hence derive atomic shell positions. Both cold and 'hot'
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spectra have been studied.

Secondly, a further experiment has been carried out to time resolve the
change previously observed in the Aluminium lattice, generated through flash
heating via X-ray absorption. The new compact X-ray streak camera (A4.19)
was used, and the quality of the streak piletures produced is seen to be a

considerable improvement.

Lastly, a trial experiment has been performed to demonstrate the feasibility
of laser reflexafs measurements. This techniﬁue utilises grazing incidence
reflection from a surface rather than bulk transmission measurement to yield
EXAFS spectra. The results are very encouraging and demonstrate the
practicality of making measurements in this way. The fact that reflexafs is
a surface-senmsitive technique means that the mext step 1s to investigate the
possibility of fellowing either slow surface dynamics (via pump and probe
techniques) or fast changes (using a streak camera). It is hoped that such
posgibilities will attract those in semiconductor research who need to have

answers to many questlons about such surface effects.

Ab, 4.2 Radial Distribution Functions for Time Integrated Aluminium
Spectra

R W Eason (RAL), D K Bradley (IC) and G N Greaves (Daresbuxy)

To analyse the EXAFS gpectra for cold and "hot' aluminium reported in
(44.19) the spectrum was firstly digitised into a 750 point array, and the
f1lm density converted into X-ray absorptiou coefficlent (u) using the film
curve for SB5 film (A4.20), and published mass absorption coefficlents (p/p)
(AG.21).

The local radial distribution of atoms can be obtained from the modulus of

the complex Fourler transform of y(k), derived from

w(E) - ug(E)

X(E) = FU(E)

and
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E-=E°+E21‘i

This has previcusly been used by Epstein and coworkers (A4.22) but places
shells of atoms at distances typically 10X to 20% shorter than their true
values. The reason for this wisplacement is the phase change experienced by
the photoelectron ags it is scattered by the atomic patential firstly of the
excited atom ($) and then of the surrounding atoms (¥). A more realistic
local radial distribution has been given by Gurman and Pendry (A4.23) as
G(r)

» where

- 5+
&(r) = 3= Imax W(k) x(k)e:fq()lE'iSZkr-l-Z Pdk)

and f(k,z) is the backacat:ering amplitude. Values for £, § and ¢ for
Aluminium were calculated uslng the program MUFPOT from the SRS program
library (A4.24). W(k) 1s a gaussian window function which for the present
analysis was centred at approximately the middle of the spectral range.
This is to help minimige the finite wavevector range defined by kmin and
kmax’ vhich in this case was 4A~! - 8A~1,

The result of the FT procedure can be geen in figure (A4.23) in which the
swplitdue of the FT (arbitrary units) is plotted as a function of shell
distance (A). A value of 16 eV was chosen for ED and the preclse position
of W(k), 170 eV, was chosen to line the first pesk up with the nearest
neighbour distance which for fec Al is 2.86 A. From the table in Figure
(A4.23) one can compare the experimentally determined shell poasitions for
the other shells with the crystallographic values. The second and third
shells in the laser-EXAFS distribution are located to within 1.5% of the
actual distances. The fourth and fifth shells are not resolved here but
thelr mean position closely fite the fourth peak In G(r) . Likewise the
fifth peak at 7.05 A lies close to the sixth shell (7.01 A) in the fee
structure. The agreement between the EXAFS radial distributuion fuaction
and the crystallographic parameters 1s extremely good. In particular the
resolution of the outer shells in Al 1is similar to that which can be
obtained for Cu (A4.,23). Other laser—EXAFS studies of Al have left even the

nearest neighbour distance ambiguous.
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A similar FT analysis was applied to the 'hot' spectrum, using ildentical
paramters for the values of kmin' kmax W(k), etc. The result is ghown in
Figure (A4.24). This radial distribution funcrion looks somewhat different,
a8 now there are only three peaks. The suggestion is that a dilation has
occured in the aluminium lattice, shifting the peaks to greater distances.
The ratio of the first peak distance in the "hot' case to the first peak
distance for c¢old aluminium is 1.22. The ratio for the second peak is 1.20,
a very similar value. If a comparison 1s made between the third peak at
6.64 A, and the third peak in the cold case, correlation is not zo good. A
value of 1.22 is obtained for the ratio however, if 6.64 A is compared with
the average of peaks three and four in Figure (44.23).

The view that a rapid dilation has occurred is supported by an approxiuate
caleulation based on the kinetic energy of Aluminium atoms which have
rapidly received sufficient emergy to rapidly change thelr phase from solid
to gaseous. At the bolling point of Aluminium, the average velocity of the
atoms 1s 0.5 m in ! ns. If a foll of aluminium ~ 2 m thick were converted
to a gaseous state via flash thermal heating the cutside atoms would freely
stream away, while the atoms in the middle of the foil would suffer more
constralnt. An average spacing after ~ Ilng therefore of the atomic

distribution would be very close to the measured value of 1.2.

XANES (X-ray sbsorption near edge structure) calculations on g dilated
lattice alsoc produces a feature which has been observed experimentally. A
strong 'white line’, a sharp dilp in the value of the absorption coefflclent
Juat after the absorption edge, appears in the XANES model. This is seen In
the "hot' aluminium EXAFS of Figure‘7.52 of last year's Annual Report
{(A4.19). It would seem therefore that the EXAFS and the XANES are in good
agreement. Both the EXAFS results for cold aluminium {A4.25) and the XANES
modelling for 'hot' aluminium (A4.26) will shertly be published.

44.28
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Fourier transform of normalised EXAFS spectrum of aluminium.
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Ab.43 Time resolved EXAFS

R W Eason (BRAL) and D K Bradley (IC)

The experiments reported in last year's Annual Report to time resolve the
change that occurs during the transient heating of aluminium foll have been
repeated this year, using the new compact streak camera. Problems occured
in the analysis of the data taken in an earlier experiment as numerous
defects on the streak plctures, due to instrumentel factors in the streak
camera/intensifier combination, prevented a proper quantitative analysis.
The data taken in the latest experiment is free from these artifacts, and

will be analysed as soon as possible.

The experimental errangement is virtually identical to that reported in
sectlon 7.9.3 of last year's Annual Report. The original iantention had been
to look at numerous samples, such as Aluninium Chloride, which undergoes a
dramatic 83% volume change on welting, going from AlCly to Al,Cl;, and
Lithiwm Bromide, looking at the Bromine f-edge, but all the samples of
interest defied manufacture Iinto suitable thin films.

The data that was taken on Aluminium foil is shown fn Figures (A4.25) to
(A4.27). These show the change that occurs in the EXAFS due to radiative
heating, as the foil is moved progressively nearer to the plasma.

At 25 mm away from the plasma, the foil experiences little or no heating.
Shot 05150384, seen in Figure (A4.25) shows a cold sample in which clear
EXAFS 1s geen, lastlng as long as the pulse stays on. A microdensitometer
scen clearly shows the characteristic Al EXAFS spectrum. The fiduelal 13 a
crystal artefact, and provides a convenlent wavelength calibration. This is
necessary in some cases, as Iin thils shot for example, where there is
digtorrion in the streak camera tube due to spacecharge effects, causing the

normally straight K-edge to 'warp' at high X-ray fluxes.
At 4 mm distant from the plasma, the foil will experience considerable
heating. Figure (A4.26) shows shot number 14270884 in which there is only

evidence of change perhaps In the last gean at t + 600 ps. When the foil is
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moved to 3 uwm away, as in shot 16270384, Figure (44.27), then the EXAFS
appears changed froem the very start of the pulse. These last two figures
are of shots identical in all respects apart from the plasma-to-foll
distance. All three are due ta be analysed using the EXAFS codes, at
Daresburj. Time integrated spectra and plasma calorimeter data taken on
these, and similar, shots will also provide quantitative information on the

rates of heating of the foil.

Ab.4 .4 Laser—Reflexafs

R W Eason (RAL), D K Bradley, J D Hares and P J Dobson (IC)
Ab4.4.4(a) Introduction

Trial experiments have recently been carried our to investigate the
feasibility of measuring reflection EXAFS spectra using a
laser-produced-plasma as a source of X-rays. The technique of reflection
EXAFS, or reflexafs, consists of measuring X-rays which have been specularly
reflected from a surface at small angles of incidence (~ 1“).‘ The
reflectivity 1e high (> 50 %) below a critical angle defined by

y
0, = (28)

where 1-§ 18 the real part of the trefractive index, u. Below this critical
angle, the penetration depth is small (= 20 A) (A4.27), while for angles
greater than the critical angle, the penetration depth increases
substantially to the reciprocal of the absorption coefficient, and the
reflectivity falls rapldly to zero. For angles near the eritical angle,
fine structure may be observed in the spectrum of reflected X-rays above an
abgorption edge, yielding BEXAFS which is similar to that obtained in

transmission wmode.
The reflexafs technique has the advantage that the small penetration depth

involved makes it very sensitive to surface structure. WRumerous surface

phenomena are therefore open to Investigation by this method, and the
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Fig., A4.25 Time resolved EXAFS spectrum of Al sample 25mm from plasma.
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Fig. A4.26 Time resolved EXAFS spectrum of Al sample 4mm from plasma.
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extremely good sample access that Is inherent to this technique, makes
reflexafs very attractive compared to transmission mode EXAFS for time

resolving surface dynamics, or fast phase changes in surface £ilms.

Abud4(D) Experimental

The experimental arrangement i3 shown in figure (A4.28). A silicon wafer,
whose surface roughness was flat to better than 0.05 im over all its surface
area was used as a mirror surface for grazing incidence reflection. For
recording Aluminium reflexafs, a ~ 1 ym overcoating was vacuum deposited
onte the silicon gsurface; 51 reflexafs spectra were also recorded from an
uncoated wafer. Care was taken to ensure the wafer was fixed to the
microscope slide in such a way not to bend it or stress it. The bismuth
target used was formed into a wedge shape and fixed to the slide adjacent to
the wafer. The wedge shape was used 8o that specific angles of incidence
could effectively be chosen by initially focusing the alignment laser beam
ont¢ the microecope slide, defocusing the leng by a known amount, and then
traversing the whole slide until the target came inte sharp focus. This
procedure allowed the helght of the target above the silicon wafer to be
aceurately controlled. 1In practice an angle of Incidence of 1°, and target
to mid-point of wafer distance of 35 mm, meant the target was shot ~ 600 m

above the wafer surface.

A minispectrometer equipped with an ADP (2d = 10.65 A} crystal allowed both
the Aluminium and Silicon K-edges to be viewed. From the geometry ilnvelved,
the film obtained showed wavelength (energy) in one dimension and angle of
incidence and hence spatial poeition on the wafer In the other. A direct
X-ray block was positioned at various heights above the silicon wafer,
varying from 100 pm to 300 pm.

40~5¢ J, 1 ns. 0.53 ym laser pulses were used, focused down to ~ 200 um apot
size, to obtain high brightness X-ray sources. The film used was Kodak DEF,
which had been observed to have a very low background fog level.

The results are shown in Figure {(A44.29). In (a) the direct X-rays can be

seen as well ag the dispersed spectrum. The curved K-edge that can be seen

A4.31

in both (a) and (b) is teal, and 1s the result of anomalous dispersion (8/22
varies with A). This effect has been seen before, and appears in the data
taken using synchrotron sources (eg (A4.28)). It 1s not so immediately
obvious in other reflexafs work however, as most other spectra have been
recorded in a sequentlal manner, ie at one angular position at a tine,
whereas the laser-reflexafs technique is best suited te sampling a range of

angles 1n a single shot.

For A << Ak and A >> Ak the value of §/A% is ~ constant, and so Bc is
proportional to A, As X approaches the K-edge however, 8/32 atarts to
change rapidly. The value of 6 has been calculated as a Eunction of A using
both the Kramers-Kallmann-Mark theory, and the quantum dispersion theory of
Honl {A%4.29), and has been used to evaluate the critical angle, Gcas a
function of energy for Aluminium at X = Ak. The results are shown in filgure
(A4.30) in which both axes have acales which are the same as the

experiuentally obtained values for the spectra in Figure (44.29).

If the two spectra (a) and (b) of figure (A4.2%9) are overlald onto the two
theoretical curves, then it is seen that the theory of Hénl and the
experimental data are in close agreement. This comparison allows accurate
anglea of incidence, and hence critical angles, Gc, to be assigned to the
two spectra. It can also be seen that (a) has been cut off on both sides,
je at both low and higher angles of incidence, whereas (b} has only suffered
cut—off on the low angle side. This cut-off is due to the exact positioning

of the silicon wafer, and the direct X-ray block.

The spectra can be compared with other EXAFS spectra taken In the
conventional transmission mode. In Figure (A4.31) three mic¢rodensitometer
traces (a), (b) and (e¢) have been made of shot number 02290384. {a) was
taken over half the width of the spectrum, from the mid-point to the higher
angle of incidence side. (b) was taken over the other half, from mid-polat
to the low angle cut-off side, while (¢) is over the whole spectrum width.
The apparently decreasing abruptness of the K-edge in (a) is clearly seen,
when compared to (b). Trace (d) is taken from (44.30) which was recorded
wlth a conventional X-ray set using a 20 hour exposure. The spectrum (d)

has been re-scaled in both energy and absorption to allow direct comparison
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Fig. A4.28 Experimental arrangement for recording laser—reflexafs spectra,
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Fig, A4.3) Aluminium reflexafs spectra (a)-{c) of shot 02290384,
' compared to transmission mode EXAFS spectrum (d).

with (c). It can be seen that there 1s very good agreement between (e) and
(d). The small features (arrowed) due to more distant shells of atoms ia
the aluminium lattice are well resolved, although the XANES structure in (d)
is clearly better than (c).

This close agreement, demonstrating the ability to record good reflexafs
Spectra using a laser-produced plasma source 1s very encouraging. Further
experiments are plamned using either time resolved or pump~and-probe

techniques.

A4.5 Soft X-ray Microscopy

R Rosser and K Baldwin (IC)
A4.5.1 Introduction

Electron microscopy of biclogical material suffers from the severe
disadvantage of giving very low contrast between protein and water. Only
dehydrated specimens are viewed, which 1s a problem in 1ife sclences as

~ BOZ of blological material is water and removing it conceivably results in
gross structural deformation (A4.31).

In the soft X-ray region, between the oxygen absorption edges at 23 A and
carbon edge at 44 A, protein shows marked contrast in water. Much work is
being done to develop soft X-ray microscopy using synchrotron radiation as
the source and zone plates as focusing elementa. Two Prototype microscopes
now exist, one at the BESSY storage ring in Berlin (A4.32) and one at the
WSLS VUV ring at the Brookhaven Hational Laboratory, New York (A4.33).
These microscopes are anticipated to have an ultimate resolution of 100 A,
limited by radiation damage to the apecimen. By taking the image in a very
short time, ~ 1 ngee, it may be possible to take the picture before the
damage has time to wanifest itself. The resolution would then be limited
only by the optica and could perhaps be made as small as 20 A (A4.34).

To lock ilute this poesibility of using & short-lived laser produced plasma

as an ¥-ray source for soft X-ray microscopy, an experiment was set up in

A%, 33



the double beam target area of the RAL glass laser facility in August 1983.

A4.5.2 Experiment

A 1 nsec 0.53 pm, 40 J pulse was focussed down onto a planar carbon target.
The €V (40.3 R} line of the resultant carbon plasma was used to illuminate a
specimen. A 36 mm focal lemgth zoue plate was used to produce an image of
the specimen on Kodak 101-01 film, iun the shadow of a gold wire, as
1llustrated in Figure A4.32.

The system was aligned and spectra (Figure A4.33) indicated sufficient light
for image formation with the CV line. However mo image was produced (Figure
A4.34).

Subsequent examination of the zone plates at the Brookhaven National
Laboratory, revealed at 5-10 im contamination layer on the surface of the
zone plate. We belive the absorption of soft X-rays by this layer to be the
reason for the failure of the imaging. It 1s hoped that it will be possible
to repeat the experiment, without contamination, in 1984.

A4, 6 Pulsed Laser Plasma X-ray Diffraction Study of crystallographic

Changes During Laser Annealing

P J Dobson, J DI Hares, § D Tabatabaei (IC), R W Eason (RAL) and J G Lunney
(Dublin)

There is currently a great deal of interest in the transient structural
effects that occur during laser annealing of materials, amd in particular,
semiconductors. This report describes the results of a feasibility atudy to
investigate changes that occur in the near surface reglon of silicon during
laser annealing. Previous structural studies in this area are restricted to
work by Larson et al (A4.35) (Oak Ridge Laboratory) using a synchrotron
source of X-rays and a time-gating of the laser annealing pulse and the
synchrotron X-ray pulse. The data produced by that group represents an
important landmark in the field, providing for the first time a description

of the temperature distribution with depth for various times after the heat

AG.34

pulse. The resulte are also consldered as rather surprising by many workers
{eg A%4.36), particularly with regard to the cooling rates which were

observed.

In the experiments at RAL a simple X-ray diffraction apparatus as shown in
Flgure (A4.35) was mounted in the target chaaber. The main laser pulse was
split into two beams, one of which gave a heating pulse of ~ 1 J en~2. This
heating beam was homogenised by a gubsidiary plasma by focusing with an £/20
lens ento a mylar target at 5. The specularly reflected light, having lost
any coherence because of plasma scattering was relayed onto the 51 sample
with another lens. While this removed any fine sale speckle the overall
uniforming however was not better than 30Z. The other beam was time delayed
and then focused onto a suitable targer to produce quasi-monochromatic
¥-rays. For most experiments a chlorine He a~1like complex of lines

~ X = 4.44 R was used. A portion of the silicon crystal specimens was
shielded ffom the heating beam, but still sasmpled with the X-ray beam. This
was in order to provide an umperturbed set of diffraction featureas on the
¥-ray £iln. Typlcal results can be seen in Figures A4,36 aud A4.37. These
results show an easily measurable shift of the diffractlon angle and a
broadening of the features. The shift and broadening were at a maximum for
times of between 20 to 80 ns after the heating beam. The‘ahift of the
diffracted angle corresponds to an increase in the lattice parameter up Lo
around 0.7%. The broadening has several originms, viz: contributions of
X-rays scattered from different depths, corresponding to different
temperatures and hence lattice apacings; thermal diffuse scattering from the
hot lattice; scattering from the liquid sﬁrface layer. We cannot at present
be very specific about theee contributions, but we have sufficient data and

information to make a more deralled analysis.

The advantages that our experimental arrangement has over the previous stﬁu&y’

by Latson et al {A4.35) are as follows:

(a) All of the information is obtained in a single laser shot, le we do not

require averaging over several thousand shots.
(b) THe wavelength chosen by us 1s much more appropriate For deteriming the

A& .35
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Fig, A4.32 Experimental arrangement used for soft X-ray imaging.
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TIME RESOLVED LASER ANNEALING OF SILICON (111)

SHOT 19 10/1/84
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LASER ENERGY IN ANNEALING BEAM -~ 1J cm

LASER ENERGY FOR XRAY DIFFRACTION PROBE 15 J

TIME DELAY BETWEEN ANNEALING PULSE AMD DIFFRACTION PROBE 80 NS

Fip. abG.30 Specirum from Silicon {111) recorded at B0ns after
heating pulsce.
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Fig., A4.37 Spectrum from Silicon (111} recorded at 182ns after
heating pulse. '



temperature-depth relation in the outermost few um.

{c) The changes to the diffraction patterns are as a consequence of (b}
very marked compared with the data of Larson et al.

The principal disadvantage is that we are working at a wavelength where the
seattering factor and absorpticn length are less well known. This creates a
ptoblem in that cur sampling depth is not very well defined. Since we are
diffracting off a high quality single crystal we also have the usual
problems with extinction effecta. TIf we use the abeorption coefficlent to
egtimate our sampling depth we have a figure of ~ 3.5 m, whereas .if we use
the extinction coefficlent we arrive at a figure of ~ 0.34 um. Actually, &
similar problem should also occur with the analysis of the synchrotron data.
In order to further probe the near aurface reglon we adopted a low angle of
incidence geometry as shown in Figure (A4.38). We also used a silicon (100)
surface and oriented the crystal so that we diffracted off (111) planes,
this time using A = 5.68 A. This greatly reduces our sampling depth to
betwe;n 0.78 um and 0.345 m depending on whether we use absorption or
extinction coefficients. The results confirmed this since we saw a
broadening and shift of our diffracted beawms at much shorter times than in

the other experiment.

The analysis of the results is proeeding as follows. We set up a model of
our X-ray beam interaction with the silicon and assume an attenuation law in
the material, either excluding or including extinction effects. A notiomnal
temperature distribution is then assumed, and the diffraction angles and
Intenslities are calculated and compared with experiment. AdJustments of the
temperature distributions are made until agreement is obtained. This phase
of the work is incomplete, but the results appear to be in broad agreement
with those of Larson et al {(A4.35) especlally with regard to the delay times
for producing surface melting and the cooling rates.

These preliminary expeirments have very successfully demonstrated the
potential use of the pulsed laser plasma X-ray source at RAL for probing the
changes Iin crystallography occuring in the near surface region of material
on a time resolved basis of ~ nsec. It should be possible to extend thisg to

A%.36

less than 100 ps without too much difficulty. This opens the way to study a
wide range of important problems encountered in laser processing of
gemiconductors, eg amorphlsation or recrystallisation, interface compound
formation {pilicides) redistributlion of implanted lmpurlities etc. There are
also many other very interesting solid state traunsformations (eg marteasitic

transformations) which will be amenable to study with this technique.

A4.7 Energy Loss of Charged Particles in Dense Plasmas

A P Fews, D L Henshaw (Bristol), S P Knight, D A Pepler and W T Toner (RAL)

In the early part of the year a short run was devoted to improving
techniques for produclog exploding pusher implosions. WNo single cause for
the diseppointing results of some earller runs was identified although
prepulse was found to be somewhat larger than had been thought and the
targets and pulse length then evallable were not well matched to the energy.
Following improvements in all three areas, neutron ylelds in excess of 107
were again obtained from four-beam implosions in the spring of 1984. A four
week run was then devoted to systematic data colletion on the energy leoss of
charged particles in dense plasﬁaa (A4.37). CR39 exposures to @ particles
traversing mylar, aluminium, copper and gold folls were made for several
different heating conditions and protons and tritons were recorded in a more
limited set of conditions. It will be some months before a quantitiative
assegsment of the data is avallable. Automatlc track meagurement techniques

are discussed in A6.

AL.37
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AS THEORY AND COMPUTATION

A5.1 Introduction

R A Cairns (5t Andrews)

Theoretical work on plasma physics continues that of prevlous years in two
main areas, studies of ijnterackion and absorption processes and of the
kinetie theory of transport processes. In the first a particle code has
been used to look at some of the effacts taking place near the quarter
eritical surface and a number of studies have considered the interaction
between different processes oceurring in the plasma. ¥Kinetic theories of
heat flow, which have been a very active fleld of research recently, have
been extended to take account of ablation, while work on heat flow

instabilities has been extended to a kinetic rather than a fluid model.

In hydrodynamies the development of computer codes continues together with
the use of these codes and other means to study instabilities of &
compressed target. A substantial effort has also gome Into theoretical
studies of fon beam {rradiated targets. The theory of dense plasmas is a
subject which 1s attracting more attention as the experimental facility
becomes increasingly capable of investigating this vegime, and a number of
contributions investigate radiation transport and atomic physics effects in
guch plasmas. Finally there is a contribution to laser physics, with a

study of the behaviour of a backward Raman amplifier.

A5.2 Plasma Physics
A5.2.1 Effects of Linear Mode Conversionm on Raman Scatter

G A Gardner, H C Barr, T J M Boyd and R Rankin {Bangor)

Some attention has been paid to the role which self-generated magnetic
fields may play in parametric processes{A5.1 - A5.3) and in particular
Boyd(A5.2) and Estabrook and Kruer(A5.3) have suggested that the megagauss

fields characteristic of certailn lager target experiments may affect

A5.1

back-scattered Raman light significantly. These flelds may glve rise not
only to measurable frequency shifts but can alter significantly the leveals
of Raman backscatter expected from the plasma. In this report we congider
simulations of Raman backscatter from an inhomogeneous plasma in the
presence of strong self-generated magnetic fields. The emission levels show
a dependence on magnetic field which is consistent with the scattered laser

light undergoing linear node conversion.

In order to investigate the frequency spectrum and reflectivities of Raman
scattered 1ight we have performed a series of computer simulations using a
1.5 dimensional fully relativistic electromagneric particle code. In all
the simulations the incident taser light, with an intemsity equivalent to an
electron oseclllatory velocity of v, = 0.le (1.2 x 10 16yem™ 2 for 1.06im
light), propagated through a plasma with density profile rising from zero to
0.35Nc in a distance of either 6.7Ao or lBAO whete AO is the laser
wavelength. The initial electron temperature was 1.3KeV. Ion motion was
included with mi/me = 1000 and initially Ti/Te= 2. This cholce of
temperature ratio did mnot wholly elininate Brillouin scatter but kept it at
a low level. Constant external magnetic flelds were applied parallel to the
laser light magnetic field with electron cyclotron frequencies 2 in the
range 0 to 0.lw° (mo is the laser frequency), i.e., up to 10MG For 1.06pm
lager light. Thus, the laser light propagated as an extraordlnary wave and

decayed into an upper hybrid wave and a backseattered extraordinary wave.

Fig.A5.1 shows frequency spectra obtained from the simulations for

¢t = 0.075 mo and &t = 0.0375 mo. The frequency of back scattered light is
plotted agalnst ¢t in Fig.A5.2 from which it 1s cleax that the characteristic
rhermal red shift {A5.4) of the Raman light wave can be chanped to 8 blue
shift for sufficiently large magnetic fields.

An estimate of this magnetic shift may be made as follows. Since R << s
to firet order in §, we may treat both the laser light and the upper hybrid
wave as unmagnetized whereas the scattered extraordinary wave emerging from
its reflection point near Nclﬂ (where the instability is ahsolute and the
threshold a minimum) has a frequency ws given by msz = wpz + mpn. Phase

matching yields simply that
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where Ve 1’ the electron thermsl velockty. Thue, thw thermal Eed‘sh*fh-is
cosaterad by & Blue shift, 0/4, due to the magnetic field. In Rerms of
wavelenpth, this magnetic field-induced effect may be described by

AAB(A) = 93.3102(um) B (MG). The simulations show broad agreememt with this
with the exception of the red wing of the double peaked structure appearing
in Fig. A5.1¢{b) and in Fig. A5.2 when §1 = 0.0375m°. We shall réturn to this
below.

The reflectivities for the two different acale lengths simulated are shown
in Fig-A5.3 as a function of magneﬁic field. These are time integrated over
the whole run although in practice the emission does not switch on until
wvell into the run and then persists only long enough for the deasity profile
to steepen sufficiently to saturate the instability. Pulaing of the
emission is ohserved for low magnetic fields which is consistent with
profile steepening followed by relaxation allowing a further burst of
emission. This digappears at the larger magnetic field values. Fig.A5.)
way be understood in terms of linear mode conversion of the scattered

extraordinary wave, at frequency NB, into sn uwpper hybrid wave.

The linear mode conversion of a light wave to a plasma wave fs well
understood as resonance absorption. Efficient conversion requires the
regonance of the plasma wave to be in close proximity to the reflection
point of the light wave and In addition, a finite electric (driver) fleld in
the direction of the density gradient. This, in turn, requires waves
propagating obliquely to the density gradient — a two dimensional problem.
Alternatively, a D.C. magnetic field allows coupling in one dimeunsion
(A5.5). The critical parameter is T = (lec)ll3 (ﬂlmollz
frequency of the wave involved and L 1s the local density scale leagth (or

where w 1a the

dietance from the vacuum — plasms boundary - to Hc/ﬁ in the case of the
linear denaity profile assumed here). Maximum conversion and hence
absorption occurs when T = 0.8. We note also that the reverse process,
namely conversion from the upper hybrid wave, at frequency w,- w, to an

B
extraordinary wave, exhibits the same dependence on T. Consequently, both

A5.3

processes are correspondingly weak or strong and provide additional damping

of the daughter waves of the instability, thereby increasinog the threshold.

Fig.A5.3 shows for each of the scale lengths considered that the emission ls
substantlally reduced as the magnetic field increases and is a minlmum for
some ¢ritical fileld strength. This behaviour reflects the inereasing value
of T and hence the increased absorptiom of the scattered wave by mode
conversion. The minimum reflectivities occur where T = 0.8 and mode
conversion 13 a maximum. In fact, for the case with the initially steep
profile (and hence nearer to instability thresheld), tha emlssion 1s
effectively ewitched off for a range of magnetic fields before recovering to
about its uynmagnetized value. For the gentler density gradient, the
lnstability was of course wmuch stronger showing much higher ewisaion levels
and hence the behaviour was easler to diagnose. These simulations showed
severe profile steepening for low magnetic flelds and again for high
magnetic fields. In the intermedlate regime where mode conversion was
eptimm, the steepening was rather moderate suggesting that a combinatioan of
profile steepening and mode conversion now saturates the instability. 4
third regime occurs for this case. The reflectivity has not recovered to
its initial level but levels off at about 3.5%. However, for these magnetic
fields, strong steepening is observed thereby reducing the value of T and
increasing the absorption by mode conversion.

Finally, we remark that the iuverse process of conversion from upper hybrid
wave to extraordinary wave at a frequency mo - ms is optimum also around
T = 0.8. This would appear to explain the red wing observed in Fig.A5.1(b)
and in Fig.A5.2 vhen Q= 0.0375 mo. For other values, efther T was never

optimum or not optimum sufficlently long for this feature to beg observed.

In conclusion, the simulations demonstrate that self-generated magnotice
f1lelds result not only in obaervable frequency shifts (100 X per megagauss
for 1um 1light) but alsc in reduced levels of Raman backscatter. We'
attribute these reduced levels tn linear mode conversion nf the daughter

waves of the Raman instability.
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45.2.2 Linear Mode Conversion in a Magncrised plasma

6 A Gardner, R Rankin, H C Barr and T J M Boyd (Bangor)

Resonance absorption, the linear mode conversion of a light wave to a plasma
wave, has been extensively studied as an absorption mechanism in laser
target experiments. The inverse process, whereby a plasma wave may convert
to a light wave, has received less attention in this context. Both are
particularly relevant to processes occurring ar the quarter—critical densaity
of laser produced plasmas by providing additional damping of the davghter
waves of parametric instabilities thus, for example, reducing the level of
Raman scatter and giving rise to additional emission as a result of
radlation from plasma waves. Efficlent conversion requires the close
proximity of the plaswa wave resonance and the electromagnetic wave
reflection point, as well as a finite (driver) electric field in the density
gradient direction. This in turn requires either waves propagating
obliquely to the density gradient {a two dimensional problem), or
alternatively a DC magnetic fleld which allows coupling in one
dimension(A5.4). It is this problem we examine here, namely the linear mode

conversion of an upper hybrid wave to an extraordinary wave and vice-versa.

The equations describing the propagation of both extraordimary and upper
hybrid waves in an irhomogeneous plasma with & uniform applied magnetic
fileld B = B =z are

= c

e2E" 4+ (w2 - w2 ) = {uw E
b P Yy cx

3WZE" - WZLTIE! + (w2 - w2 - w2} B = - 1 o lw wlE
e X e X b ¢’ Ux cpy
where L 13 the density gradient scale length, the profile being assumed
linear. These equations may be routinely solved with boundary conditions
chosen to represent an incident upper hybrid wave or am incident
extraordinary wave. The conversion efficiency for both cases may then be
13
determine%. Both show the expected(A5.4, A5.6) dependence on T = (uL/c) /

1
(mc/mo) / wlith optimum coaversion efficlency of around 60% when T = 0.8.

The particle simulations were performed using a 1%D relativistic

electromagnetic code.

An upper hybrid wave was excited at its resonance by applylng a weak locally
driven electric field along the density gradient. HNo incident laser beam
was present, the lons were fixed, and an electron temperature corresponding
to Ve/c = 0.05 was used. The varlation of conversion efficiency with
magnetic field strength and scale length was Lnvestigated and the results
are summarised In Fig.AS5.4. A maximum conversion of about 30% at the
predicted value of t{= 0.8) was observed. The conversion efficlency was
determined as a time integrated value over the whole time of a run; time
integration over only that portion during which significant emission was
observed gave values = 50% in reasonable agreement with the predicted

theoretical values.

A typical run shows the growth of the upper hybrid wave, its saturation by
wave breaking at about 10 timee the driver fileld, and the conversien to
extraordinary waves which propagate cut of the simulation regicn. Some
second harmonics of the driver frequency were observed in the light spectra

exerging from the plasma.

We have demonstrated that lirear wmode converslon of plasma waves Lo light
waves can occur in a magnetlsed plasma. The process can be efficient
(efficie?jges of uq/to 50% can be attained), and secales with

T = (kL) (mc/ w) in the expected manner. In Raman scatter near
quarter-critical density, linear mode converglon of each of the daughter

waves provides additional damping resulting in reduced levels of emission.

A5.2.3 Rinetic model for the collisional Weibel imstability in laser—

produced plasmas.

E M Epperlein (Imperial College)

Recently there have been many experimental reports on the occurrence of

filamentary structures {or plasma jets) and strong magnetic fields in the



ablation of laser driven targets.(A5.7,A5.8) These structures, which have
transverse scale-lengths of about 1Oum, occur mainly in medium te high Z
targets {e.g. glass or gold), and have been Inferred to originate at
densiries abeve eritical for lim laser light.(45.7) There, they may have
serious affects on the rtarget implosion symmetry, by inhibiting lateral

transport and inducing pressure perturbations in the ablation frent.

Several mechanisms have been proposed to explain the appearance of these
jets, such as the radiation cooling Instability,{A5.9) the thermal
instability(A5-10) and the collisional Weibel instabllity.(A5.8) Here, the
lagt mechanism is investigated, as it most naturally leads to the formatiom
of current fllaments and magnetic fileld self-generatlion predicted from the

experiments.{A5.8)

The model for the collisional Weibel instability developed by Mochizuki et
8l.(A5.8) consists of artificlally splitting the electroms into hot and cold
fluida, in a homogeneous background of cold and fired ions. Using planar
geometry, with the target parallel to the xy plane, the hot electrons are
asgumed to drift in the positive z direction with a speed vy and the cold
electrons in the opposite direction with a speed v In order to preserve
charge neutrality, it is required that nVTLY, and Zni=nh+nc, where n is
nunber density and 2 the ionle charge (subscripts c,h and i refer to cold
electrons, hot electrons and ions, reaspectively). This configuration leads
to a8 heat flow along z given by: gq = ;_m(nhvﬁ-ncvg) + ;_(nhThvh-ncchc),
where m i3 the electron mass and T the temperature (in energy units). This
configuration also gives rise to a pressure anisotropy which acts as a

source to drive the unstaeble Weibel mode.{4a5.11)

The instability mechanism is briefly described as follows (A5.8). An

induced magnetic field in the y direction, with a modulation along x, pushes

the electrons towards its neutral poimnts, via the Lorentz foxce. There, a
net current is created (via Ampere's law), which is directed so as to
amplify the initial magnetic field perturbation, thus promoting an
instability. Its growth rate will be positive unless damped out by Joule

dissipation, at short perturbation wavelengths.

A kinetic model for this instabllity will now be developed. The equilibrium
state 1s agsumed equivalent to the one just described, and is represented by

a two temperature electron distribution (with Zni=n >>nh)defined as
c

follows.
f= { {(n /v3 ) exp(-(v + v )Zlv2 -vzlvz )+
¢ Te z ¢ Te 1 "Te
3 2,2 2,2 3/2
+(nh/v Th) exp (— (vz-vh) /vTh_vl/vThJ }/ﬂ
h = 1/2 2_ 2 2
where Y (2T/m) 1s the electron thermal speed and v =v +v© .,
Xy

The time evolution of the plasma 1s governed by the electron Fokker—-Planck
equation (introducing the notation 3W-B/3w, for a coordinate w),

atf + v. V& - (e/m) (EtvxB/ce). va =,
and Maxwell's equations,
atg = ~cVxE, VB = 4m}/c,

where e is the electvonic charge, c the speed of light, i- f dv vf the
electric curent, E and B the electric and magnetic field intensities,
respectively, and C the collision operator (A5.12). The displacement
current has been dropped from Ampere's law, since we may neglect

relativistic effects.

Before linearizing the above equations, it is found convenient to expand the
distributlon f 1n carresian tensors:

2
£=f + X'£4/V + !z_lev + vvv:_f_3/v3 + ouas
This expansion 1s expected to converge provided the collisional term on the

R.H.5. of the Fokker-Planck equation dominates over all other terms.(AS5.13)

Since we are only interested in collisional phenomena we keep terms up to
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and including f3' where fo »>> £1 »>s4. 15 assumed. Substituting this
truncated expansion Into the Fokker—Planck equation, and making use of ita
orthogonal properties, one arrives at four coupled equations in fo’ 51, §?
and f3 (A5.13). Linearizing these and Maxwell's equaticns, and taking a

pertﬁfbation of the form exp {vt+ikx)}, we obtain (with the prime denoting

perturbed quantities):

YE' 4 lkvf' -1 ! [(1/v2)av(v2fz)] = C S
3 3
—_ r - 1 = - ] + C‘ (2)
iRVE'o Exavfo u fz ueif x eex’
2 —_ = - 1 1
gikvf'xz e 3 E v et S, )
1 3 1, 1,
7nu.vf'z + Tikvf}'mz " er{va (£ /v)) - w'E,
= - I fl + ) )
J“Eifxz * Ceexz'
8 jxvE'! = - 6w £+ (5)
TBi Yixz el " xxz eexxz"’
Yu' = fke?, (6)
z
[ 2 3e 7
fka (u)/e) ¥4n/3n,) I av v3e, 7>

where E‘=(e/m)(E',O,E;), w'=(e/mc)}{0,B",0), w = (4nnce2/m)l/2 is the plasma
= x =

frequency, v _ = [Anni(Zezlm)Z EnAei]/va the electron-lon collision frequency

el
and fin Aei the Coulomb logarithm.

In deriving the above equations it has been assumed that Y,kv<<vei, for a
thermal electron, In accordance with the collisionality condition. The
effect of electron self-collisions in the ji’ fzand Eﬂ equations may be
approximately taken into account by rewriting 3;1 aé—vei + v, =V, where

uee=(ﬁwnc(e2/m)ZEnAeEJ/va.

45.9

Without further approximations, equations (3)}-(7) give rise to the

following dispersion relation (written in dimensionless form):

2,10
r={T( &% - BJ[BFZZ +V B, (F ) v - A2
o 1+{atb)KV
- & -1
(-7 1+bxga ) viar, av |71, (8)
1+(a+b)K Y

= 1/15, b=4/31 = y/v_ . K=kA_ (= -
where a /15, /315, T = v/ e k TC( vac/uTC), Ls (efw 3/A

Tc'
3

V= F=(4 = g! fuw!

v/vTc, ( w/nc)vch, [ ex/m Ve and v,

e = U(VTc)o The term ¢, which
relates E; to @' through the quasi-neutrality condition
2oy I
Idvvfo-l’dvvfx-o,
should strictly be evaluated by solving equations (1), (2) and (6).
Instead, we derive a lower amd upper bound for ¢, i.e. ¢ and ¢u' by solving
equation (2) in the 1limit of ikf6>>vf; and ikfé <<Uf;, respectively, and

lonvestigate theilr overall effect on the results.

Equation (8) is now solved numerically for the following test
problem:nh/nc=0.005, Th/Tc=3, Vc=0.01 and Vh=2. These paraneters are
consistent with typical Fokker-Planck simulations of transport in plasmas
irradiated by lym laser light (A45.14,A5.15). They represent a plasma with a
heat flow which 1z about 13% of the 'free-streaming' limit |:1f=ncrr.|(Tc)‘m)3/2

and a cold electron drift at the isothermal sound speed cs=(ZTclm)“2 {for
Z=10).

In Fig. A5.5 we plot T as a function of A (=2n/K) for the case of no
short-wavelength damping, 1.e. for LE =0. The solid lines indicate the
solution of equation (8), for ¢= 0, where the one labelled 'a' refers to
case In which fé is included in the analysls, and the one labelled 'b'
refers to case in which it 1s not (obtained by simply setting b=0 in
equation 8). As observed, the contribution due to Eé decreases for large A,

which 1s expected since the magnitude of the spatial advection term in the



Pokker-Planck equation becomes small in comparisom with the collision term.
In the opposite limit (A<<l} rhe expansion in f£' starts to break down,
indicating that collisionless phenomena become important. The dashed curves
represent rthe magnitude of the comntributions due to ¢1(labelled f1') and ¢u

(labelled 'u'), which, as observed, are negligible.

In Fig. 45.6 we see the effect on the growth rate of Introducing various

amounts of damping, by letting Ls=0.05, 0.5 and 5. For comparison, the

results obtalned from the collisionless Weibel theory (AS5.16)(dotted lines)
L 'I""l LI BB and the 2=fluid collisional theory of Mochizuki et al.(A5.8) (dashed lines)

10 o
- 1 t)

T IIIIIIII T IIIIIIII

are also presented. Clearly, the collisionlegs theory inadequately predicts
the growth rate when A»l. As for the 2-fluld theory, it underestimates the
growth rate at very short wavelengths and has an incorrect K dependence at

long wavelengths.

An important feature of the present theory is the presence of 2 ninimum
value of LS above which no unstable Weibel mode c¢an occur. From equation
(8) this critical Ls is given by:

18 = 5.48x1072 (a n0? ea™) 2 (z/10) 1nn_y 153 (1kev/T )

12, in
(a T avvie,)
Hence, for a cold and dense high-Z plasma, Joule dissipation will damp out

any B-field generation by the Weibel instability. TFor the equilibrium

configuration under study, L: = 5 (as may be verified from the plot in

. Fig.A5.6), which implies that for Z-10 and n_ = 10%3¢n > T_50.3keV 1s a
=7 necessary condition for instabilicy.
1 [J L1 |11|J Ll |1||1J L1 Ill”l Lol |n|] L M b
-1 0 1 2 3 4 In an attempt to correlate these theoretical predictions with the
]. D ]. O 1 O ]. O ]. O 1 O experimental observations{A5.7,A5.8}, we plot the maximum growth rate in
Z\, Fig.A5.7(a) and corresponding perturbation wavelength in Fig.A5.7(b) as a

function of Z, for several values of Tc and nc. From Fig.A5.7{a) we note
that, in general, the growth rate increases with Z, in agreement with

experiment (A5.7). The optimum wavelength, shown in Fig. by, is
Fig. 45.5 relatively insensitive te variations in nc,Tc and Z, and compares well with
Plot of growth rate I' vs. perturbation wavelength A, for L_ =0, n /o = 0.005, T /T =3, the obeerved spatial scale-lengths of the plasma jets. It must be stressed,
g . . M X h' "¢
Vv =0.0l and V, = 2 (q/q, = 0.13). Solid lines are the résults for ¢ = 0, with:
1)) £' contribuEion and ?ﬁ) no £' contribution. Dashed lines show the magnitude of the
contributions due to; (1)¢1 and %u)¢u.

AS5.11
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however, that these results do not allow for the n, Tc,z dependence of the
equilibrium. Since the instability depends on a high velocity moment of the
distributior, namely the hot electronm tail, one should strictly perturb an
equilibrium derived from & non-linear Fokker—Planck simulation of the
transport in a plasma (A5.14,A5.15).

In conclusion, it has been shown, by means of a novel kinetic model, that
the collisional Weibel instability may explain the experimentally observed

filamentary structures in laser-plasmss. This instability would appear to
be most dangerous for high-Z targets.

I wish to thank the participants of the CECAM Workshop on 'Tramsport,
Interaction and Instabilities in Laser-Fusion Plagmas’, in October 1983, for

many useful comments.

A5.2.4 Inverse Bremsstrahlung in the presence of Large Amplitude Langmuir

Waves
R G Evans (RAL)

The absorption of an electromagnetic wave propagating in a fully ionised

plasma is given by the imaginary part of the wave number as
w Zv/wd
k, = 1k
1 =7 3
2 (1-uw ° fu™)

where kv I3 the vacuum wavenumber, w and up are the laser plasma frequencies
and v 1s the effective collision frequency. The equation is valid for v<<uw.
For a thermal plasma with Ve defined by mVi = kTe the collision frequency
is

v = const. 2zZe'n 1

m2v3

When the electromagnetic wave reaches a high enough intensity that the
osclillating velocity Vo = eE/mw > Ve the effective c¢olligion frequency is
modified (A5.17,A5.18) by the distorted electron distribution function and

if Vo >>Ve one has approximately

Vv = const Zze“ni
23
m Vo
Since the electromagnetic energy density e o vg one now has the seemingly

paradoxical result that the absorbed energy decreases as the Intensity
increases.

A third situatlon arises if there is a driven large amplitude plasma wave
whose oscillatory veloclity voe satisfies voe> VO, Ve. This situation arises
for example in the “beat wave accelerator”(A5.19) where two electromagnetic
pump waves drive a resonant plasma oscillation. At the saturated limit one
has
c= V »> ¥ »> v
3}

ok
In this case the effective c¢ollislon frequency

e

v = const. Zze"ni
23
m e
and the absorption is much lesa than would be caleulated from “normal”
strong field theory. The Langmuir wave has a phase velocity close to ¢ and
itpelf loses energy by collisional damping.

Ag in the case of the reduction of strong field inverse bremsstrahlung with
intensity, the energy density in the plasma wave exceeds that in the
electromagnetic wave by (Voelvo)2 but the abgsorption coefficient is less by
(Volvoe)a. Overall less thermal energy is input to the plasma by
collisional damping of the Langmuir wave than by collisional damping of the

laser waves.

When numerical values are inserted for the beat wave example quoted in ref.
A5.19 this decreagse in absorption coefficient 1s vital In making the

absorption length greater than the suggested plasma length.

The constraints in the above equations are not gquite equal since the Coulomb
logarithm changes as the electron distribution function is strongly

distorted. The order of accuracy is

V2/V2 v Z/VZ
fn'o’'e for the strong field calculations and #n oe ""e for the stromg
£nd nA
AS.13



Langmuir wave.

A5.2.5 Discrete Ordinates Calculations of Heat Flow in a Steadily
Ablating Plasma

T R Kho (Imperial College)

An understanding of heat rramspork, by electrons, in the ablating region of
lager-implosion targets. 1s important for the interpretation of experimental
regults and the design of targets for laser fusion. To gain insight into
the effect of the ablation on the heat flow, a self-censistent kinetic
calculation has been performed for the case of steédy state ablation in

planar geometry.

Consaldered 13 a fully ionised (A113+) plasma, steadily ablating from a cold
to a hot boundary, in analogy to the ablation and critical surfaces
respectively. The plasma carries no net current and the boundary conditions
are that the inward-flowing part of the electron distributiom functions at
the hot and ceold boundaries are half-Maxwellian with preseribed
temperatures, Th and TC.

Electron transport is described by the one-dimensicnal transport equation

WA - eE o< 8t
x dv ot
x ie

where f is the electrom—distribution function in phase space, x the
preferred direction, v the electron speed, E the electric field, and
(dflﬁt)ie the electron~lon scattering. This is solved in conjunction with
the plasma equation of motiom, mn.u (9u/9x) = — 3P/9x, where P = o, fvif
dv. Here, me is the electronic mass. For simplicity, in the transport
equation, electron self~collislons have been ignored. In treating the
electron-icn scattering, the lons are assumed to be fixed. This 18 a
reasonable approximation as the plasma flow velocity is of the order of the
ion sound speed, ¢ {x), which is much smaller than the electron rchermal
speed vt[vt/u~(milme)<<1). Only subsonic flows are allowed; planar geometry

cannot support steady supersonic flows. In the equation of motion, the lon

AS.14

pressure 1s neglected because it is small compared with the electron

pressure (Z=13, (ion temperature per electron temperature)< l).

These equations are solved numerically using two nested iterations. An
inner iteration solves the transport equation for an assumed electric field.
Using the electron total energy Q[Q=%mev2 ~ed{x), $(x), is the electric
potential], and its momentum perpendicular te the direction of the electric
field L(=mev(l—uz)¥, u=Ux/U] as the independent variables, the transport

equation can be expressed as

2 = B
0, at
* Q.. le
The equation above can be solved by integrating along trajectories of
constant Q and L in phase space. Thils 1s done numerically by mapping these

trajectories onto an angular mesh across the spatial dowmain.

The outer iteration searches for the self-comsistent electric field to
couple the electron and ion motion. The equation of motion which must be
satisfied upon convergence is used to correct the electric field according
to the formula

4dm 3 J @+ ed®p?t dv ) = - mn,udn
< gy
* ax ax
Here % (%) is the corrected potential to be used in rhe next iteration. All

the other quantities are evaluated at the current iteration. Convergence is
fastest with no ion flow (in which case the electron pressure 1s constant) .
The number of outer iterations needed for the simulations presented below

ranged from 5 to 20.

Calculations were made with Th/Tc = 2 for different mass fluxes and system
thicknesses parameterized by D/ X, where D 1ls the spatial separation between
the boundaries and A 1s the mean free path of an electron at the hot
boundary with kinetic energy %k(Th+Tc). Figure A5.8 illustrates a
simulation with D/i = 10 in which the plasma flow attained a Mach number
(flow speed per ion sound speed) of 0.74 at the hot boundary. The density,

temperature (kinetle), and total electren pressure are shown.
Figure A5.9 shows the effect of Ilncreasing ablating flow on the electronic

45.15
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X=D

The electron temperature (T), total electron pressure (P}
and density (N) for a simulation with T, /T = 2 and

D/X = 10. The hot boundary is at X = 0 and the cold
boundary, X = D. The units are arbitrary.
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X=D

Effects of increasing steady state ablation on the

electron potential {-e¢ (x}) along a system with

D/X = 10. Each curve represents a simulation with a given
{constant) mags flux (m.n,u) and is labelled by the Mach
Number the plasma flow 3ttained at the hot boundary (X = 0).
The top curve represents a simulation with ne ien morion
(3P/ax = 0).



—

) potential —e¢(x), For sufficiently high mass flow the potentizl becomes

non-menotonic near the hot beundary.

In these simulations we have lgnored the existence of electrons with total

energies less than the escape emergy of the potential trough and which

(1 I/ (I.E;F)

could, hence, be trapped in it (the total energy is a constant of motion
here becauge of the Lorentz plasma approximation). It is possible that in
experiments with high—Z targets some electrons are trapped Just behind the

crirical surface im this way.

Figure A5.10 shows the normalized heat flow QIQSP (caICulated center—of-mass

heat flow per Spitzer—Harm thermal conduction evaluated at the local values

of (A/LT): X is the mean free path of an electvon with energy kT(x) and LT

is the temperature scale length). Each bold curve represents Q/QsP measured ().1
along the tempersture fromt. The dotted curves represent aimulations with
ion motion and are labelled by the Mach number the plaesma flow attained &t
the hot boundary. From left to right, each pair of bold and dotted curves
corresponds to systems with thicknesees DIE-ZO, 16, 5 and 0.5. For all
cases, the lowest poiat of each curve corresponds to that spatial point
nearest the hot boundary (critical surface), i.e., at-the top of the

tewperature front.

It can be seen that inclueion of steady-atate ablation tends to inerease
QIQSP.

resultes with and without ion motiom decreases.

As the system gets less collisional the difference between the
For both cases, in the
collisionless limit all macroscoplic quantities (including the potential) are
constant. The difference between the two cases ariges then from the fact

that In the fluid frame the flow of the electrons from the hot boundary is

0-01

shifted inwards with lon motion. For the subsonic flowa here, the

difference 1s quite emall (Fig.A5.10, L,/A40). 1If there is no lon motien 0-01
then the electric field in the direction of the heat flow lncreases as the
system becomes more collisional. The inclusion of lon motion does two

things, firet it reduces this electric field as described above and gecond

Fig., A5.10
it raises the electron pressure gradient to drive ir.

The increased pressure gradient is effected by a weak smoothing of the

A5.16

01 1
A/LT

Comparison of Q/QSP (calculated heat flow/Spitzer-Harm
thermal conduction for a Lorentz plasma evaluated at the
local values of A/Ly). Each solid curve represents Q/QSP
along a system of given D/A with no ionm motion. Th? effect
of including a steady state ablation in that system 18
represented by the dotted curve immediately asbove the bold
curve. The dotted curves are labelled by the Mach number
the plasma flow attained at the hot boundary (X = 0). The
dashed curves approximate the heat flows at the top of the
temperature fronts.



temperature profile and a more marked increase in density near the cold
boundary. The Increased density makes the system more collisional and would
tend to lower the heat flow but this effect is not enough te compensate for
the lower electric field.

As the system gets more collisional, the difference in the electric field
with and without steady-state ablation becomes more important. This is
reflected in the difference in the heat flows between the two cases with

inereasing collisiomality.

However, this difference is still small. The lon motion, for the case

studied here, is not found to have any major influence on the heat flow.

A5.2.6 Non—Spitzer Heat Flow in n Laser—Produced Spherically-

Symeetric Steadily-Ablating Plasma

A R Bell (RAL)

It is well known that thermal transport in laser—produced plasmas i3 not
consistent with the linear theory of conductivity developed by Spitzer and
Harm. The large heat flow requires non-linear solution of the
Vlasov-Fokker-Planck (VFP) equation for electrons. The details of heat flow
in any situation are sencitive to the enviromment in which it occurs and it
is important to include the hydrodynamics of ablation when considering heat
flow in laser—produced plasmas. In last year's annual report (A45.20),
calculations of heat flow in a steadily ablating plasma in planar geometry
were preseated. In that case, it was found that, although the conductivity
differed from the Spitzer conductivity where the heat was input, the
difference was not sufficient to make a measurable difference to the
temperature profiles. The conclusion of that work was that in a steadily
ablating plasma, the Spitzer conductivity gives a good description of heat
flow. However, the speclal case of planar geometry is applicable only to
experiments at low laser irradiance in which the diameter of the laser focal
spot, or the target diameter, is much larger than the distance between the
solid target and the absorption surface. Deviation from the Spitzer

conductivity has been experimentally measured predominantly at high laser

A5.17

intensities (45.23) for which the planar approximation is not valid. Under
such eircumstances, the plasma flow diverges as it expands away from the
golid. This leads to cooling in the underdense plasma. Consequently, the
temperature 1s at a maximum at the absorption surface and heat is conducted
away in both directions, towards the solid target and also into the
underdense plasma. A further difference from the planar case is that the
plasma flows through & sonlc surface (Mach number equal to one) in the
region between the solid and absorption surfaces, thus allowing supersonic
flow near the absorption surface. This results in a larger heat flow
relative to the free-streaming limit,

Qf =nekT(kT/me)5, and steeper temperature gradients relative to the electron
mean free path than is possible in the planar case. Because of these
important differences between planar and divergent flows, and the tendency
for non-5pitzer heat flow to be measured experimentally when the heat flow
is strongly divergent, it is important to include divergent flow in
numerical medelling. Here we extend our previous caiculations into gpherical
geometry. Apart from the changes to the spatial terms needed by spherical
geometry, the only major difference in the equaticns concerns the collision
term. Because the conditions are more extreme in spherical geometry, the
electron distribution deviates more strongly from Maxwellian, and we remove
some of approximatione made to the gollision term in the planar calculation.

The collision coefficients used in the spherical calculatien are

2181 0
41 2 v,
S8 L L (akr - [Tr 63 — [Pam? -1
D= 7h a9 ( ey l 3 (w -v'w) fo(w)dw)[l fvﬁﬂw fo(w) dw/n )
D, = 9n
2 —
on

where the symbols have the same definition as in last year's annual report.
The coefficients C and D2 are the same as before, but D1 is weighted such
that the ratio D1/C is correct even though the magnitude of € and Dl is not

correct at low electron velocities. Because the collision term dominates

45.18
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Fig. A5.11 Temperature {T) and density (p) as functions of position. The absorbed irradiance is l.7x]0M W cm-z.

The full lines are the temperature and density profiles found by self-consistent solution of the
hydrodynamic equations with the VFP equation. The dashed lines are the profiles found by solution

of the hydrodynamic equations with the Spitzer conductivity instead of the VFP equation. The electron-
ion mass ratio is mi/Zme = 3672, and Z = 15.



the spatial term at low velocity it is the relative magnitude of these
coefficients, as opposed to thelr abasolute magnitude, which determines the
electron distribution. The hydrodynamics of the bulk plasma flow are
defined by conservation of mass, momentum and energy as described by
equations 7 to 9 in reference A5.21, except that the laser energy is
deposited over a volume of plasma instead of at an infinitessimally thin
surface. The spatial distribution of energy absorptiom is arbitrarily
imposed as an input function to the calculation. The calculation 1is made
steady-state by including a mass source at zero radius. As before, the ions
are agsumed to be cold. The major additional difficulty introduced by
spherical geometry 13 the integration of the hydrodynamic equations through
the sonic surface. Thie has been discussed by Gitomer, Morse amnd Newberger
(A5.22), and their approach of integrating away from the sonic surface in
both directions has been adopted here. Although the equations can be place
in a dimenelonless form as in the planar cage, the solutions in spherieal
geométry consist of a famlly of solutions Instead of a single solution. This
1s caused by the introduction of an extra variable, the radius of the
target. Each member of the family of solutions can be characterised by the
ratlo of the stand-off distance of the absorption surface from the solid
target to the target radius. Thils means that, for a given target radius, =a
different solution is required for each value of the laser irradiance since

the stand-off distance increases with irradiance.

We give results for an absorbed irradiance of 1.7 101% ¥ cn” 2 at a laser
wavelength of lym and a target diameter of 120 pm. The temperature and
temperature and density profiles are shown in Fig.A5.11. The profiles
outside the solid surface are defined by self-consistent solution of the VFP
electron equation and the fluid equations for conservation of mass, momentum
and energy. The steady state approximation leads to non-uniform density and
temperature within the solid and we replace the mathematically correct
steady state solution with a more reallstic uniform density and tempetature.
As a consequence, this calculation cannot give information about low level
preheat at temperatures less than that lmposed in the solid, which is 0.06
times the maximum temperature in the system. The temperature and density
profiles given by the dashed lines in Fig. A5.11 are calculated by solving

the same set of equations except that the heat flow is calculated from the
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Spitzer conductivity instead of the VFP equaticn. In contrast to the planar
results, there is now a significant difference between Che Spitzer and VFP
temperature profiles. The more notable differences are that the temperature
maximum is higher, the shape of the temperature front is less convex and the
density gradient is larger in the region where enrergy is abgorbed. A
surprising result is that the stand-off distance of the absorption surface
is larger in the VFP calculation. This contrasts with the result given by
'flux-limited' theories of heat flow and is caused by an enhancement in the
conductivity at the base of the heat front resulting from relatively high
energy electrons with long mean free paths, orviginating higher up the
tempetrature front, flowing freely into the cold plasma. This could be
regarded as a preheat effect, although its effeecr is only to reduce the
convexity of the heat front instead of making it actually concave. The
difference between the planar and spherical calculations (i.e. low and high
irradiance) implies that the phenomenon of 'flux inhibition' should only be
apparent at high irradiance unless there are other factors reducing the heat
flow. Caleulatione at other irradiances would be needed to calculate the
threshold for inhibition. At present it is only possible to state that it
occurs at an irradiance below about 101%W cm™2. It is interesting to note
that, in Rosen's recent review (45.23) of experimental results, he comes to
the conclusion that there is a threshold for nonSpitzer heat flow at about
3x1013 W co—2. Heat flow is frequently investigated experimentally by
measuring the mass ablation rate, and comparing this with numerical
hydrodynamic simulations which medel heat flow by imposing an upper limit of
FQf on the heat flow carried by a plasma. The value of the 'flux liwmlit' F 1s
varied until a good fit with experiment 1s obtained. In this approximate
flux~limited treatment of conductivity the mass ablation rate decreases as F
is reduced i.e. as the reduction from the Spitzer conductivity 1s made
stronger. At the irradiance of 1.7x101% W e~ 2, we calculate that the mass
ablation rate derived from the VFP equation is very close to the value gilven
by the Spitzer calculation, and is indeed slightly higher, although only by
3 percent. However, it must be remembered that the VFP calculation is in
gteady state. Because the conductivity is in fact reduced below the Spltzer
value over the greater part of the temperature fromnt, a tine-dependant VFP
calculation of the inirial setting up of the temperature front might be

expected to show the front still penetrating into the solid more slowly than
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given by the Spitzer calculatien and the mass ablation rate correspondingly
reduced below the Spitzer rate. Our calculations predict that as laser
pulselengths are increased and experiments progress further iate the
steady-state regime, the mass abletion rate will agree more clesely with the

Spitzer value and will cease to be a good indicator of the level of heat
flow.

We now consider the details of the heat flow calculated from the VFP
equation and che explanation of its large departure from the Spitzer value.
Figure A5.12 is a plot of the heat flow at each point on the computational
grid as a fraction of the local free-streaming limit vaersus the loecal
scalelength of the temperature gradient T/1VT {n units of the local electron
mean free path. The effective conducfivity deviates significantly from the
Spitzer conductivity which is given by the full line. The heat flow outside
the absorption surface towards large radii (marked by crosses) reaches a
maximum of around 6 percent of the free-streaming limit. The hear flow
inwards towards the solid, marked by asterisks, reaches a maximum of 5
percent of the free-streaming limit while atill deviating significantly from
the Spitzer value. The points which lie above the Spitzer line represent
heat flow at the base of the temperature gradients amd constitute an
enhanced conductivity. VFP calculations have not previously shown
non-Spitzer heat flow at the low level of 5 percent of the free-streaming
limit and we try to identify the mechamism which gives this result. Figure
AS5.13 is a contour plot of the phase space density of the isotropic part fo
of the electron distribution function as a fraction of what it would be if
the distribution were Maxwellian everywhere. At low electron velocities the
distribution is close to Maxwellian, and deviates from Maxwellian
predominantly at velocities greater than three times the local thermal
velocity (kT/mE)E. Because the high-velocity electrons have long mean free
paths and high mobilities the tail of the distribution is depleted where the
temperature is high and enhanced where the temperature is low as high
velocity electrons flow freely down the temperature gradient. This reduces
the gradient in the electron phase space density below its value for
Maxwellian distributiona. This in turn reduces the diffusive electron flow
and the heat flow is correspondingly reduced. This effect was present

A5.21

in the planar calculation but is much larger in the spherical calculation
for the followlng reasons: 1) In plapnar geometry the stand-off disrance of
the absorption surface from the solid 1s about 60 times the mean free path

of an electron with energy 3kTh/2 where T, is temperature at the absorption

surface. 1In spherical geometry the existznce of an extra characteristic
length, 1i.e. the target radius, which 1s relatively short foreces the
stand-off distance to a smaller value. Thus, the gradients are shorter
relative to the electron mean free path allowing non-local and non-linear
effects tc become more important. 2} Because the temperature falls away Ia
both directlons from the absorption surface, there are two directions in
which electrons on the tall of the distribution at the absorption surface
can escape compared with the one direction, towards the solid, in the planar
calculation. Furthermore, the density decreases into the underdense plasma
making the mean free path relatively long and allowing electrons to escape
easily from the absorption surface to large radii. This increases the
depletion of the high-velocity tall at the absorption surface. Consequently,
the gradient in electron phase space density in the region between the
absorption surface and the solid i1s reduced, reducing the heatr flow to a

greater degree in spherical geometry than in planar geometry.

A5.3 Hydrodynamics and Compression

45.3.1 Raylelgh-Taylor and Kelvin—Helmholtz instabilities

by vortex sheet methed

S Jorna (5t. Andrews)

The nonlinear development of the Rayleigh~Taylor and Kelvin-Helmholtz
instabilities of the interface between two immiscible, incompressible, and
irrotational fluids can be studied in two dimensions by representing the
interface as a vortex sheet. The expression for the complex potential of a
periodic distribution of discrete vortices dates back to Kelvin. More than
fifty years ago, Rosenhead adopted this expression in a numerical study of
the shape of a breaking wave. Only recently has the method yielded spilke
extensions in the Rayleigh-Taylor instability as large as twice the initial
amplitude. Pullin’s (A5.24) is arguably the clearest expositiom, and in
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what follows we adopt his notatiom.

For a sharp, periodic interface the formulation is exact for irrotarional
and incompressible fluids, and the numerical results might usefully be

compared to those obtained from more conventional fluid codes.

Subject to the assumptions already mentioned, the complex potential at a
point z(Sxtiy) due to a row of vortices of strength x spaced A apart 1s

WZ) =x_ fa(sinn (z - z)), (1)
2L A o

for a vortex at z

1f the vortiecity is distributed continuously, the potential for a vortex

sheet is (we assume the constant, uniform convection velocity of the fluilds

is zero)
WCE, )= &(x,y) + L19(x,¥}
= 1 I En(sin (2 - z(a,t)) r(a',t) da', (2
2mi da

where a is the Lagrangian position and where T is the total circulatien
defined as

r=/v.3x 3)
so that, if we define v = ¥$, T 15 the change in ¢ around the circuit.

The position of the interface is identified by marker pacrticles whose
velocity has the general form (cf. Pullin (AS5.24))

z = (d_W]* + 1 £{a) 3I/3a 4
e 2 (3z/%a)"

f(a) is an arbitrary function of the position a, and (dW/dZ) 1indicates that
P
the principal value is to be taken.

The time-dependence of T follows from the dynamic condition that the

pressure be continuous at the interface (ignoring the surface tenmsion here

does not significantly affect the results). It follows then fronm
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Bernoulli's equation that (we set g=l)

ar+ 1 fawl? - |auf?
st 2 M[dz|, |dZ|,
2 2
=_A[_a__(¢1+¢z)+l[d_w + |dw +2y], (5)
3t z taz|, daz|,

where the subscripts 1 and 2 refer to the flulds above and below the

interface, respectively, and

a=F17 P2 (8
Pt oy

The velocities of the marker particles can be calculated from definition
(Eq.4) and the z~derivative of Eq.2 for an initial distribution. The
arbitrary function £{a) has been set egual e a constant, and te retain
accuracy at large deformations marker particles are added - while couserving

total vorticity - 1n reglons where the radius of curvature is small.

The evolution of the splke and bubble Eor the pure Rayleigh-Taylor
ingtability (A=1) 18 shown in Figure A5.14. The time 13 scaled by g.
Departure from the linear growth (o cosh (2n)1/2c) ia already significant at
time 0.425. After time t=1 the tip of the spike 19 in free fall. Our
calculations cease to give meaningful results after the amplitude has grown

to roughly twice the initial smplitude; apparently a common fate.
For A #1, the Kelvin-Helmholtz Instability Is also excited as is shown in
Figure A5.15 for A = 1/4. It will be nmoted that the Kelvin-Helmholtz

Instability reduces the growth of the Rayleigh-Taylor spilhke.

5.3.2 Radiation Loss Driven Instabilities in Laser Heated Plasmas

R G Evans (RAL)

Over the last few years a number of observations have been reported (A5.7,

45.8, A5.25) of significant nonuniformities in the low density plasma
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ablated from a solid surface by a high intensity laser beam. 1In these
experiments the target 1s not generally Irradiated uniformly but it would be
expected that non-uniformity of ablation near the solid material would be
sypmetrised as the material tends towards a spherical expansion into the
vacuum. The observation that the non—uniformities persist far out into the
ablarion flow has caused people to suggest that plasma instabilities may be

present.

Instabilities driven by various veloclity anlisotropies have been suggested
including a magneto-thermal heat flow Iinstability{A5.10) and a Weibel-like
ingtabilicy {(A5.26). Self-focussing of the laser light and filamentation
are probably excluded since the plasma "jets” are not parallel to the
incident laser light and persist for some tilme after the laser

pulse(A5.7). The observed non-uniformities are markedly Z dependent, being
virtually non-existent on plastic (CH)} targets, observeable on Al or 5102
targets and quite dramatlc on targets of Au or W. This Z dependence is
consistent with the magneto-thermal and Weibel instabilities through the Z
dependence of the thermal conductivity but has also produced the suggestion
that the observations could be explained by optically thin radiatlon losses
(A5.9). The radiative loss driven instabllity has beem analysed for a
rather artificial plasma equilibrium and shown te produce gqualitatively the
correct scale lengths and groweh rates. Recently an attempt to incorporate
radiative loss terms in an analytic steady ablation model (A5.27) has
suggested that this instability is stabilised by convection.

The simple equilibrium analysed in ref.A5.9 Is not really applicable to a
laser irradiated plasma where the convective flow of energy and thermal
conduction play a major part in defining the quasi-steady state. The most
stratightforward, but admittedly not the most elegant solution is to use a
two dimensional hydrodynamic computer model which solves the full time
dependent problem. The code used here 1s named POLLUX {(A5.29) and solves
the fluid equations on a sliding Eulerian mesh wicth (r,z) cylindrical
symmerry. The code includes heat flow, laser energy depositicn, an
optically thin radiative loss function and separate electron and ilon
radiative loss functlon used is essentially that calculated by Summers and

McWhirter (45.30) for coronal equilibrium but 1s multiplied arbitrarily by
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the exponential factor exp(—TeIZOOeV) to reduce the radiative lesses in the
optically thick part of the spectrum below hv=600e¥. The radlative loses is
included in the electron energy balance equation and no attempt is made to

calculate the radiatien transport.

The starting conditioms for a typical computer run are shown in Fig.A5.16.
The computational mesh has 60 x 30 mesh points covering 100um x 50um. The
laser beam is incident from the right and has a waveleagth of 0.33um, and a
mean intensity of 101%9em—2, 1In order to provide an initial seed to any
instability the laser beam is sinusocidally modulated with an intensity ratio
2:1, with one complete cycle in the r—direction; this is illustrated
schematically on the right hand side of Fig.A5.16. The target was usually a
thin foil of material Sum thick, purely for the reason that these
slmuiations use less computing time than For a solid targer. One run was
repeated For a solld target to show that target acceleration does not affect

the conclusions.

Simulation results for the iso-denslty contours on a plastic{CH) target are
shown in Fig.A5.17 both with and without the radiative loss term in the
energy equations. The contour plot at 300ps shows that the foil has moved
farthest where the laser intensity was greatest but at 340ps the curvature
of the one half critical density, nc/2, surface has reversed due to the
iacreased expansion of the underdense plasma in the hotter region. When the
radiative loss terms are included the result at 300ps shows a noticeable
perturbation of the nC/Z surface but this dees not persist through to 340ps.

Experimentzlly no "jets” are ohserved on plastiec targets(A5.7).

With a gold target the demsity contours in the absence of radiative losses
show the same qualitative behaviour as Eor plastic, Fig.A5.18. When the
radiative loss terms are included in the simulation the results are
dramatically different as shown in the lower part of Fig.A5.18. High
spatial frequency ripples are observed at 300ps, leading at 340ps to a
pronounced axial jet about 20um long and 10pm radius. The jet is confined
to plasma densities below n, in contrast to the Rayleigh-Taylor
accelerational instability which is dominant at densities close to the solid

density.
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Iso-density contours on a gold target at t = 400pscz.

Fig.A5.19 shows the "jet" at 400ps, at which time it has bifurcated but
remaing confined to the under-dense plasma. The density contours are
generally cleser together in the simulations including radiation losses
since the large radiative losses on Gold targets gives rise to lower

temperatures and consequently reduced axial scale lengths.

The distinct lack of symmetry in these results 1s due to the (r-z)
cylindrical mesh having different boundary conditions at r = 0 and at

T .
Calcugz:ions on an intermediate Z material (Siliceon) show "Jet"” structure ro
a rather lesser extent than on Gold, Fig 45.20, but still noticeable and
still confined to the underdense plasma. The temperature change due to the
radiative losses on Silicon is clearly much less than for the Gold target so
the "jetting” can be attributed directly to the radiative loss instability
rather thar belng a side effect of the reduced temperature. Fig. A45.21
shows caleculations on a solid Silicon target showing clearly the same "jet”

features even in the absence of target acceleration.

Experimentally the strong plasma "jets” are observed on high Z materials
(Gold, Tungsten), and on moderate Z materials (Aluminum). The dimensions
and growth times of the jet-like features in the simulations are consistent

with the experimental observations.

45.3.3 Hydro-Code Development

G J Pert (Hull)

The recognition of heat transport from the plasma heated by laser absorption
to the ablation surface as a parameter governing the complete hydrodynamic
behaviour of the expansion of carbon fibres clearly indicated that a better
description of the deposition process was necessary than had been used
hitherto. Furthermore such an analysis should allow estimates of the
absorptivity of the fibre to be calculated. In view of the small size of
the fibre and the large density gradients during the heating phase, it is

clear that plasma refraction must play a significant role. On the other
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hand the scale lengths remain large compared to the laser wavelength, so
that diffraction and wave effects are unimportant except possibly in the
vicinity of the critical surface, where a match to the analytic solution can
be used (A5.31). To this end therefore a geometrical optics, ray tracing
approach with appropriate account of resonant absorption, is satisfactory,
provided the Intensity is sufficiently low that non-linear effects such as
parametric instability absorption, fast electron generation or profile

steepening are lueffective.

We may approach ray tracimg in a hydrodynamic cell code via two distinct

approximationa:

1. The refractive index (density) in the cell is congtant - block or zero
order approximation. The ray travels in a straight line and is refracted at
the discontinuity at the cell boundary.

2. The refractive index (density) varles continuouely through the cell,
and across the boundary, i.e. everywhere - spline or higher order

approximation. The ray travels along a curved path with no local cusps.

0f these the former is generally the easier to programme, but is clearly
less accurate. In additlion the bloeck approximation mugt be discarded to
deal with resonant absorption. The second method 1s both more accurate and
more physical. In one dimension it can, in principle, be used to any degree
of approximation by the appropriate spline. 1In multidimensions there exiets

a gimple first order spline of wide generality.

In general ray tracing has in the past proved computatlionally expensive as a
large number of rays have had to be followed through the mesh. To alleviate
this problem it is important firstly that the ray tracing be carried out in
an efflciently written sectlion of code, and that the asslgnment of absorbed

energy be arranged to minimise the required number of rays.

The problems envisaged in this work are hydrodynamically two dimensional

although the laser rays themselves may not lie eutirely in this plane. The
non-planar element can be taken into account by an appropriate modification

of the local refractive index as described In ref.A5.31: it will be assumed
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that this correction has been made and that the problem reduced to a fully

two-dimensional one.

One Dimensional Cylindrical (or Spherical) Systems

Ia this case the refractive index may be assumed to have either a block or
continuous form. Although as already noted the latter allows a more
accurate form, the complex nature of the path integrals invelving elliptic
jntegrals {A5.31) do oot lend themselves to rapid caleulation. Desplte
considerable effort it has had to be conceded that in this case the
computational simplicity of the block approximatien far outweighs the other

advantages.

The block approximation is extremely convenient to apply to calculations in
mesh centred Lagrangian code where the refractive index ui+¥ is specified at
the cell centre, and the boundaries Ri are known., In cylindrical ox
spherical geometry Snell's law takes the form:

yrglan® = B
where @ is the angle the ray makes with the normal, and B is the impact
parameter- In passing through the cell from the outer to the inner (eay)
face the angle changes from sin~! B/(ui+kRi+1)' to sin~1 B/(ui—kRi)‘ and on
passage across the boundary at Ri to ain~ ! I!;.f(ui_;j Ri)' 1f B > ui—%Ri the

ray is reflected at that boundary and re—enters cell i at angle sin !

B/( “:H't]li) .
This completes the ray trace.

The path length across the cell 1s easlly calculated, siace the path 1s a
ptraight line, to be
= /{42 - 2 (BZ/{RZ - B/ p? r2 - B2
R ) (2[R} - B3/u2y  HRE, My ))
which may be used to find the Inverse bremsstrahlung absorption in the

cell.

If reflectlon occure at the boundary from the cell 1 to (i-1) resonant
abgorption will occur. To account for this the refractive index must be

allowed to vary from |.li_!5 to 1.t:H_!i in some continucus form e.g.

45.79



=1~ afr - b/r?
where

a=R
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The turning point is given by

= - 2 2 — 2l 2 -
R=% {(Ri+15+ Riy) ~ O R~ ¥ R (R =R )

AR, -R _)-(v?2 . RZ + 2 R2 -
+ A i+} 1—5) (u PR TS S It § /(Ri-i-!s Ri—!s))
+ 4(B2 - 2 p? RZ . R? R, - R, 272
( TS L Y i-%/( ity i—-%) )
the root lying between Ri—% and R1+% being chosen. The Intensity loss of

the ray by resonant absorption 1s rhen directly calculated from the

refractive index at R by the method indicated in ref. AS.3l.

l?‘To complete the algorithm'a bundle of rays of wideh approprigte to the
focal spot or the plasma are assigned energies according to the intensity
'diatfibut;on in the Focal spot and traced through the plasma. The energy

" loss of each ray is directly assigned to the approﬁriate cell as it

- traverses its path. This algerithm is incbrporatednin the one~dimensional
* Lagranglan code LAGR. : " :

Two Dimeusional Cartesian Systems

ta.frattive iudet:tontinuuualy thmghnuﬂ: t.he medim 'rha*"refreg:twe,,dndexr 2
15 knbwn at the;hesh points whose” oo—or&inafes thepseives-are,known. “In’ )

“ﬂcouttast to the'usual quadrilatetal zaue: thevmesh uay ‘be d&vided intd tuo
tridngles, [(i,j), (1+1,3) (i+l, F1}) and {,Qi,j),—(i,j+l), (i+1,jt1)) each
quadrilateral cell being formed of an upper and lower triangle. T1If the

. electron density is agssumed to be linear over each triangle with the mesh
values at each apex then 1t Is easily seen that the value of the electrom
density and therefore the refractive index on each boundary depends only on

its end points, and i3 therefore continuous over the mesh.

A5.30

It 1s easily shown A5.32 that the ray path In a linear electron density
gradient is a parabola, whose intersections with the triangular sub-cell
will give the entry and exit points of the ray. The ray path is easily
traced by following the ray through each exit point from triangle teo
triangle. The absontion of energy by the plasma can be assigned between
exit points by calculating that due to ilnverse bremsstrahlung and resonant

absorprion on each path segment.

Thus far the abscrbed energy 1s identified with the rays only, and must now
be assigned to the plasma on the mesh. It 1s at this stage that care ls
required to ensure that the algorithm 1s efflcient and does not require an
excessive number of rays for accuracy. Since the scheme 1s continuous it
may be plausibly assumed that any ray lying between two marked rays will in
a general sense have a trajectory which conforms to the two marked rays.
Thus we may regard the calculated ray paths as boundaries of a tube of
energy flow, the energy within the tube being absorbed according to a mean
of the absorptien aleng the bounding rays. The assignment of absorbed
engrgy to the cell is now stralghtforward, being that fraction of the tube
energy which lies within the cell boundary and is absorbed within the cell.
Although in principle simple, the actual detailed prescription is somewhat
complicated and is given in ref. A5.32. 1In this way relatively few rays can

" be uged, without slgnificant error.

This algorithm for ray tracing and energy deposition was developed some

‘. years ago AS. 32 as a posc—p:ocesaor code The programmatic form of this

code was. not suitable for une a8 an 1nt¢rnal aubszutine being far toe slou.

The algorithm was recently ze—written _htn a more afficient cede and*-

’ tneluded in versions of ?OLLUK. .The overheaﬂﬂ‘in wsling ray ttacing.jn the

. 'code are relatively amall hoth in time- (~ ZBZ increase) and store. Full_

details of the numerical fofm will be given in a future publications
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5.3.4 Effects of Beam Spot Size in the performance of HIF targets - 1.3%gm? 17300 kg m” Ph 1. 1mm

A3kgm? 2
113;gm 1300 kg w* Phb 1.0 mm

T D Beynon and E H Samith (Birmingham) &5 kg it m
—=0.8mm
‘ D-T
If one postulates a uniform irradiance of an ICF target via a uniform ‘ 0.022¢ kg

distribution of beams, then using a 1D hydrocode, such as MEDUSA, it ie ;
possible to examine the effects of a) the width of each beam and b) the 1.3,|10'5|.¢qm'2
radial intensity distribution in each beam. Such studies have been |
performed for ion-beam drivenm targets with MEDUSA using gaussian—distributed \

beam densities of the form exp (-x2/202) where x 18 measured from the centre L

of a cylindrical beam orthogonsl to the direction of propagation. The spot

slze of a beam is defined as 0.

—2-23mm
& heavy ion beam driven target 1s considered with a full dE/dx treatment. -
The heavy Lon beams are assumed to consist of uranium ions of such energy as 1'13,@“1 —167mm
to just be able to penectrate initially to within l.lum of the target's
centre. The energy of the lons is then kept constant and the range 1s 113l it
therefore allowed to vary. The pulse shape of the ion beam consists of a 1_13$m-: :}‘Ion:nn'lm
pre~pulse followed by a malm pulse. Both are of constant power, the main L5102 kgei'?
pulse having either a power level of 2.5 x 101% or 1.0 x 1015%. The _Ula_r:m
pre-pulse is set to 0.3% of the main power pulse and lasts until either the 18105 kg2 11303:: i
shock wave has reached to within 0.85mm of the target's centre or 20ms has 224 kg m
elapsed.

Five different spherical targets have been used in this study and are
described in Fig.A5.22. All have identical central structures, a 0.8mm D-T
gas filled hole surrounded by 0.2mm of solid D-T which is in turn surrounded 2000 kg m"?
by a 0.1lmm (1.13kgm'2) lead shell. The thickness of the lead shell was
chosen to give it an aspect ratio of 10 which is considered to be consistent
with Rayleigh Taylor stability. This standard core is purrounded by elther
simple shells, 2.26kgu 2 of lead or carbon, or 1.13kgm™ 2 of lithium
deuteride (LiD), or two—layer shells of elther lead and carbon or carbon and
LiD. The LiD was mede thinner than the carbon in order to maintain a
reasonable total target size. The targets chosen are not intended to

represent optimized ICF targets but rather to illustrate the beam-target

coupling effecta.

t — 2.23mm
‘ 1000 kg mi?
L
0-565 kg m’ '
— 1.67mm
0.565 kg m? 1000 kg 7>
LiD
1.13kgm? —1.1mm
L-Suﬁ)‘z kg m? —1‘Drnlrn
1 —08mm
-1
1B beg mi? 11300 kg m ! Pb
D-T
224 kg m?
T
L]
t13kgmt —1-765mm
Tg —1.67mm
113 kg m?
_ —=11mm
1
13};9"1 —10mm
LS x0Ty 2
\ —0-8mm
%\, 1300 kg a7} Py
5
] "\ c-T
1810 kgm 224 kg md

Fig, A5.22 Various targetr configurations used in the present study.
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Energy deposition profiles for cargets (a}, (d) and (e)

(cf. Fig. A5.22). 1In each case the beam is travelling from

lefr rto righc.

In Fig.A5.23 deposition profiles are shown for a selection of the targets
for different spot sizes., As can be seen the energy deposition rates for
narrow beams (o~0) and those of size (o~lmm) are similar near rhe target
surface. The lmm beams even tead to glve slightly hipgher depositions near
the target. For the 2mm spot size beams however the effect of the beam
mlssing the target predeminates and the deposition is noticeably reduced
even near the surface. Further into the target the energy deposition
profiles of the narrow beams rise significantly to peaks near the end of
their ranges. The beams of finite spot glze however give profiles which
decline appreciably towards the end of their ranges.

In this case only those ions at or near the centre of each beam are able to
penetrate far imto the target. During the early portiom of the pre-pulse
the range of the fons shortens, especially in the denser shells, due ko both
the temperature and density effects. The time-averaged deposition profile
due to the pre-pulse will therefore show a region which has been heated by
the ions for a short time ouly. For a narrow beam this region will be
heated considerably more than for a wider besm.

The coupling efficiency parameter, the "maximum inward kinetic energy"
{MKE), 1s defined by

2
MKE = g, o in| 21-=1,n I/Zmivi H(-vi) ) (1)

where mi and vi are the masses and velocities of the n numerical cells used
in the simulation code MEDUSA, inward velocities being negative. H is the
Heavigide step' function. The maximum value is achieved when the lead shell
statts to slow down due to the main reflected shock reaching its inner
surface. MKE is typically only 1 or 2% of the total energy delivered in the
beams. This low value is due to the main pulse being left on till the end
of the simulation so that only part of the energy delivered is urilized.

The conservative aspect ratio of the lead shell also contributes to this low
efficiency.

The simplest target is that described in Fig.A5.22(a). The MKE for this
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Fig. A5.24 The MKE ia the targetsof Fig. A5.22 for power levelslgf

2,5 x 107" W {lower case for each pair) and 1.0 x 107 W
(upper case for each pair).

target 1s shown in Fig.A5.24(a). As would be expected the MKE drops with
increasing spot size. This can be attributed to both the larger fraction of
the beam missing the target at the larger spot sizes and the absorbed energy
being predominantly deposited near the surface where it produces a very poor
driving foree for the target shell (cf Fig.AS5.23(a)). However at the higher
power level, at spot sizes of about 1.5mm, the fall in MKE becomes much more
gradual producing a hump in the curve. This arises since a cool region is
lefe behind by this wide beam when the range shortens. This cool reglon 1s
now appreclably compressed by the main pulse, Because the thermal
conduction is high enough this region 1s warmed during the latter part of
the main pulse, due both to the conduction and the beam burn-through it
produces, giving high pressures and thus higher values of MKE.

The other two simpler targets described in Figs.A3.22(b) and A5.22(c) show
these effects more strongly as can be seen in Fig.A5.24(a). In particular,
for the carbon target the inward heat transfer can be very large during the
main pulse. The LID target shows less of Lhese effects, partially due to
less range shortening and also due to very large heat econduction within the
lithium with little coupling into the lead. This both reduces compression
of the inner layers of the lithium and the heating of the lead so that the

production of a hot dense high pressure regilon is reduced.

For very small spot size beams the fon beam ig able, in the higher-power
carbon shell case, to burn an appreciable distance into the lead because of
the high temperature resulting from the high deposition at the end of the
beam range. At later times, when the burn-through has become appreclable,
the target is becoming well compregsed and the beam can reach to within
0.5mm of the target centre in the middle of the lead shell. This produces a
great deal of radial focussing which produces high temperatures and
pressures, giving a rise in MKE. '

The two more complex targets described in Flgs.A5.22(d) and 45.22{e)have MKE
profiles, Fig.A5.24(b), similar to those produced by shells composed golely
of their inner layers. The MKE tends however to be slightly larger due to
the tamping effects of the outer denser layers. For the carbon-LiD target
the higher compressions achieved due to the better coupling enable radial
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focussing and burn-through to occur at amall beam widths. The lead-carbon
shell shows somewhat faster deterioration at large spot sizes compared with
the pure carbor shell. This is due to the large fraction of the beam energy
which 1s deposited cn the outside of the lead shell not being able te

conduct through the lead and reach the inner carbon regions of the shell,

We see that beam spot sizes do not effeert target performance in any simple
manner. The effects depend on the power, the particular target
configuration and the effects of the beam range changes. As a result no
optimised target can be designed without knowledge of both the energy and
the quality of the beam. If these parameters are not known the cholce of a

shell structure to give an optimised value of MKE 1s impossible.

Another important feature of these results is that MKE does not scale with
power. For a factor &4 increase of power MKE generally rises by less thar a
factor of 2. If, for a given target, larger values of MKE are required for
ignition, due either to less than perfect compression or ignition

difficulties, dramatic fncreases in beam powers might be needed.

A5.4 Radiation Transport and Atomi¢ Phyeics

A5.4.1 A Ray Tracing Code for Radiation Transport in MEDUSA

A C White (Glasgow)

A program has been written which obtains solutions of the equatien of
radlative tranafer (ERT)

di/de = k (B - 1) (1)

in the case of spherlcal aymmetry. In the above, I = I(r,t,v,%1s the
specific intensity (Joules/sec/metre?/Hz/ster). B is the source functiom,
not necessarily Planckian but assumed given. k Is the opacity (w 1), also
assumed given. ds 1s the incremental distance along the ray path. As 19
well known, the deceptively innocuous equatlon (1) describes a Theavy'
problem, as revealed by the argument list of the unknown quantity, I.

Ideally we should solve for the time-dependent specific intensity at all

45.35

radial points, r, at all frequencies, Vv, and in all directions, 2. In this
note, we shall neglect the frequemcy dependence {loosely termed the Terey’
problem), though a multi-group treatmeat will finally appear. We are alse
tackling the time—independent problem, insofar as there is no time
derivative in (1), We shall assume that within any hydrodynamic timestep,
the local plasma conditioms have adjusted very rapidly. This common
assumption implies that the radiation has only a 'first—order’ influence on
the prevailing plasma state, and effectively linearizes the problem. it is,
of course, sometimes open to question, whenever radiation forms a

significant part of the euergy transfer.

With these assumptions and in the context of the MEDUSA system, the problem
reduces to solving the ERT across concentric shells that are each spatlally
wnlform (Fig.A5.25)-

Energy balance: To caleulate the radiative contributiom, we shall be
concerned with angle integrated quantities at each of the boundaries, viz.
radiative energy density, and flux, given respectively by:

B=1/c [1dg £=] 8143
4m 4n

Stated otherwise, we wish to relate the energy, flux, etc. at any given
boundary to that at adjacent boundaries. The problem is of course
incomplete without gpecifying the flux incident at the outermost boundary.
We ascume no external flux is incident. The radiatiomelectron enetrgy
exchange within any shell comes simply from the difference in fluxes into
and out of the shell. The balance of radiative energy is added te or
subtracted from the plasma electrons. To complete our description eof the
coordinate system (Fig.AS5.26) we note that the specific intensity must be
independent of the azimuthal angle ¢, Angle O, however, between the radius

vector and @ , will still enter the treatment.

Method of solution: To solve for I(r,®) at any given boundary, there are

essentially three situations to be considered (see Fig.AS5.27). Uhat all of

these have in common, is that their formal solutlon 1s in each case given

by
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Fig. AS5.25 Radiation transport across concentric shells. Opacity and Fig. A5.26 Co-ordinates at a typical bounday. Spherical symmetry
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Fig.

A5.27

Rays to be considered at a typical bouvdary.
In 'case |', rays emerge from an interior boundary.

In 'case 2', rays impinge fT

om an exterior boundary.

I(P,0) = I(Q,¥exp{-kx) + B (1 - exp(-kx) } (2)
- the integration of equatiom (1). This latter equation describes the
ppecific intensity at point P, at angle © in rerms of {1) the attenuated
flux that left peint Q, at angle ¥ to the radius vector, and {1i) the energy
added to the ray by the emitting matter between points P and Q (distance L4l
Because the angular variable 6 will be disecretised, and interpelation will
have to be used to obtain the inteansity at angle ¥, it 1s a feature of chis
model that we can solve for “case (3)" (see figure A5.27) angles
straightaway, working inwards from the outermost boundary. “Case (2)"
angles are readily derived from rhese results. Finally we solve for "Case
(1)}" angles from the centre outwards. Despite the coupling of intensities
at adjacent boundaries, no iteration is required, even for interpolated

values.

Choice of angles: It should be apparent that one of the strengths of this
approach is that equal lmportance is assumed for each boundary, 1.e. the
apecific intensity 1a calculated at chosen values of @, the so—called nodal
angles irrespective of radial position. This distinguishes it from other
ray tracing methods (Ref.A5.33, A5.34). Its weakness stems from the
interpolation mentioned above. There are two guldes to the choiece of nodal
angles : (1) their number., If there are many, the interpolation is
improved, at the expense of computer time. (ii) their position. Since we
integrate over thils angular variable, we might choose nodal angles that
optimise a quadrature scheme. Currently, the code uses equally spaced nodal

angles, however.

Preliminary Test Results: The program was tested for the case of a uniform

sphere, i.e. constant absorptiom coeffleient and source function. The
results in this case are known analytically, as a funmetlon of r and O, The
aumerical results reproduce the analytical results to within about 1% when
20 (equally spaced) angles are used, and to within about 5 or 6% when 10
angles are used. The nearer @ is to 0 or w, then the more exact are the
results (which 1s not too surprising since at these extremities the exact

solution is obtalned}.

A more exteaslve report of this code is in preparation, together with some
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results of its ilmplementation in MEDUSA. Work is being carried out to
develop an efficient time-dependent ionisation package which, inter alia,
should provide better estimates of the local opacities and scurce funetions

mentioned above.

A5.4.2 Two-centre electronle wave functions in plasmas

§ J Rose (RAL)

One of two general approaches 1s usually used in the calculation of the
electronic structure of a plasma. The first involves an initial caleculation
_of the electronic structure of an isolated ion. The effect of the
surrounding plasma 1s Introduced by perturbation theory. In the second
method the effect of the surrounding plasma 1s included in an initial
calculation of a spherically symmetric (such as Thomas-Fermi) potential.

The electronic structure 1s then calculated by solving the electronic wave
equatlon using this potentlal. Such single-centre calculations are
regularly performed to obtain for example, the radiative opacity of a

plasmsa.

Bates (A5.36) has investigated the contribution to the radiative opacity of
stellar atmospheres arlsing from absorption by HZ + ions.
u; (leo ) + hv » 0 + H+(2p0u)
and from the transient molecule formed by colliding H atoms and wt ions.
H + H+(laag) + hv + H + H+(2puu).
Although Bates (A5.36) calculates the contribution to the stellar opacity

from these processes, because of lack of data on the H lon, in each case

2
he only coneiders the transition lsag+ Zpau.

Several authors (A5.38,A5.43,A5.44) have considered the contribution to the
stellar opacity arising from the abserption of transient molecular hydrogen
H + H (lso2po 3§+u)aﬂ2(1squa3Z+g).

However they only consider a bound final molecular state.

Subsequent applications of the concept of transient molecule formation in a
plasma have been concerned with the caleculation of line shapes and in

particular quasi—molecular satellites (e.g.AS5.42)

It is the purpese of the present note to point out that the use of
two—centre wave functions to describe the electronic structure of a plasma
predicts contributions to plasma properties not exlsting in the usual
single—centre treatment. These contributions may be described as arising

from the 'transient chemistry' of the plasma.

+
Transient H, formation in a hydrogen plasma

Aa 1In the work of Bates (A5.36) this note assumes the validity of the
Born-Oppenhiemer approximation which allows the asolution of the electronic
wave equation at fixed nuclear separatioms; the nuclear equarion of motion
involving the potential energy surface obtained. To be of most use in

this application, the two-centre electronic wavefuncrions must be known
accurately. The molecule for which the most accurate and extensive
electronic caleculations have been performed i1s the hydrogen-molecule ion,

+
H, . The Schroedinger equation for this system has been solved exactly {(in

tie Born-Qppenhiener approximation) for several bound states {AS5.37) and the
transition energy and dipole matrix element have been calculated for a range
of internuclear separations for several transitions (A5.39, AS5.41). In the
present note, two H2+ electronic transitions, 1scg+ 2p0u and lsﬂg*Zpﬂu, are
studied which exemplify features of transitions between two-centre
electronic wavefunctions. The transient H * ions may be considered to form
in binary collisions between H atoms and H ions in a (low temperature)
hydrogen plasma. We shall not use the treatment of Bates (A5.36) to
determine an absorption opacity, but 1in order to examine the physical
processes occurring, we shall consider the molecular ascillator strength

fi+f' This is given (in atomic units) by
£

2
Ly

1+ %-(Ef =By Byap

where € - &€ 18 the energy difference between initial and final states,
£ i

1s the degeneracy factor (A5.40) and I is the dipole matrix element

Biss 1+£
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for the transition
Lisg = 9@ zlwf (r)>
with the initial and final electronic wavefunctions given by wi(E) and ¢f(£)

2
reapectively. The values of Ef - ei’ Il+f and fi*fare tabulared for a
range of internuclear separations in tables AS5.1 and A5.2 and the oacillator
strengths are plotted in figure A5.28 to show their dependence on

internuclear separation.

For the lsug¢2pcu transition, as the nuclel separate the oscillator strength
decreases to zero. This Is because 1n the separated atom limit this
corresponds to the atomiec 'transition' ls+ls. The influence of the plasma
is therefore to lntroduce an absorption mechanism not seen In the isolated
atom and which could not have been predicted by first-order perturbation of
the hydrogen atom by the neighbouring proton. It 1s meceasary to consider
the solution of the Schroedingex equation in a two-centre system to obtain
such "bonding' and 'antibonding' solutiong. Transition of an electron
between 'bonding' and "antibonding' orbitals by absorptiom of a photon
rearranges the electronic distribution between the nuclel. Because, in the
limit of large internuclear separation the transition energy tends to zero,
this results when the nuclel separate, in the transfer of that energy to the
kinetic motion of the ifons. This ¢oupling between radiation and iocnie
kinetic energy is evident only the solution of the electronic wave equation

in 2 two—centre aystem.

The molecular transitiom 1503*2pﬂu corresponds to the atomic transition
ls+2p+1 in both united and geparated atom limits and the oscillator strength
is in each case 0.278, The ratio

-f Y/ £
lsUg+2pﬂu ls+2p:} ls+2pi;

{f
i1s, therefore, a measure of the contribution to the osc¢illator strength from
molecular effects and is tabulated in table AS5.1. It can be seen to be
significant even for large values of the internuclear separation. Although

in the spearated atom limit, the energy difference between lscg and 2pnu is

A5.40

Table A5.] lsaga-zgnu H,* oscillator strenaths
Internu?lear]Ilsc +2pn |2**‘2pn “F1so *T flsc +2pw fIso »2pm —fls+2p
separation 2 u B u £ u 21

= £15+2ps)
o+ 0.139 1.500 0.278 0.0
1 0.302 0.978 0,393 0.42
2 0.512 0.674 0.460 D.66
3 G.634 0.524 0.479 0.73
4 0.784 0.445 0.466 0.63
5 0.800 0.403 0.430 0.55
6 0.755 0.332 0.384 0.38
7 0.683 0.372 G.339 0.22
2 0.61% 0.368 0.304 0.09
9 0.568 0.387 G.27% a.n
i0 0.534 0.368 0.262 -0.06
11 D.514 0.369 0.253 ~0.C9
12 0.505 0.370 0.249 =-0.10
13 0.504 0.371 0.249 =-0.10
14 0.508 0.372 0.252 =-0.09
15 D.514 0.373 0.256 -0.08
16 0.521 0.374 0.260 -0.0%
17 0.528 0.374 0.264 -0.05
18 0.534 0.375 0.267 -0.04
20 0.544 0.375 0.272 ~0.02
25 0.553 0.375 0.277 0.0
30 0.555 0.375 9.277 0.0
o et 0.553 0.375 0.27¢ .0
* In atomic units
+ ve” transitiion ls*2p+1
+ it transition ls +29+1—
T Yalues taken €rom H;dsen and Peek (45.39) (except R = 0 and =)
$ Values taken Erom Ramaker and Peek (A5.41)(except % = 0 and =)




Table Aizlsgg_+3£gL E;_ escillarer strengpths

Internuclear - *
separation R¥* | Hsc +2p0 | * EZpo “Elso flso +2pa
g u u g 4 u
ot 1,39 x 107! 1.50 1.39 x 107!
1 4.55 x 107! 8.87 x 107! 2.6% x 1071
2 .10 4.35 x 1070 13,20 x 107!
3 2.05 2.09 x 107! 2.87 x 107!
4 3.50 1.0F x 10! 2,35 x 10-]
5 5.57 .71 x 1072 f1,75 x 10 ]
8.29 2.13 x 1072|128 x 10 71
1.54 x 10! 3.96 % 102 4,07 x 10 2
10 2.45 x 10! 6.78 x 104 |1.11 x 10 -2
15 5.60 x 10 ! 6.8% % 106 |2.56 x 1074
20 9,98 x 10 ! 5.17 x 1078 |4.10 x 1078
@ 0.0 0.0 0.0

In atomic units

—H -+

H 'transition'

+
He transition ls-+2p,

1s+ls

caleulations of Bates {(A5.35)

Values taken from Madsen and Peel (A5.39) (exceprt R = 0 and =)
Values taken from Ramaker and Peek (5.41) (except R = 9 and =}

Soma of the oscillater strengths differ Erom the (less accurate)

0.375 a.u., there exist internuclear separations (table AS.l) for which the
energy difference 1s less than this value. For photon absorption at such a
separation in the transient molecule, the excitatlon energy as the nuelei
separate s partly made up from the absorbed photon energy and partly from
some fraction of the initial kinetic energy of the ions. If the photon
energy 1s greater than the excltation energy as the nuclel separvate, then
the excess energy appears as loniec kinetlc energy.

At high densities, the binary collision approximaticn fails. Treating the
plasma by a similar technique to that described above would require
multi-centre wavefunctions and in the limit of very high density where the
plasma 1s thought to have an extended (solid-like) structure, the molecular
orbitals will most easily be clasaified Iinto electronic banda. The

techniques of solid-state theory will at this point most readily apply.
Conclusions

In this note, the transient molecules formed by colligsions between plasma
specles have been Investigated for the case of a hydrogen plasma containing
H ateoms and H+ ions by using exact solutions of the Schroedinger equation
for the H2+ molecule. Three major differences with the usual treatment of
the electronie structure have been found

(1) The two—centre treatment predicts the existance of absorption

processes not accounted for In a single-centre description.
(ii) The average oscillator strength of a transition that I1s
allowed in the limit of large internuclear separation may be

significantly altered in a two-centre description.

(111)A coupling between radiation and ionic kinetilc energy

pccurs which has not previously been desscribed.

Although only electric-dipole photon absorption processes have been

investigated in this report, the same considerations could be applied to
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lscfg - 2p0u in H,. 8 e



electron-impact exeltation and ilonfsation processes. In discussing the
ionic wotion we have also assumed that the Born—Oppenhiemer approximation
holds and that the lons behave classically. In future work it is hoped to
both provide more quantitative estimates of the effects predicted in this
note and investigate the limitatioms of the assumptions made.

5.4.3 LTE Radiation transport in Hot, Dense high-Z and low-Z plasmas

T D Beynon and E H Smith (Birmingham)

As part of a program in ICF target physics a peries of fast algorithms has

been developed for use in the 1D hydro—code MEDUSA to compute LTE radiation
transfer. Two methods have been optimized for use with low Z materials

(Z< 6}, where the plasma is usually fully ionized and the radiation mean —
free path is usually longer than the targer size, and for use with high-Z

materiales where the opposite conditioms obtain.

—
o
(=2
l

For the low-Z case, an energy-integrated semi—analytic solution to tha
integral transport 1s used with cross sections, Z(E), behaving as E(E) = E—T
where ¥ is an empirical constrant of approximate value 3. The application
of integral transport techniques for planar geometry is relatively trivial,
but there are nc simple analytical representations for the concentric

annular gecmetry found in ICF targets. OCOur approximation {A5.45) makes

TEMPERATURE (K)
S
!

puitable modifications to the planar resulta to allow for the spherlcal case

by consldering the radiation flow to be made up of two compoments. The

l L
first 'direct' component ia due to radiation which travelled inwards or 1 OL 1 | ! l .
outwards only. The second 'reflected' component is from radiation which 10 20 30
initially travelled inwards but subsequently travelled outwards. The nett RADIUS {mm)

balance between the two 1s made in each MEDUSA mesh interval. A useful test

of the complete algoerithm is to try to calculate energy tranefer in an

effectively infinite sphere at a uniform temperature when no nett energy

transfer should take place between each mesh interval. Over a wide range of Fig. A5.29 Temperature distribution in the spherical deuterium plasma
used for computaticnal Lescs.

opacities, the method is better than 1% in nett balance. WMore detailed

checks were made using a dilscrete ordinate multigroup transport code ANISN

(A5.46) in a spherical deuterium plasma. Figure A5.29 and A5.30 show the
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temperature and density distribution in the plasma as a function of radius.
In figure A5.31 the energy leakages acrogs each MEDUSA wesh interval are
shown by each method and expressed as the ratio of the ANISN calculation to
the present algorithm. Two ANISN runs are shown, one using 60 mesh
intervals and &0 energy groups and the other using 30 intervale and 30
groups. An angular quadrature of 516 was used 1n each case. Fig. A5.32
shows the values of the energy leakages from each MEDUSA mesh jnterval
calculated by the algorithm- All opacity data included bound-free and
free-free cross sections. The execution time of the algorithm is of the
order of 100ms per traneport c¢slculation, compared with about 208 for an

ANISN calculation.

For the high-Z case, the radiation mean free path, Ar’ is usually
considerably shorter than the size of any reasonable numerical mesh. Under
these conditions the radiative heat flow behaves in a slmilar manner to
electron heat conduction with very strong coupling between heat flow and the
hydrodynamic behaviour. Firat order Taylor—expansion (A5.45) of the integral
transport equations produces a Rosseland mean definition of Kr, an effective
radiation conduction coefficlent so that the energy current J, can be
written as J = —Kr 9T where T is the temperature distribution and

K = 1 dB(E)dE where
T 37(E) oT

B(E,T) = E>
B 1 (Bxp(E/KT-1) )

is the blackbody limit flux. This definition of Kr is now incorporated

within the MEDUSA treatment for the electron conduction via KE.

Details of the treatment of consistent boundary conditions for using the

high-Z and low-Z algorithms can be found in ref. AS5.45.

AS5.4.4 Determination of the opacities of low-Z elements for ICF targets.

T D Beynon, S Furnival and E H Smith (Birminghan)

A5.43



A detailed calculation has been made of the opacity of low-Z elements (Z <
6) which are subject to a range of temperatures (T = 1 *+ 10%V) and
densities (p = 1025+103! aroma/m?) likely to be found in ICF targets.

An average atom model was used to predict the atomic properties necessary
for e¢ross-section calculatlons, energy levels and occupatlions of levels.
The model consisted of either a density-modified Coulomb potential (Z=l) or
Amaldi corrected Thomas-Ferml potentlal {Z>1) to describe the electron
distribution. By summing the occupation of bound levels, the number of
'"free' electrons could be determined. These were modelled using Fermi
atatistics to allow for the effects of degeneracy and were asesigned a mean

energy of E ~ kT.

Only two sources of radiation were considered, namely bound-free and
free-free transitions. The bound-free cross—section was determined using a
semi-empirical relationship due to Kramers (A5.47). For free-free
transitions, it proves easiest to calculate the gource and determine the
cross-gection from the principle of detailed balance the source being

calculated using an equation due to Elwert (A5.48).

The cross—-sections are converted to opacities by multiplying by the
appropriate number of electrons in the initial and final states, the total
opacity then being a sum of these two. Bound-bound transitions were ignored
as the plasmas will be opague and the highly discrete bound-bound
transitions will be strongly re-absorbed.

Beynon and Smith (A5.49) have shown that in low-Z plasmas at temperatures
greater than 100eV, the opacity is effectively given by

Y)Y « E |

(1)
where E 1s the photon energy and Y®3 and adjustable. To test the
applicability of 1) to the range of p,T consldered above, a dimensionless

variable D(E) was constructed.

D(E)=B.4x10" I¥E(E)E? T ¢))
772

ne Z
where E and T are in eV and n, in m 3. D(E) is consistent with the
bremsatrahlung source term originally in MEDUSA. It was then averaged over

all energy to get a single group averaged value for each p,T chosen.

The data, having been normalised, is plotted in Figure A5.33. 1In the region
of high temperature {T> 100 eV}, equation 1) 1s a good approximation. At
low temperature and low densities, the large peak is due to the dominance of

bound-free transitions which go as ne'1 whereas D(E) variles as ne“z.

In the low temperature, high density reglon, there are two polnts of
interest. One is the appearance of a bound-free edge, the other is the
variation of <D(E)> with density for constant temperature, because of

degeneracy.

A5.4.5 A semi-analytic radiative preheat model

C L § Lewis (Belfast) and S J Rose (RAL)

Introduction

A simple semi-analytic model is presented to describe the preheating effects
in a shell target due to X-ray radiation from the ablation zone plasma which
surrounds the target during laser irradiarion. The model can aid in the
design of targets to minimise preheating effects during ablative implesions.
The model is 3-dimensional in the sense that the absorbed energy density
from photo—absorption at any point in the shell 1s calculated by summing the
contributions from all surface plasma elements when the spectral brightness
of the surface plasma 1s known. The radiative preheat effect caleculated
from the model is compared to the effect calculated from the currently used
version of Medusa containing radiation transport (A5.50). The eEfects of
target scale size and aspect ratie are considered and the predictions of
this 3-D model are compared to the predictions of an even simpler 1-D

model.
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Model

The geometry and symbols used in describing the model are illustrated in
Figure A5.34. It is assumed that the relevant X-rays are emitted from a
thin surface layer near the ablatlion front such that a << x € &R, the

surface emission brightness I(E) in units of keV/keV/str/cm?/sec is

measurable or known and that the outward flux equals the inward flux which

causes preheat.

The intensity reaching the point P from a surface element of area 45 at 5

due to ¥-rays of energy E to E -r4E is'given by
1 = I(EYAEAS exp[-p (%m) lexp[-u mp | keV/sec/em?
p = LEAESS  exp[-u (3w Jexp[-u ap, ]

(1}
Where Hgs ug and ps, pg are the mass absorption coefficlents at photon
energy E and densities of the shell material and fill gas respectively.

The energy absorbed at P between £ at £ +AR i3

=AIp = uspstpﬂl (2)

and hence from eqn. 1 the absorbed energy density at P 1s given by

Ep = fip = I(E) AE AS puop exp[-u (E-m)]exp[-u wp_ | keV/em3/sec (3)
7 —=gr— s&8 :| g B

Summing all AS elements about the axis of aymmetry OP and all angles ©
gives
- - -
e(x) = 1(E)AE 2"RZUSPS f; exp| us( w) Jexp| ugmpg] @)
22

In the integration £ and m are both functions of © and x and simple geometry

shows

L= [Rz + (R - x)2 - 2R(R — x) cos 6]1/2

2
m = 2[(3 - AR)Z-RZ +( R" =(R - x)2+12)2)1/2 €59
28

and m = 0 for 1 < (R2 - (R - &R)2)1/2+ ((R - x)2 - (R - amR)Z)1,2

(This is the condition for rays tamgential to the gas sphere).

Hence since sin@d® = 242/R(R — x) equation 4 can be written as

e{x) = I(E) 4E 2mR Hgfq {ZR_X e_usps(l—m)e_ugpgm df (&)

(R —x}

with m = £(2) as described in eqn. 5.

The total absorbed energy density is found by integrating over the entire
gource spectrum allowing for the energy dependance of the mass absorption
coefficients. To simplify the Integration it 1s assumed the affect of the
fi11l gas is negligible i.e. ugpgm: ¢ and that the shell material mass
absorption coefficlent can be represented as

u (E) = wl/E3 for E > Ep M)

ul/JE3 for E < Ey

where y; is the mass absorption ceefficient (cmzlg) at E = 1.0 keV and J is
the absorption coefficient jump ratio at the material K-absorption edge at E
= EK keV.

The integral for the total absorbed energy demsity can now be broken into
four parts representing the contributions above and below the K-edge which

traverse the central void and those that traverse shell material only.

i.e.
E 1
e(x) = 2TRRgH Ik 1(E) I: exE(—_ulps“JE?") d &dE
®-xy ° 3JEI [}

] 2R~

X
+ 2TRPGHL [ (g fa exp(-"1°5 (¥ ™) 1p3y  guqp
3 [}

(R - x) EK JE

E 1 -
+ 2TRR Ky jok I(E) J’i‘ exp (=" P5/E3) dnaE
(R - x) EJ 2
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Fig. A5.34 Geometry and symbols used to evaluate the radiative preheat level at a point P.



-®R-x24+ 522)1/2

21
2l = {RZ - (R - AR)2J1/2+ [(R _ x)Z - (R - AR)Z]I/Z

and AR » x > 0 with € (x) in units of keV/cm3/sec

2
where m = 2 ({(R~#R)2 - RZ +&* (8)

Application of Model

The integrals in eqn. B have been evaluated for the case of CH shell targets
irradiated at Iinc = 101% cu~2 for 1 nsec at A = 0.53 1m. The absolute
emission brightness under these conditions has been measured experimentally
and used te normalise the radiation transport treatment in Medusa
(Ref.A5.50). The source function I(E) used in the following is illustrated
in Fig. A5.35 where a single temperature (Te = 200 eV) approximation to the
Medusa calculated output continuum slope is taken. Cold waterial mass
absorption coefficients are uged in the present treatment (i.e. for CH, u,=
2000 em2 g-1).

Figures A5.36 and A5.37 fllustrate the preheat level dependance on the ghell
aspect ratio, R/AR, with the surface laser intensity constant at 101" em™2,
In Fig. A5.36 &R = 10im 15 held constant with R varied between 10um ({solid
sphere) and >> 100im. Also shown is the eurve calculated from a simpler
model taking a 1-D flux of X-rays into the target. Here the absorbed energy
at a depth x 15 expressed in keV/cm3/sec as

E(x) = 2mp_ f: My (E) I(E) exp (—us(E) e X)dE
where all the symbols are as used in the 3-D model. The 1-D model has no R
dependance and only 4R dependance in setting the maximum useful value of x.
For shells with aspect ratio R/4R > 4 the preheat distribution within the
shell is almost constant but overestimated in this case by the 1-D model by
a factor of = 2. 1In general this discrepancy factor depends on the source

plasma temperature (T) and the material mass absorption cocefficient (uE).

Figure A5.37 illustrates the preheet effects when the aspect ratio is varied
by changing the shell thickness. As the shell is made thinner, with a
constant radius R the midshell preheat level increases with the inside
surface level increasing at an even faster rate due to radiation from the

other side of the target. The 1-D model prediction at a given depth in the

A5.48
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shell makes mo distinction between shells of different wall thickness.

Figure A5.38 compares the models with a Medusa simulation for the same
target and irradiance parameters. Values of the Medusa energy demsity are
obtained using the calculated temperatures together with the equation of
state and therefore include shock heating and hydrodynamic effects although
an attempt has been made to minimize these by running the laser pulse for a
fraction of its lnsec duration and scaling to lnsec. The dominant radiative
effects agree well with the 1-D model prediction. The model caleculates
preheat in the form of absorbed energy density per unit time and Figure
45.33 indicates the material temperature equivalent using an equation of

state for carbon at p=1 g cm—2 and a heating duration of 1 nsec.

The model allows for a quick assessment of the relatlve importance of
accurately knowing the shell material mass absorption coeffilcient. This is
relevent to Medusa code development where the radlation transport treatment
will include atomlec physics and ilonisation fractions. Figure A5.39
i1llustrates one aspect of this where the absorption edge positlion has been
varied from EK = 0.28 keV for cold material te E, = 0.39 keV the ionisation
potential of He-like carbon. For the same source function I(E) as before
the effect at the inside surface of the shell is insensitive to the exact
detail of this energy window.

Some general features of the 3-D model analytic expressions can be deduced.
The preheat level at the centre of a golid sphere is always exactly double
that predicted by the 1-D model. This is seen from equation 8 with R = AR
and x = AR - ¢ in the limit 9 + Q. The preheat level at the inside surface
of any shell is calculated from the two surface components coming from
either side of the plane tangential to the gas sphere. These two
contributions are identically equal and this can be verified from equation 8
with x = 88, 2! = (RZ2 - (R - 2R)2)1/2, m = (22 = (41))/2 and using the
substitution L = (21)%/% in the integrals which include the void region.

The half-plane contributions equal the 1-D prediction in the limit where AR

= R as above.

A5.49

A5.5 Laser Physics

A5.5.1 Transfer of Pump Intensity Variations to a Stokes Seed

S Jorna (St Andrews)

The steady-state coupled equations for the pump and Stokes fields are solved
in the paraxial approximation to study the effect of phase and amplitude

variations in the pump on the Stokes beam- Allowance is made for pump
depletion and diffraction.

Coupled equations

In the slowly-varylng amplitude approximation, the equation describing the

evolution of the vibrational coordinate, Q, of the Stokes field, E 1 and
&
the i-th mode of the pump field, Epi are (A5.51).
3
* 1Ak, z
3 + 1 IQ* = 1K EY*E i
a_;{ 1 Q p 1y Bl Byy @ , (1)
n_dE 3E ] -
Pp e+ Ppr 4 118 (r Ep1) = -1 Y% K,QE e 1legz ()
c 3t 9z 21k r 3r ir wn 8
pl s'p
n E 9]
% Tsi+ Tar o+ 1103 (r Per JaoamorE e TP (3)
c dt iz Zikai r r Ir pi

where T is equal to the FWHM Raman line width, Aki =k i—k i_k 15 the
pi s r
wavenumber mismatch of the i—th mode, wp(ms) the pump(Stokes) frequency, and

nP (ns) the refractive index at the pump (Stokes) frequency.

In the steady-state regime these equations may be combined to yleld for a

single node.

3E 3
P+ 1L a(r Fp)s -1 e |2 ()
% 7k, TE ar 2 % P

AS.50
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A6 GLASS LASER FACILITY OPERATIONS AND DEVELOPMENT

46.1 Introduction
J E Boon and H H Key (RAL)

Faeility operations have been characterised by reliable and Iintensive
operation of the Nd glass laser (VULCAN)} and its associated six beam and two
bean target irradiation laboratories (TAL and TA2). The laser has fired
1900 full power shots for scheduled experiments and the two target areas
have been operated in parallel with alternate shots being direcred to each

area.

Facility development has centred on the nmew Phase I programme approved by
the Science Board in its 1983 Forward Look and given Government (DES)
financial authorisation in August 1983. This programme 1s assoclated with a
major proposal document submitted by scientific users of the CLF detailing
"Proposals For the long term scientific prograame and related new

developments at the CLF".

The Phase I programme includes development of both the Nd glass laser and of
the hipgh power KrF laser (The latter to 100 J, 1 nsec operation, see
Section C).

The development of the glass laser will proceed in stages. First it will be
provided with two improved target irradiation facilities. For more uniform
irradiarion of spherical targets 12 beam dodecahedral irradiation will be
provided in Target Area Hest (TAW), together with a powerful short pulse
diagnostic beam, Six beam high energy irradiation of plane targets, slx
beam line focus irradiation for X—ray laser research and a powerful single
beam for high intensity interaction studies will be provied in Target Area
East (TAE).

The power of the single beam will be increased in two stages, First to
400 J, 1 ne by provision of a 150 mm amplifier, then by a further pover

doubling to give up to 800 J, 1 ns.

A46.1

The power of the multibeam laser will be doubled te give 2.4 kJ, 1 ns by
increasing the number of 108 mm output disc amplifiers teo 12 and modifying

the feeder system.

The timescale for providing the new facilities ls constrained both by
available manpower and by the rate of funding. The latter is particularly
critical. The CLF is fully operational and its allocation of fumnds includes
typlcally only a 15-20% margin for new capital expenditure. Thus relatively
small variations in the allocation can cause major perturbations tc new
capital projeccs. In particular a 6% reduction in allocation relative to
the Forward Look guildeline removed 35% of the new c¢apital money in the
reporting yeat. On current guidelines we should be able to report the
completion of Phase I 1n our Annual Report for or 1988. Progress chis year
has centred on the construction of TAW (A6.5), which will start operation in
June 1984. In preparation for this the six beam target irradiation lab
(TAl) was shut down at the end of April after five years of valuable
experimental research. Construction of TAE has been delayed to next year by
the budget cut. The 150 mm amplifier is also well advanced with a prototype

coustructed during the year.

Aside from these major activities there has been steady progress on amlnor
improvement and diagnostic developments which are also described in the

following sections.

46.2 Operations
Ab.2.1 Glass Laser Operations

N Allen, C Danson, C Edwards, B Espey, A Raven, P Rumsby, R Wyatt, D Swith,
S Sunderland and R Wellstood (RAL)

The laser system has performed very reliably during the whole of the 12
month period since the completion of the lkJ enhancement programme in
TFebruary 1983. The many major changes wmade to the layout of the whole
system durlng this upgrade (detalled in last years report) have led to
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significant improvements in system versatility and ease of operation and
maintenance. Of the 52 weeks in the year 40 were dedicated to target area

shots and the remainder used for maintenance and development of the system.

Once again laser availability has been significantly improved and during
experimental pericds the system now runs for 45 to 50 hours per week.
Performance has been limited only by target area requirements with energiles
up to 1kJ in lns pulses and powers up to 4TW in 70ps pulses being delivered
in the 6 beam compression faecility. This area (TAl) received 990 shots
during the year while the other target area (TA2), now with 2 beams
avallable, received over 900 shots. A .further 650 shots have been fired for
test and development purposes. The shot failure rate due to all causes was

less than 3% over the year.

Considerable on and off line development work has been performed during the
year. Improvements have been made to beam dlagnostics, oscillator
reliability and energy monitoring. A new 150mm diemeter disc amplifier has
been constyuctad and the efficiency of the existing 108mm amplifiers
examined in detail. A test faciliry for small flash lamps has been built
and a damage test facility set up. These items are reported in detail in
section A6.3.

AB.2.2 Target Area Operatlons

D Bassett, A J Cole, R Eason, C J Hooker, S Knight, D Pepler, W T Toner
(RAL)

TAl and TA? operated in tandem throughout the year apart from a ten week
shut down of TA2 to complete the link to the new areas (Section A6.5).
Target Area East 1s currently used as an extension to TA2 and houses the
Z-pinch (Section Al.6). Two beam operation of TAZ has been very successful
and has led to Increased user demands for time. The only significant
problem has been an increase in the frequency of instances where the high
repetition rate of shots in the double passed disc amplifiers (because TAlL
and TA2 are using the same beams) leads to noticeable deterioration in beam

quality.

A6.3

Improvements in the laser chain have made higher output energies routinely
available in both areas. This led to some problems of damage in the windows
of the harmonic conversion crystals which were attributed to acoustic shocks
in the index matching fluid due either to absorption by partiecles in the
fluid or to non-linear processes. The Cargille 5040 fluid used has now been
replaced with Koolase which work at Rochester and Livermore suggests is more

tolerant to high intensities.

Most of the target area staff are now trained to work in either area In
order to gilve inecreased flexibility in scheduling, particularly at heliday
times, and also to enable them to carry out extended resecarch and

development tasks without disruption to routine operations.

TAl fired its last shot on April 19th 1984. Short pulses in the three east

side beams were uwsed to drive an exploding pusher implosion to produce alpha
particles eo backlight a target driven in long pulse by the three west side

beams in order to study the growth of the Rayleigh Taylor instabllity.

A6.3 Glass Laser Development

A6.3.1 Oscillator development

C Danson, ¢ Edwards, A Raven, D Smith and R Wyatt (RAL)

Single Lopngitudinal Mode Resonator Stabilization

During this year a project was completed to build a feedback aystem to
stabilize the optical resonator length of the single longitudinal mode
eseillator. Oscillators of this type suffer from thermal and mechanical
drifts, disturbing the optical path length of the cavity, leading to multi-
mode generation. Beating then occurs between the modes producing a
temporally modulated pulse output. The feedback system 1s designed to
sample pulses produced during the countdowa for a main laser shot. When
'beating' Ls detected the cavlty length Ls adjusted by changing the

potential applied te a plezo-electric ¢rystal driven mirror.
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A block diagram of the feedback system is shown in Figure A6.1. The signal
from a pin diode, monitoring the 25ns wide oscillator output, is passed
through a high pass filter, which diseriminates between the required natural
envelope of the single mode, and the higher frequency beating which may
occur. The design requirements of the filter were that it should have a
transmission of — 3dB at 40MHz and 60dB at 20MHz. The output of the filter
is passed on te an amplifier and rectifier cireuit, producing a d.c. level
which 1s fed into a comparator. An output signal from the comparator
triggers a series of up/down counters, which count on a pre-selected number
of pulses from a 50 Hz pulse train. Selection of the number of pulses
(eventually output voltage steps) 1s made using a hexadecimal coded switch,
giving 2 1 to 16 pulse range. A digital to analogue converter follsws the
counters and its output 1s passed on via amplifiers to a plezo-electric
tranalator. The digital to analogue converter has a range of 257 steps. At
this number and zero the counters are reversed, so providing continuous
operation up and down through the voltage range at the chosen resclution.
The piezo crystal movement range 15 about Bym for a change of 1KV. The
resolution can be varied by changing the overall voltage used since the 257

steps uged are constaunt.

Several tests were carried out using different step sizes to judge effects
on stability. Figure A6.2 shows the results of one rest with a step size of
60V, i.e.: a resolution of mbout 0.5um. A step on the trace eccurs each
time mode beating is detected. 1In Figure A6.2(a) the piezo-electric mirror
was disconnected from the feedback system, whereas im Figure A6.2(b) the
feedback loop was completed. In the case where the feedback system was
completed, mode-beating occurs less frequently by a factor of 2, compared to
a free running oscillator. In all the tests ¢arried out, no advantage could
be found for using one step size rather than another. This work was carried
out on an off line single longnitudinal mode YAG oscillator. The system is

now being installed on the main laser YLF oscillator system.

A6.5

A6.3.2 108mm Disc Amplifier Testing

N Allen, J Boon and € Danson (RAL}

The 108mm disc amplifiers each contain twenty lamps in a cylindrical
geomekry around the dises. The support members for the discs encroach into
the lamp housing, partly obscurring four of the lamps from the discs. A
programne was carried out to determine the effect of running the amplifiers
with these lawps removed and whether the reduwction in gain that ﬁould arise
¢could be recovered completely by design modifications to the chassis and
reflector housings. These modifications are demonstrated Iin Figure A6.03
which also showe an unmodified chassis. Runming amplifiers with sixteen
lamps only would make significant cost savings to any future upgrade

scheme.

Two experimental perlods were used for tests. In both cases TAl experiments
required the use of four beams only of the six beam system, enabling the

dige testing programme to use the remaining beam lines.

An absorbing glass calorimeter was placed at the output of each beam. One
was used as a standard to measure the Input to the system, while the other
waes uged to calculate the amplifier gain. A schematic of the experimental
layout is shown in Figure A6.4. As a cross check to the measurements the
computer linked calorimeters used for mormal shot enerpy measurements, were
alse used. Gain measurements were calculated using two shots, one with the
test dise amplifier passive the other active. The standard disc
measurements enabled allowances to be made for input variations. Most gain
measurements were calculated using four shots, but if any incensistencies
arose further ghorts would be fired. Galn coefficlents were calculated from

the input and output energy data (assuming no saturatlon effects).

Initial tests looked very promising. Pairs of lamps were disconnected from
an ordinary twenty lamp amplifier and nmeasurements were taken to find the
drop in gain. From this the contribution of each lamp to the overall gain
could then be calculated. Most of the lamps In the amplifier were found to

contribute 5-6% each to the gain coefficlent (as expected) whereas the lamps
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Average Gain

Average a (cm—l)

Reduction in

(+ 0.2) a
20 lamps firing 8.5 7.93 "”,”///ff
Normal chassis : )
16 lamps firing
(2 pairs of face pumped 5.7 6.45 197
lamps removed)
16 lamps firing
(2 pairs of lamps removed 6.9 7.15 107
next to chassis)
20 lamps firing
Modified Chassis B.2 7.80 ””,,T”‘
16 lamps firing
0ld reflectors 7.2 7.30 6.5%
16 lamps firing 7.45 744 s

New reflectors

Table A6.|

Results of Test on ¢108mm Disc Amplifiers.

apertured by the chassis contributed only 1%-2% each.

VYVhen the modified chassis was tried with a twenty lamp amplifler ne galn
increase was secen. With the four chassis laamps removed a reduction in gailn
coefficleat of 6.5% was measured. No observable increase In galn was
measured when the modified reflector was installed. A summary of the

results obtained is shown in Table A6.1l.

In another test period the main measurements were repated, the gaie of the
twenty lamp unmodified chassis was on thils occasion compared directly with a
sixteen lamp modified chassis. The average gains measured were 8.9 (a =
8.lcu~ !y for the sixteen lamp amplifier. The reduction in gain coefficient
was therefore 8%, while the reduction in gain was 16%. This result was in

good agreement with the figures obtained in the earlier test.
It was concluded that although the sixteen lamp amplifier was more efficient
{~5%) than the twenty lamp amplifier,it would still be unacceptable to use

in any current or future system, as the loss of gain (16%) 1s too high.

46.3.3 $150 Disc Amplifier Development

J E Boon, P Gottfeldt and I Ross (RAL)

The prototype ®150mm amplifier and power supply described in Section 1.73.6.
of last years Annual Report have now been censtructed. Figure A6.5 shows
the preliminary mechanical assembly of the amplifier. The flash lamps have
been manufactured and tested. These have a larger bore, 20mm, then the
present 15mm bore tubes used In the @108um amplifiers, and are intended to
work at a desipgn energy of 15.7KJ. This will be provided by a pulse forming
network in the power supply using a capacitance of 130puF charged to 22KV,
driving 2 flash lamps in series through a 315uH inducter. The design
current peaks at 7.1XA after 26Jus. The anticipated 1lifetime to 70% of
original light output is 2.2 x 105 shots. The lamps were tested using the
Flashlamp Test Facility described in Section 1.3.7 of last years Annual
Report. For these tests the energy per lamp was increased by 50% tu 23.6KJ,

being tesced singly using a pulse forming network with 254 F capacitance
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charged to 13.6KV and driven through a 200yH inductor. This gave a peak
current of 8.6KA after 290ws. All the lamps were subjected to 50 shots in
the test facility. There were no failures.

AB.3.4 Laser diagnostic System Development

¢ Danson, B Espey, A Raven, D Smith and R Wyatt (RAL)

A6.3.4(a) Pulse Profile Measurements

A type 675 Hadland Photonics Sl streak cameré has been purchased during the
current reporting year, and has been tested in the laser area. Previously,
short-pulse duration information was available eonly using an autocorrelator.
‘Since this latter technique relied upon multiple pulses and requires prior
-knowledge-pf the pulse shape to yield an unambigous result, tha methed is
rather limiced, particularly as many experiments now requlre a non-standard

pulse-shape.

When fully interfaced, the new system will provide pulse shape information
on a single shot basils, of both long and short pulse outputs at various
polats aiong the laser chain, with digital and graphical o6utput available
through the 4080 system computer via a CID camera and frame store

combination.

Singie mode optical fibres bring the pulses from various parts of the laser
system to the slit plane of the streak camera. Careful cleaving of the
fibres with a diamond cutting tool as well as careful positioning in the
laser beam was found to be essential to produce pood quality, repeatable
images at the streak camera output. Further refinements in pesitioning are
being considered to reduce the risk of pulse distortion and/or broadening in
the fibre optic cable. Eventually about 10 fibres will be installed but at
present only 3 are In use. Two bring pulses from the oscillators which can
be viewed on a three second cycle for oscillator and switchout optimisationm.
A third fibre optic cable has been Installed at the output of the system to
examine the effects of gain saturation and gtalqn modifications to the pulse

profile. Figures A6.6(a) and (b) compare a high and a low energy shot at

AG.B
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Preliminary mechanical assembly of ¢150 disc amplifier.
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Fig. A6.6(a) Long Pulse Streak Record at Low Energy.
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Fig. A6.6(b) Long pulse streak record at relatively high energy.
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the output of the system. At the 80QJ level no saturation 1s evident. A
feature of the traces 1s the flatness of the pulse over the 1.8ns width,
showing good switchout operation. Figure A6.7 shows a microdensitometer
trace of the short pulse cscillator output, together with a timing mark
provided by another fibre. The Increased width of this pulse i1s due to the
superposition of two short pulses. Figure A6.8 shows the pulseshape that
was required for the Carbon VI recombination X-ray laser experiment. It was
produced using a prepulse etalon in front of the retro-mirror of the driver
disc amplifier. All these traces were produced by usiog HPS film in direct
contact with the phosphor of the streak camera intensifier.

Experience to date with the fibre optic/streak camere combination indicates
thaet this will provide invaluable information for both oscillator alignment

purposes and target area diagnostics.

An Hakuto MVZ00 framestore with capacity to hold two camera frames was
installed during the year. The framestore is triggered on a three second
oscillator cyele to capture the streak camera image recorded by a GE 2506
CID detector. At presgent the image c¢an be examined visually by means of a
monitor In the control room but when the system ig fully operaticnal, data
will be prcesssed by the GEC 4080 computer. Once the data has been acquired
by the computer, pulse heights, durations and rise timeg will becoue
avallable ijmmediately after a shot has been fired, and will be displayed
along with the present laser status information. Development work on this

system is at an advanced stage.

46.3.4(b) Energy Monitoring Developmente

Energy monitoring at various stages of the laser ¢hain is important to

measure amplifier performance and for fault diagnosis.

At the moment, there 1s no energy monitoring along the rod amplifier chain.
The only positions available for energy monitors are behind

mizrots and teflections from rod Faces &nd the energies at these polnts wvary
from ~ 250 1l te ~ 100mJ. The volume absorbing disc caldrimerers used at

present are not good enough te measure such low energles, so development
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work on thermistor based detectors has been carried out.

Thermistors were supplied, already mounted in pairs on a TO5> type transistor
base by Thermometrics Inc. The basic scheme consists of comnecting the two
thermistors Inte a bridge circuit, with one exposed to the laser pulse and

the othier acting to compensate for changes la ambient temperature.

Using the bridge circuit in Figure A6.9 the output voltage from the bridge
for a lmJ laser pulse (using a YAG oscillator, similar to one of the

glass laser oscillators) was of the order of 0.2mV. Due to this low cutput,
very high precision amplifiers were needed. Various tests were carried out
and it was decided, that to monitor energles of the order of 250uJ, a
commercially available precision amplifier would be necessary, due to the

high electrical noise in the laser area.

The amplifier chosen used was a Burr-Brown 3630. This amplifier is

specifically designed for use on such bridge c¢ircuits and was found to be
ideal. Figure A6.10 shows the final circuit used. A sample-~hold circuit
was needed because the computer reads three seconds after the laser fires

and the thermistors response was much faster than this (see Figure A6.11).

The calorimeter was mounted in an aluminium eylinder and placed in the laser
area to monitor the long pulse oscillator cutput. It was tested for
linearity against a calorimeter at the end of the rod amplifier chain (see

Figure A6.12) and finally callibrated against a Rofin energy monitor.

The calorimeter is now connected permanently to the computer and working
succesfully. Further development on precision amplifiers has been
successfully carried out, and four more calorimerers to ge at various points
down the rod amplifier chain, are being manufactured. The amplifiers are of
a similar design to that of the Burr Brown 3630 and the op—amps used In
construction are FET input LF356's. This type is used for thelr very good
Common Mode Rejectlon (> 100dB).

A6.10

A6.3.4(c) Short pulse oscillator Prelase HMonitor.

Monitoring the prelase waveform from an actively mode locked Q-switclied
oscillator gives essentlal Information about the quality of alignment aad
cavity length timing. In order to obtain a permanent record of thls
waveform a Phillips PM3305 storage oscilloscope was acquired during the year
for use as a prelase monitor. This scope has a 4k incernal nemocy which can
hold both a digirized version of the displayed waveforn and a list of the
front panel settings. By using an Interface option (PMBY955), the scope has
been connected to an IEEE 488 Interface bus (GP1B)} linked to the GEC 45080
computer. Accessing the stored information begins after the firing of a
nmain disc shot and the data polnts, on recelpt by the computer, are formed
inte runanlog means of the maxima and minima of the waveform so that the
prelase envelope can be obtained. The envelope is then plotted along with
the transient digitizer data of the short and long pulse csclllator output
and also stored on disk for future reference. Figure A6.13 shows such
output. These data provide both a record of the laser's performance and an

indication of when oscillator adjustaent is necessary.

A6.3.5 Rod amplifier flash lamp test facility

R Wyatt (RAL)

The facility for testing the large flashlamps used in the disc amplifiers
has been invaluable and problems caused by installation of faulty lamps have
now been effectively eliminated. Based on this experience it was decided to
contruct a test facility For the smaller laaps used in the rod amplifiers in
order to eliminate faulty lamps and identify those with low output and
tripgering problems.

The lamp test housing was purpose built to accoumodate the two lengths of
lamp used in our sysiem; 20cm and 10.5 cm. In practice both are fired from
a 480 uF source, through either a single long lamp or twe short lamps in
series. To enable single short lamp testing a Quantel Capacitor Unit of
240uF was used, and a resistance wire of finite value used to replace Lthe

copper wire connection from lamp to ground to maintain critical damping.
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Figure A6.l4(a) shows a achematic diagram of the system. Current through
the lamp circuit was monitored using a Rogowski coll while the useful output

of the lamp was recorded using a flourescence monitor.

To provide the lym fluorescence signal a disused 9mm amplifier rod was built
into the unit. The fluorescence from the rod 1s coupled to a PIN diocde
through a fibre optic limk, and a lum filter. A second filbre optic 1link
directs flash light to a PIN diode in a lamp fellure detection circult. The

PRELASE SIGNAL

Current and fluorescence standards were deterained from tests on 2 number of

Es new lamps, carried out In the test facility.
[xa)
>
a Control and power is provided from two Quantel units, CU 401 & PU 420, which
E; gg will run on a two minute rep rate at pre-selected energy levels, within the
E; ~r normal operating range of our system. In event of lamp failure the system
has been designed to dump and shur down automatically.
= .
Q 8.00 The test facility also allows variations in the lamp trigger signal to be
00 4-00 ' carried out in order to identify lamps which may be developing triggering
1-0ms/ DIV problems.
Output waveforms are recorded on a storage scope and compared with known
standards. FPFigure A6.14(b) shows typlcal output current, total light and
fluorescence waveforms.
Many tests have been performed on both old and new lamps. These have led to
significant improvements in rod amplifier operating reliability.
Fig. A6.13 Output {rom short pulse oscillator prelease monitor. A6.3.6 Damage Test Faciliry

N Allen and C Danson (RAL)

A simple facility for determining the damage thrasnsld of the various
coatings and marerials used on the maln glass laser system has been set up.
This facility is positiomed after the vacuum spatial fileter following the
final rod amplifier of the outer beam line and can be accessed using a

remotely controlled sliding mirror. The set up consists basically of a long
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SCHEMATIC OF FLASH LAMP TEST FACILITY.
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Fig. A6.15 Arrangement of damage test facility

Fig. A6.14(b)




focal length lens which focusses the beam onto the sample under test.
Limitations of space necessltated the use of a folding mirror as indicated
in Figure A6.15. The small amount of transmission through the folding
mirror vas utilised to measure the beam energy and obtain equivalent plane
photographs. The faecility was calibrated and some initial tests were
carried out on thin film polariser coatings, single layer cryolite A/R

coatings and a sample of Schott neutral solution rtreated BX7 glass.

The criteria for onset of damage was basically a visible increase in

scattered light, when viewed through a 10X microscope. Tnitial results are
as indicated in Table A6.2.

46.3.7 Computer control for driver system

P Gottfeldt and D Pugh (RAL)

The touch screen concept for laser control was briefly described last year.
In order to provide touch screen control for individual amplifiers of the
{juantel/J.K. Laser driver system certain modifications, particularly to the
Quantel system, were required. Furthermore, the Quantel system was never
designed with a true dump facility making it iampracticable tc abort a laser
shot part way through a charge sequence. In view of our efforts to allow
laser users to control their own shots it was felt desirable to provide a

genulne dump facility.

ON/OFF switching of imrdividual Quantel amplifiers and Faraday lsolators
regquired the design of a special solid state switehing circult for the
charging sapply control units. The Quantel system operates from a 380V
maians supply and it was found that standard solid state relays for this
voltage were unsuitable for the low power circuits involved due to encessive
leakage currant in the off state. The circuit Einally devised uses 2 SCR's
back te back rrigpered from a UJT which provides gate pulses via an
isolating transformer. The UJT is fed from a D € supply which 1is alse the
sultching signal.

The trigger pulse for the Quantel ampliflers is superimposed on the 24V

A6, 13

supply which is also used to held in a dump relay. Simple removal of the
24V to provide a dump for the Quantel system generally causes the amplifier
flash lamps to fire. To prevent this from happening it was necessary to
interpose another relay contact in the dump relay ¢ircuit allowing the dump
relay to be released without removing the 24V supply. The charging supply
control units required additional modifications to prevent theu from issuing
trigger pulses to the charging supply trilacs after the charge command had
been removed. The dump sequence now resets the universal charge coamand
larch which then removes the charge signal from all the charging supply
control units and stops trigger pulses reaching the charging supply triacs.
Simultaneously the new control relays for the dump system are de~energised

causing the stored energy to be dumped.
A CAMAC - driver amplifier unit has been constructed to give the GEC 4080
control computer access to the individual amplifiers and Faraday isolatoers,

and to provide an input for the dump signal.

A6.3.8 Enchancement of Computer control and data acguisition

P Gottfeldt and ¢ Reason (RAL)

The most significant enhancement of the coantrol system has been the addition
of a second CAMAC branch to the GEC 40B0 computer control system. The
branch will be used to provide a data link between the GEC 4080 and the new
rarget area complex. It will also allow for control of the laser from the

south control room.

The existing parallel branch uses a 132 way cable and despite the use of
differential branch extenders iC appears to be susceptible to occasional
electro-magnetic interference. Open circuits at the connectors have alsao
occurred frow time to time and it was consldered uawise to extend this data
highway by some 40m. Instead a second branch was added to the system bullt
to the CAMAC serial standard FUR 6L90e running {a bit serial mode and using

U-port adaptors for fibre-optlc transmission .
The U-port adaptors, manufactured by CAMTEC to a JET design, are housed In
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19" rack mounting units and incorporate battery back-up in case of a local
mains failure, by-pass and loop collapse mechanisms and automatic transfer
to a standby fibre link. CAMAC crate control in TAW is provided by an L2
crate controller which permits the use of an auxillary controller in the
same crate. This arrangement is used to provide an autonomous comtrol
system for target and beam alignment in TAW with access to data from the GEC
4080. The serjal branch driver and serial branch handler reaide in the GEC
systems crate together with the parallel branch driver. In this wey it has
been possible to make the two branches compatible although significant
changes to the existing software were necessary. The serial branch will be
used for most mew applications but it is proposed to retailn the parallel
branch for applications where the high data transfer rate it offers may be

required.

During the year, the Electric program on the YBM mainframe was withdrawn and
the link betwen the GEC 4080 and the IBM was changed from HASP workstation
to VNET. This gives an easy path between the 4080 and a CMS virtual sachine
but has entailed changes in the way files are exchanged and jobs submitted.
This has also resulted in a loss of terminal access to the IBM from the
control room via the 4080. Tt i1s hoped to replace this with a separate link
via a JNT PAD in the future.

A6.4 Targer Preparation and Development

C Brown, B Child, M Davies, N Prior, P Rumsby and § Whittaker (RAL)

As well as producing cleose to 2000 hollow shell and planar targets for
experiments the taxget fabrication group has been involved in a wide varlety

of research and development work during the past year.

A majer improvement has taker place in the area of glass shell selection.
Up to mow all hollew glass shell targets used for experiments at the
1ébor£tory‘have originated from raw material supplied by 3Ms company.
Quality of this material is very low and considerable time has been devoted
to the selection of suitably uniform shells. In addition, wall thicknesses
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above about 2um were not available im this materlal and consequently targets
for ablative compression experiments required additional layers of material
to be deposited to produce final targets with adequate thickness to minimize
preheat. Both these limitations have now been overcome as 20 batches of
high quality shells of both high and low aspect ratio have been ordered and
received from KMS Tnc. Manufacturing of these shells take place in drop
towers in which the process stages are closely controlled leading to shells
of extremely high uniformity. About 50% of the shells in any batch are of
target quality compared to the much less than 1% for the previously used
material. Batches have been obtained both DT filled and empty with wall
thickness ranging from 0.7 to 6um. Time spent on target selection has now

been dramatically reduced.

Coating techniques using metallic slit masks have been developed in order to
produce novel planar targets for two different experiments. For 2 beam
colliding shock wave experiments two l5pm wide by 300nm thick Bismuth marker
stripes have been deposited on opposite sides of a 30-40m thick polystyrene
foll which has subsequently been coated on both sides with 10um of N type
parylere. The exact reglstration of the two stripes on opposite sides of
the foll was critical to the success of the target design and this was
achieved by optically aligning two wasks with slits 15um wide by 6fmm long
and then placing the polystyrene substrate between for coating. For
transport experiments 2um thick aluminium microdot targets have been
deposited on polymer substrates by using two crossed slit masks. Targets
with dots 15um and 30pm square complete with marker lines have been prepared

by this wethod as shown in Figure A6.16.

Ultra violet photo ablative etching techniques have been persued further.

An ArF laser (A = 133nm) has been acquired and work hae continued on both
mask and interference technliques for etching polymer targets. 20um
periodicity patterns have been etched on polystyrene shells for twe serles
of Rayleigh-Taylor experiments. Etech depths from 0.5 to 2um have been
produced with a high level of reliabilicty and reproducibility. Figure A6.17
shows an example of such a target with a 2pm eteh depth. About 100 such
targets have been prepared by this method. For transmission X - radiography
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Fig.

Ab.16

.Aluminium microdot target I5uym x 30um x 2um thick

deposited on a polymer substrate.

experiments the rear of striped polymer shells have been removed or thinned
(to teduce the X ray opacity) by irradiating them through slits or
apertures. Using a line narrowed KrF excimer laser ripple patterns of lSum
periodicity and 0.5ym depth have been generated on planar Mylar targets
using interference methods. .This technique is being actively researched as
it i1s significantly better than contact methods as sinusoidal ripples are
produced and mask edge diffraction effects are eliminated. The photo

ablative etching of low demsity polyacetylene foams has been investigated

and found to be a very successful methed for machining such material. In
addition it has been found that thin paryleme foils (lim or more) can be

readily machined by this method to leave free standing structures.

Two developments have taken place in the manufacture of targets for X-ray
laser experiments. For a recombination laser scheme carbon fibres have been
prepared with diameters down to 2im by reducing commerclal 8um fibres in
dismeter using reactive r.f. plasma etching techniques. For a resonantly
photo—pumped neon laser scheme 3um thick aluminium foils have been doped

with neon by up to 10% by ion implantation at 80KeV.

AB.5 New Target Area Facilitiles

A6.5.1 Introduction
J E Boon, M H Key and W T Toner (RAL)

The bullding extension mentioned in last year's report has been occupled
gince the autumn and new equipment has been installed throughout the Winter.
The layout is shown in Figure A6.18. Target Area Bast has been in use as an
extension to Target Area 2 since the Autumn for complex experiments neeeding
additional floor space, such as the Z-pinch experiment (Section Al.6). The
versatile multi-beam irradiation facility planned for this area was delayed
for financial reascns but detailed design work is now in prcgress; The
12-beam symmetrical irradiation faeility which is being agembled in Target
Area West is described in detall below. Since experience has shown the

design of the present six—beam facility to be satisfactory the new chamber
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Fig. &&.l17 Polystyrene hollow shell target etched Zpm deep.



and its equipment is siwmilar to the eld, but numerous improvements of detail
have been made. The major departure from current practice 1s the
incorporation of a microcomputer in the control system to simplify the
operators job, help avold errors and speed up the alignment process. Views
of the facility during asseambly are shown in Figures A6.19(a) and (b). The
firsc experiment is scheduled to begin In June, six weeks after the last
experiment in TAl. From then on target area staff and users will operate
experiments in TAW and TA2Z from the new South Control Room, linked via CAMAC
to the GEC 4080. Twe small dark rooms have been provided nearby at

mezzanine level.

A6.5.2 Optical Arxrangement of 12 Beam System

A R Damerell, ¢ J Hooker and W T Toner (RAL)

Targets will be irradiated by twelve green or infra-red beams arranged in
dodecahedral geometry and focussed by £:2.5 aspheric doublet lenses
(Section A6.6) mounted in improved versions of the lems carrlages used in
the six beam chamber. A typical beam i1s shown schematically in Figure
A6.20. The componeats of the system are controlled by the operator through
the microcomputer system described later, The disc amplifier output is
brought to TAW by a chain of mirrors the last two of which are steerable.

Local CW alignment beams are injected in TAW by means of slide mirrors. An
achromatic television comparator station (one of six) provides near—and
far-field images so that the operator can make the local beams colinear with
the maln laser alignment system. Harmonic crystals are placed just before
the splitters which make twelve beams from six. The beams are then directed
to the target chamber. A second television stationm (one of rwelve) views
light reflected from the target Iin near and far field. Light transmitted
past the target Is viewed by the television station in the opposite beam
line. All beams have an absorbing glass caloriameter which collects lighr
reflected from a tilted, uncoated, chamber entrance window. Amn equivalent
plane monitoring system will be installed progressively during 1984. Image

relay frow the disc amplifiers to TAW is under consideration.
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AB.5.3 12 Beam Target Chamber and Diagnostics

A R Damereil, C J Hooker and W T Toner {(RAL)

The chamber is manufactured from two hemisplierical mild steel dishes welded
together and electroless nickel plated. It is slightly larger (1093mm
internal diameter) than the six beam chamber. Improved versions of the
present alrlock loaded target positioning devices will be used. An
orthogonal pair of fixed reference microscopes will enable targets to be
positioned precisely and reproducibly. The vacuum system incorporates 2
Rootes type booster roughing pump for rapid pump down as in the TA2 sysCem.
In order to provide optimum access to the chamber for experimenters all
pumps are installed below floor level and liquid nitregen is fed to the
diffusion pump cold trap through a vacuum insulated transfer line in floor

ducting from a dewar emplacement at the side of the room.

The twelve beam geometry at f£:2.5 offers forty percent inecrease in the solid
angle available for diapgnosties over the six beam {:l system. Sixteen of
the twenty possible maximum access directions between the laser beams are
provided with full aperture ports and there are numerous smaller porta. A
brief note specifying details of diagnostic access has been circulted to
users. Further copies are available. All the present diagnostic systems
wlll be recommissioned on the new chamber during the expuriments scheduled
for the gummer of 1984. Backlighting and optical probe beams will be
provided aes at present. The increase in diagnostic access wlll permit more
diagnostics to be run simultaneously than is the case now and should also

make 1t easler to align backlighting targets.

A mark II version of the Iinertial positioning system for stalkless targets
described in last year's report is being developed in collaboration with
MPIQ Garching and Queens University Belfast for use Iin the autumn of 1984.

When the large aperture disc amplifier development is complete an enhanced
backlighting capabililty will be provided. Further dovelopment of the
optical probe beam system is under consideration. Upgraded diagnostic

instruments will be purchased as funds permlt.
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Fig. A6.19(a) View of Target Area West during assembly.
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In the long term it is planned to install further disc amplifiers Ia the

laser so that all twelve beams may be driven directly at higher energy.

AB6.5.4 Control System: Introductien

W T Toner (RAL)

The target area operator has the best part of two hundred remote controls of
ten types at his command with status information coming from each and
television signals coming from twenty sources. Although all beamlines are
similar at the hardware level, they are not identical. Alignment procedures
are basically similar for most experiments but again not identical. A
wholly manual control system of the type used in Target Area 1 would
inevitably lead to confusion, errors and damage to equipment. The CAMAGC
based microcomputer control system described here has been designed to
simplify the operator's job as much as possible while preserving the
Elexibility to cope with varied experiments. It also permits a modular
approach to the hardware which should make it possible to wodify and extend
the system ir the light of experience. All the complexity resldes in the
software. This is written so that the operator is gulded through the
standard alignment sequence by a menu-atyle programme but has the freedom to

depart from it and control individual devices in any order Lf he chooses.
A6.5.5 Control Hardware

M Forster, P Gottfeldt, W Lester and C J Reason (RAL)

The target positioning devices, the vacuum system and all adjustable optical
components, shutters and television stations are contrelled through the
system shown schemarically in Figure A6.21. At Its heart is a DEC 11/21

Faleon microcomputer housed in CAMAC as an "Auxilliary Controller” and

connected to the target area equipment via CAMAC modules and a custom builc
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modular interface system. Communication with the operator 1is through a VDU
and keyboard. The Falcon can communicate with the GEC 4080 computer used
for the main laser system via a fibre optic serial branch. The CAMAC crate
1s alsc used under 4080 control to drive a terminal and pletter in the South
Control Room as well as to house data acquisition modules controlled and
read by the 4080.

Communicarion with the 4080 is bit serial {eo CAMAC standard EUR 6100e) and
implemented in fibre optics using a master and slave U port adapter made to
the JET design. This method was chosen to avoid nolse pickup and other
problems experienced im the parallel branches elsewhere in the CLF system.
12 rather than L1 designatlon of the crate controller allows a second
"Auxillary Controller” to be Iinstalled in the crate, connected to the L2
controller by the "Auxillary Comtroller Bus" (ACB), through which access can
be gained to the CAMAC modules in the crate.

The L2 controller acts as arbitrator between the two sources of commands
ueing the “"Auxilliary Controller Lockout™ (ACL) signal as defined in EUR
6500eN.

The device control systeam is based on 3U high DIN 41494 specification
sub-racks configured to hold up to 21 cards. The system can accommodate up
to 15 racks. The cards in them contain the drive electronies for the
devices, which are coanected through the front panel. This gives preat
flexibility in allowing cards controlling different types of deviee to
occupy the same rack. The cards receive information from the backplane
which comprises 4 write lines, 4 read lines and shot select, clock and power
lines. The action to be performed is set up on the write lines, the
appropriate shot is selected and the action is performed on receipt of a
clock pulse. The readlines are used to send linit and position Information
back to the computer. A buffer card In the right hand slot in each rack
buffers and stcres information coming from the computer and also decndes Lhe
5-bit word containing the shot select Infoxmation. 4s a result only one

slot st & time can be selected Ia a rack.
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The buffer cards are connected to a Hultiplexer which routes the information
from the computer to the correct rack. It allows up to three racks to be
accessed so that the x,y and z drives of a lens can be moved at the same
time. All signals to the multiplexer originate from three single width
CAMAC units-an output driver an input reglster and a pulse output unit. All
actions performed by the device control system asre entirely under software

control.

A6.5.6 Software and Development System

C J looker, P Gottfeldt and C J Reason (RAL)

It was decided to write the application using a high level language 1n a
real-time environment that would offer full concurrency thus allowing a
modular approach to programming. DEC Micropower Pascal, offers these
features. Programmes are developed on a system consting of a VT103
terminal, LSI 11/23 with 128K bytes memory, RX02 with floppy disks, a
printer, a PROM burner with the RT1l operating system and Micropower Pascal.
To allow for debugging, a 64K RAM and housing were also purchased to attach

to the Falecon.
The development cycle is as follows:

a}) The program is written in Micropower Pascal, compiled and the
application built (including the Micropower Pascal Kernel)} on the
development system.

b) The application is down line loaded into the RAM comnected to che
Falcon and debugged using the PASDBG program ruaning in the development
system.

c) The program is then re-edited and the sequence repeated until the
application is bug free.

d) The application and the Kernel is then optimised and the debugging
removed. It is rebullr on the development system and blown into PROM.

2) The RAM is removed from the Falcon and the PROM and bookstrap

installed. The application then runs on power up.
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The CAMAC driver is now written (called FALCAM) and Is used by the test
software to do CAMAC cycles and handle interrupts. The final application is
now in the debug stage.

AB.5.7 Operator Interface

A R Damerell, M Forster, C J Hooker, ¢ Reason and W T Toner (RAL}

The operators job 1s subdivided into tasks such as positioning targets,
aligning beams on target, requesting and preparing for a shot ete. These
are presented as a menu on the VDU and are selected by pressing one of a
small set of speclal function keys which is physically separated from the
rest of the keyboard. Secondary menus are then presented offering a choice
of which beam to align etc. togethet with relevant informationm and
instructions. When a choice 13 made at this level, contrel of the chosen
set of devices is given to the joystick and switches on the console, slide
mirrors and shutters are automatically set and the appropriate television
station signale and econtrols are sent to the input (retro reflection),
output (transmission) and align (reference comparator) TV monitors on the

coneole.

Each monltor has a switch to select the near or far-field view and another

to control brightness via a filter wheel at the camera station.

Limit switch statlons and drive count are displayed on the VDU For the
device which the operator has chosen te adjust via the joystick. When the
task is complete the operator is prompted te declare whether (for example) a
lens is aligned or not, and the programme tetains this information For use
in error checking. Warnings will be issued 1f the operator selects a beam
which has already been aligned or if a shot is requested in a beam which has
not been declared to be aligned, for example. 1In this way the operator is
relieved as much as is possible of the burjen of remeuwbering a complox
sequence of actions and is free to concentrate on matters involving

judgement and precision alignment.

He is nevertheless free to ignore warnings or to selecr and contrel any
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individual device in any beam lines ocut of sequence.

The Mark I version of the programme 1s limited to the control of the vacuum
and alignment systems and permanent equipment protection shutters. It is
intended to expand it later to include experimental devices. HNew equipment
purchases will be cowputer compatible whereever possible. For example, a
madular high voltage power supply was purchased last year for which a CAMAC
controller will be bought so that device voltagea may be programmed on
before shots depending on the status of the vacuum system and off
thereafter. It will also be possible to transfer selected status
information and the operators response to prompts about tarpet data and

alignment method to the GEC 4080 computer for inclusien in the shot record.

A6.6 Aspheric Lens Manufacture

J Boomn, D Nicholas and I Ross (RAL)

Of the two £2.5 lens designs for the new 12 beam target system described in
last years Annual Report, the doublet design was Judged to be the more
predictable system based on previous experience gained in the manufacture of
the f1 and f1.5 doublet lens systems. This view was supported by the
manufacturers based on the flatness and the amount of departure from the
best fit sphere, which relate to difficulties in polishing and final

flguring of the surface.

The manufacturing techniques for these aspheric lenses has continucusly been
nodified and updated on the basis of experience galned, whilst in bread
outline the steps of manufacture remain the same, that is, an initial
diamond tool grinding (A6.1)} of the aspheric profile from the best fit
sphere, followed by hand polishing and figuring. Steps have been taken to
improve Loth these manufacturing stages in a number of ways in order provide

an acceptable intensity distribution at the target plane.
Ia the original profile grinding of the fl and £1.5 lens there was evidence
that some irregularities had been introduced. This has been overcome by

controlling both the first and second order time differentials on the
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grinding head. The residuals have now been reduced to about the ultimate in

grinding machine tolerance.

A remaining gross imperfection is a control feature in the aspherlc
generation due to wachine dwell. This cannot readily be removed due to the
lack of positive feedback signal from the grinding machine at this stage.
This particularly manifests itgself at the centre of the lens due to the low
relative rotational speed of the lens to the grinding wheel. TIn the latest
lenses an attempt to overcome this fault bas been riade by leaving the
central ~25mm diameter of the lens polished at the best fit sphere radlus,
which leaves ~S5u to be polished off the ground portion of the lens. This
has improved the overall feetures, but presented difficulties at the
jntecface between polished and ground surface. It is easler to remove
material from a ground surface than a polished gurface. This again 1s belong
corrected by matching the ground finish with a similar grey finish to the
best fit sphere. Six satisfactory doublets have been produced by adopting

these techniques.

46.7 Diagnostic Instrumentation Development

A6.7.1 A Subnanosecond X-Ray Framing Camera

N Finn, T A Hall and E McGoldrick (Essex)

This last year has seen the continuing development of the X-ray framing
camera (A6.2) culminating in its use in an experiment to study 1.05um
implosions (see section A42.4). The camera now works reliably and has been

used with framing rates of up to three frames per nanosecond.

Figure A6.22 ghows the schematic layout of the camera. The principal of the
slow wave structure is that a voltage pulse, travelling at the speed of
light, follows a path such that it always acts on the same part of the
slectron beam which, in our case, 1s travelling at a approximately one
quarter of the speed of light. By applying a stairecase voltage wvaveform to
the structure Lhe electron beam is defected in a saries of steps. This

waveform 1s produced by 1lluminating a silicon photoconductiag switch with a
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e
100pm

Resulrting images of resolution grid tests.

series of short, low inteusity, pulses. Each pulse is of insufficlent
intensity to saturate the switch, so its conductivity increases in steps

with each pulse.

The pulses are produced from a single pulse injected into a Fabry Pernt
etalon. Because successive pulses are of diminishing iotensicy the ecralon
is slighrly mis—aligned, to separate the pulses In space, and then sent
through a neutral denslty filter wedge arranged to give equal intensicy
pulses out. These are then focussed onto a diffusing screen in front of the

switeh,

Static image resolution tests have shown a cathode resolution of about

18 line pairs/mm. In dynamic tests at RAL a 2ns, 50J pulse was focussed
onto a copper target backlighting a grid of 25im periedicity with 10um line
and 15um spacing. This was imaged onto the Caesium Iodide photocathode with
¥10 magnification, and framed at a rate of two frames per nanosecond. &
100ps, 70mJ pulse was passed through the etalon system to drive the silicen
ewitch. The resultant images are shown in Figure A6.23. Only two images
are seen because the backlighting x-rays were only sufficiently intense to
be seen near the peak of the laser pulse. The first image 1s semi-statie,
the electron beam only moves from this position, while in the second image
the beam movea Inte position and out. The difference in image guality can
be seen, but the grid can stlll be resolved.

A new camera is c¢urrently under construction. The main changes will be an
Introduction of a blanking mechanism to "switch off" the electron beam
between images - this will improve the quality of the image and lead to
faster framing rates — and improvements will be made to the slow wave

structure.

A6.7.2 Fully Automated Analysis of Alpha-particles and Proton Etched

Tracks in CR-39 Plastic

A P Fews (Bristol)

An image analysis system has been developed which 1s capable of fully
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automated scanning, identification and measurement of etched nuclear

particle tracks in plastic. It is here applied to alpha-particle and proton

tracks in CR-39 plastic. Rellable and efficient selection criteria reject .
all non track defects appearing on or in the plastic. The measurable

parameters of the etch pits may be measured with a precision approaching or C initial surface

exceeding that of a skilled human observer. The scanning algorithm é;

developed takes full account of events on the edge of image frames such that

all events are analysed once and only once.

The system described here i3 completely software based, i.e. the hardware

does no pre-processing of the image. The image 18 produced in a h4
—d
J

conventional light microscope and tranamltted by a T.V. camera Into a

microcomputer. The image data 1s then transmitted in compressed form aleng

H E3 /\ final surface

The system operates with a microscope stage capable of stepping in 1 im
steps over 10 x 10 ¢m. The microscope 1s fitted with an autofocus system
capable of positioning the objective to within 1 um of the plastic surface.
Typically, the system scans with an optical magnification of between 2.0 and

a serial link to a VAX 11/750 computer where the main analysis takes place. ; .

optimum resolution of 0.2um by interpolation along a line of pixels.

0.5 pm/pixel. At a magnification of 0.5mm/pixel the system can achieve an ﬁh! ><
|
I

it 13 Intended In the near future to acquire hardware to digitiee the image
frames directly into the analysis computer, thus providing a substantial
increase in operating speed.

The image recognition and measurement of etched «—particle and proton tracks

in CR-39 plaastic 18 a particularly diffiult problem because of the complex
variation of track geometry with particle range, dip angle and etch

conditions. In the ideal case there are five measurable parameters of the
etched track: the major and minor axes of the opening mouth HJ’MI' the

total projected track lengeh X the track depth Z_, aod the dlameter of the

»
etched out end of the track, mT In the case of a ion etched out track, m =
0. These parameters are indicated in Figure A6.24. In a given case,
however, only a restricted number of these parameters will be accessible for
measureuent cither in depth or in projection on the horizontal plane.
Flgure A6.25 shows some examples of how the etched track geometry may vary
Fig. 46.24 A computer simulation illustrating the five measurable
46.27 parameters of an etched c-particle track in CR-39. Hote

that Mp, the diameter of the mouth where the track trajectory

tntersects the post-etched surface is not a measurabie
parameter,
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with parameters of the ineoming particle and the etch conditions. The
current system restricts the measurements to parameters projected on to the

horizontal plane.

A variety of selection criteria have been developed which are applied in
sequénce to select efficilently tracks with well defined geometry and to
reject non track defects on or in the plastic. 1In order to achieve the
fastest frame analysis time, the selection eriteria are applied throughout
the measurement process: in general each calculational loop also contains a
selection eriteria integral. The selection criteria are:

(a) Minimum and maximum limits for X and Y size. This enables a crude
first round selection to eliminate tracks that are conslderably out of
limics. To minimise computation time the limits are applied to X and
Y directions only, and not to the longest axis.

{b) Area. The area of the event is computed and applied to selection
limits.

(c) Mean oprical density. The average grey level of the event if
computed and compared to limits.

(d) Symmetry. The symmetry Integral is evaluated over the area of the
event and 1s applied to a cutoff limit.

{e) Convexity. The convexity of the event perimeter is computed and
applied to a limit, so that a specified fraction of the perimiter that
15 concave will cause rejection of the event.

(f) Minimum and maximum limits for the Minor axis are next applled.

{g) Mininmum and maximum limits for the XI/M axis are next applied.

]

As indicated above a variety of possible track geometries exlst with the
result that in general only a restricted number of the paramerers in the

horizontal plame are available for measurement. The main categorles are:

(1) M ,X_, m which applies to shallow tracks, Hj< X,
Nj which applies to steep tracks, MJ » KT or over etched

tracks.

After the shape and position of the candidate track have been determined cthe

program decides which parameter set to measure, either Mt' XT, m or ”i‘ Mj.
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It is envisaged that in future the 2 drive on the mlcroscope will be capable
of being offset by known amounts from the surface focus position thus
enabling depth measurements to be made, by maximising the sharpness at the
deepest point of the track. However, it should be noted that the ZT
measurement itself will usually be of no value, since it will not have an
accuracy couparable to that which 1s achievable on parameters measured in

the horizontal plane.

The track analysis techniques will work with any arbitrary set of
parameters. Therefore, any single parameter measured with an accuracy
significantly lese than the remainder will be rejected as unmeasured when

the data set is passed from the lmage analysis program to the track analysis

program.

Future developments will therefore be (i) to provide rapld multi-grey level
input to the software (il) calibrated ZT drive from the surface focus
position and (111) development of the software to make the parameter
measurements (both hidden and external) at calculated ZT offsets from the

surface focus.

The data from the image analysis software are passed to the track analysis
program for computation of the Input particle parameters. Depending upon
the number of parameters given to the program it is possible to compute one

or more of the following:

1) The particle range at the plstic surface, R

) The particle dip angle with respect to the plastic surface,

3) The characteristic bulk etching rate of the plastic VB

4) The track etch rate VT. This may be reduced to the value of the track
etch rate at a particle range of 10um, leO' This serves as a single
parameter o scale the general form of the track etch rate versus
particle range relationship

5) The etch induction time.
In practice only a restricted number of parameters are passed to the track

A6.29

analysis prograu so that all five of the above quantities are rarely
deternined simultaneously.

252
Initial testing of the system has been carried out with Ccf a~particles
and also with protons of energles up to 2 MeV from a Van de Graaf

accelerator.

To illustrate the results obtalned on a-particles, Figure A6.26 shows the
measured distribution of end radii, w/2, which in practice is the most
difficult parameter to measure. All the data ghown were obtained for tracks
where the system measured the parameters KT. M1 and m. The measurements
were made at & magnification of 0.5 m/pixel and the instrument resolution
15 estimated to be ~ 0.3jm. The spread in the main signal, between ~ 3.4 -
4.4ym is chiefly due to real differences in the range of the a-tracks.
Measurements less than 3 |m arise principally from etch pits blocked by etch

products.

The data from the image analysis system were then analysed by the method
deseribed above to fit a bulk etch rate, VB’ the track etch rate scale
factor VT10 and a total range to each track individually. The resultant V
distribution is shown iIn Figure A6.27, the VTlO distribution 1s shown in

Flgure A6.28 and the range distribution in Figure 46.29. All three graphs

B

contain all the measured data, and no selection was performed to laprove the

distributions. It can be ceen that on individual tracks the bulk etch rate

can be determined to better than 10%, and leO to ~ 4%. The wnean range of
the tracks in Figure A6.29 is 35.3um with a standard deviation of 0.6ym,
which is marginally better than a skilled human observer could achieve using
the yame microscope objective and measuring only KT, Hi and m. Improvements
to the system hardware, as described above, will be raquired before it will
be possible to use a higher tesolution objective.

Figure 46,30 illuscrates the measured distriburion of mlnor axes of normally
incident 2 HMeV proton tracks. The spread in distribution (g) is ~ 0.22un
which is close to the theoretical optimum value achievable with a

magnificatrion 0.5 um/pixel. This would correspond to an uncertainty in the

A6.30
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proton range of 5 ym, corresponding to an energy uncertainty of 0.1 MeV.
The CR~39 plastic was in this case etched for a bulk removal, 4 ~ & ym. The
energy resolution could be improved by a factor ~ 4=5, by etching the

plastic for the optimum awmount of surface removal, & ~ 30 ym in this case.

Apart from the analysis of thermonuclear particles the analysis system has
wide application for nuclear particle analysis in other fields. In
particular the system is being developed for application in the growing
areas of research into the uptake and retention of a-radionuclides in man

and in neutron spectrometry and dosimetry.

A46.7.3 Compact X-ray Streak Camera

J Hares (IC)

The compact x-ray streak camera described in the 1983 annual report (Section
1.7.3) has been used on several experiments in thig period. These include
colliding shock absorption spectroecopy, planar dot spectroscopy and time
reselved EXAFS. In particular the planar dot experiment has benefited from
the small physical size in that a doubly reentrant part arrangement (see
Figure A6.31} was uwsed to get the photocathode to a distance of only 9cm
from the plasma. This resulted in a very high sensitivity.

The recombination continuum from a 50mm thick dot, 70pm in diameter, was
recorded out into the coronal region. Hydrogen and helium like line ratios
were obtained from 25nm thick dots. The dot, being very thin, samples a
snall regicn of the ablation plasma as it travels outwards, thus time

translate into Z a the gtreask record.
The solid state sweep circuitry has been totally reliable-

AB.7.4 A Gated X-Ray Intensifier with a Resolution of 50 Picoseconds

A K L Dymoke-Bradshaw, J D Kilkenny, J Westlake (IC)
Nlany aspects of laser produced plasmas and laser fusion studiea Tequire

A6.31

time-resolved X-ray images, in particular the study of implosion symmetry
and Rayleigh Taylor Instabilities. The useful exposure timés required are
determined by the velocity, 10%ms~! and the 10um resolutinn to be 100ps or
less. A gated X-ray intensifier could ultimately produce exposure time of
50 ps.

The device, described In the annual report last year, was a proximiry
focusged tube with photocathode, extraction mesh, microchannel plate and
phosphotr. This device suffered from a poor contrast ratio as X-rays passing
throvgh the photocathode formed an Image superimposed on the gated image.

To improve the contrast ratio We have built a second tube in which the gated
and ungated images are separated by drifting the photoelectrons For 35mm at
12° to the straight through ¥-rays. The photoelectron image is drifted in a
magnetic field of 0.2 to 0.3 T which gives an electron Larmor radius of
~25um in the direction perpendicular to the drift direction. The tube is
shoun in Figure A6.32. Electrostatic imaging of the photocathode onto the
micro—channel plate was precluded as the large longitudinal energy spread of
the gated electreons would result 1n severe chromatiec aberration. The
elements of the tube remain esseuntially unchanged from last year except for

the increased separation of the mesh and micro-chanmnel plate.

With a large magnetic field on the tube the eriteria for proximity focussing
in the photocathode-mesh region can be relaxed. It 1s no longer necessary
that the electrons eross the whole photocathode to mesh distance during the
gate pulse as long as they pilck up sufficient energy to make them detectable
by the micro channel plate {(~ two hundred eV) and sufficlent energy to
overcome the reverse bias applied to the photocathode. Also resolution is
fixed by the Larmor radius not the proximity focus point spread function.
This means that the photocathode to mesh distance and the width of the
stripline can be increased giving nore field of view without departing from
50 chm geometry. The present device uses a 1.5om spacing with a

photocathode 7mm wide by 10mm long.

Statlc resolution tests using a pulsed (15ms risetime) 0.3 Tesla field were

performed. A countinuous microfocus beam target X-ray source was used, run

46.32



Scm

¥

|
‘\\\\\\
INTENSIFIER. T
| | /L L -PLASMA
- / CRYSTAL

CATHODE

CHAMBER WALL

Fig. A6.31 Illustrating doubly re-entrant geometry for high sensitivity.



X K-

magnetic field

kY
J

copper mesh
ground plane

X~rays incident at
12° to normal

photocathode /f

50chm microstripline——

E

150nm CsI on 25um Be

v R

e

b1 1] I

%
N

/microchannel plate

luminised P11 phosphor
n fibre optic window

field free drift

X

Schematic of new image tube
with “straight- through” image
rejection

Fig. A6.32



with 6kV eleectrons onto an aluminium target. The photocathede was gated on
for 500us at the peak of rhe magnetic fleld. The H.T. for the microchannel
plate and phosphor was gated on for about 50ms.

To measure the spatial rescluticn several copper meshes were placed on the
front of the photocathode. The results shown In Figure A6.33 are from the
superposition of 40 exposures. It can be seen that the 80um pitch 1:1 mesh
1s easily resolved giving 12.3 line pairs per mn. The mesh with holes of
size 230 by 23um also shows some signa of being resolved in the smaller
dimension. With softer X-rays (or thicker meshes) and a higher magnetic
field it 1s expected that 20 line pairs per mm should be possible.

It can also be seen in Fipure A6.33 that the bottom of the picture is a
duplicate of the top. This iz the straight through image which has been
exposed for one hundred times longer.

Gatling tests on the tube were performed on the Vulcan laser at the
Rutherford Appleton Laboratory. A laser pulse of several Joules and 120 ps
duration produced an X-ray source con each side of a gold on Mylar foil
target. The sources were separated by about 400um in space and 100
plcoseconds in time. The sources were imaged onto the photocathode with a
100ym pinhole which gave sufficient resclution to separate the sources.
Part of the laser beam was used to drive the Auston switch. The gate pulse
length was set at 200 ps and on a shot to shot basis the gate pulse timing

was acanned over a nanosecond.

The results are shown in Figure A6.34. By gating very early neither source
is imaged. As the gate timing 1s made later, first one then both of the
X-ray sources is imaged. The sources have fast visetimes but slow decay

times.

1t can be seen thart a change of 50 picoseconds in the tinming can change the

resulting image from barely detectable to well exposed.

The c¢ontrast ratio appears to be very high and we have yet to measure it.

Emisslon of photoelectrons from the mesh which could reduce the contrast

46.733

ratio does not appear to be a severe problem.

Having produced a device of useful temporal and spatial resolution with goed
gating contrast we next intend to build a multichannel device with several
photocathodes and one intensifier. Imaging will be performed with pinhole
arrays or a Kirkpatrick Baez microscope. An Auston switch pulser will be
required for each channel. A larger magnetic field of up to 1T imay be used

to lmprove spatial resolutlon so that it is MCP linited.

A6.34



Fig. A6.33

The supperpositon of 40 half millisecond exposures. The photocathode was
On the right is 1:1 grid with 80 micron pitch showing resolution at 12.5 line

To the left is a mesh with rectangular holes of size 230 by 23 microms.
This is the straighnt

Static resolution tests.
masked with two grids.

pairs per millimetre.
At the bottom of the picture can be seen a duplicate of the image at the top.

through image and is the supperposition of 40 fifty millisecond exposures.
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IMAGES OF 2 PLASMA X -RAY SOURCES TAKEN WITH THE GATED  X-RAY INTENSIFIER

Fig. Ab.34 Time resolution tests with the second tube. Two X-ray sources were produced eitherside of a gold
on mylar foil and imaged (with low spatial resolution) onto the photeocathode. The laser beams had
a relative delay of about 200 picoseconds. It can be seen that the left spot comes on later than the
ripht spot, and turns on in about 50 picoseconds. It can be seen that the extinction ration is now
excellent.
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SECTION B ULTRA VIOLET RADIATION FACILITY SCIENTIFIC PROGRAMME
allBr
| I
INTRODUCTION Br{D't—= X'}
(a)
M C Gower (RAL)
The past year was the second year of operatiom of the Ultraviolet Radiation L -
Facility(UVRF) in the CLF, and was one of intense activity by the
researchers who made use of the faciiity. During the year a total of 51
Br(D?O0—A31)
users drawn from 16 university groups used the facility. In addition, the
faciliry was hired, by the purchase of time on the facility, by three other
establishments. b)IBr + Ar
The primary laser sources of the facility are a line-narrowed high (b)
brightness excimer pystem for tunable operation around wavelengths of 193,
2
249 and 35lnm, an excimer pumped dye laser continuously tunsble between 320
and 980nm and a high energy I-‘2 laser operating in the vacuum ultraviolet . A
gpectral region at 157nm. A range of various sophisticated diagnostic and
detection equipment is also available in the facility. B {D3]_'|_ 3
r{D I—-A
0, xesrig-»X)
Scheduling meetings to consider and allocate time on the facility were held
in July and Hovember 1983 and March 1984, In contrast to last year, three
+
scheduling meetings are now held every year so that four (instead of six) ( C)IBI‘ xe
monthly periods are scheduled at each meeting. As last year, bida for time cl
on the facility greatly exceeded the time avallable. In respouse to thise
inereasing demand, in September 1983 the facility expanded into an
additional laboratory adjacent to the original UVRF lab. Experiments which
only require use of the dye lager or the line-narrowed excimer lager system + * L
can now be scheduled independantly for simultaneous operation. For those 500 400 A 300 200
experiments which require the use of both of these systems it ig possible to fnm
operate both laboratories in randem and relay b s between them. As . . . .
P ¥ beam n @ Fig. BI.1 Fluorescence observed following excitation of IBr
result of this expansion the number of experiments which have been scheduled at 193 om (ArT laser)
has significantly increased. _ -2 -2
{a) 1Br (PIBr = 173 Wm °, PBrz = 176 Nm 7)
_ -2 B =2
The bide for Divigion Head's weeks in both areas have also been greater than {b) IBr +4c (PIBr = 160 Na -, PBrg = 147 Bm =,
the time available. However, by use of more flexible periods at weekends, PAr = 7.45 k Nm-z)
_ -2 _ -2
(c) IBr + Xe (PIBI.‘ = 173 Nm °, PBrz =176 Nm °,

B.1l

-2
]?1'[E = 7.09 k ¥m 7}



evenings and time set aside for maintenance it has been possible to
accommodate most of those users who wished to conduct short exploratory

experiments.

Throughout the year the equipment in the facility has been expanded and
enhanced. In particular, a Lamda-Physik Model EMGLSOETS has been installed
to replace the EMGLOLE/201 oseillatorfamplifier configuration used for line—
narrowed operation. A high energy (40ml) Fz lager (Oxford Lasers K¥-1)
which operates at 157nm has also been installed. Additional diagnoatic
equipment has also been added to the facility. '

4s last year, the main activities in the facility were photochemistry(6l% of
scheduled time) and physics (2BX) related activities. However, photobiolegy
(4%) and engineering (2%) experiments were also cartied out. It can be geen
from the work described below that the year has been extremely productive
for the users of the UVRF.

Bl  PHOTOCHEMISTRY AND SPECTROSCOPY

Bl.l Photochemical and Spectroscopie Studies of Small Molecules

R J Donovan, M MacDonald, C McKendrick, A Torre, J P T Wilkineon
(Edinburgh), C Fotakis (University of Crete)} and M Gower (RAL)

During the past year a number of new projects have been undertaken together
with further work on some of the projects described in last years report.
Particular emphasis this year has been placed on extending our work on the

spectroscopy and reactions of the halogen ion-pair states.

Bl.l.l Oscillatory Continuum Emission from IBr

Twe gtrong osclllatory continuum systems were observed (Bl.l) following

excitation of IBr at 193 om (ArF laser). As IBr exists in equilibrium with
both I3 and Br; and because I, gives intense fluorescence when excited at
193 om, a small excess of Bry was added to all samples. By careful choice

of conditions, good quality spectra were obtained (see Figure Bl.l below).

B.2

This work 1s deseribed in further detail in reference Bl.l. Wc are
currently in the process of analysing these spectra to obtailn new

spectroascopic data on excited states of IBr.

Bl.1.2 Osecillatory Continuum Emission from Bro

Last year we reported that three new oscillatory continuum systems had been
observed following excitation of Bry at 157 nm (F, laser) (Bl.2). Further
work has been carried out and the quality of the spectra has been greatly
improved. We are currently analysing these spectra using the Edinburgh

computer code.

Bl.1.3 Reaction of Excited IBr with Xenon

The reactions of electronically excited rare gas atoms with halogens and
halogen containing moclecules, e.g.

Ar* + Cl2 + ArCl* + Cl
have been studled extensively due to the importance of excited rare gas
hallde molecules in the development of high power laser systems. It has
aleo been shown that electronically excited Cl

electronically excited KrGl® (Bl.3).

o Tedets with krypton to yleld

We have now shown (Bl.4) rthat IBr excited at 193nm (ArF laser) reacts with
ground state xenon atoms to yleld excited XeBr*, viz.:
IBr* + Xe + XeBr* + I
Fluorescence from exclted XeBr* i1as observed at 280 nm (see Figure BlL.1l):
XeBr*x + Xe + Br*+ hv (280 nm)

We have also studled the collislonal quenching of excited IBr by Ar which
populates the lowest lon—-pair (D') state giving strong fluorescence at

385 mm. Further detalls are given in reference Bl.4. From this and

earlier work it appears that it will be possible to construct a range of new
and efficient cptically pumped lasers involving hélogen and interhalogen

molecules.

B.3



Bl.1l.4 Two Photon UV Exeitation of $0,and

Lagser Induced Fluorescence from SO

We have shown that strong fluorescence from 50(332- (v' = 2) =+ stq

(v'' = n)) is observed following KrF laser (248nm) excitation of 802. The
50 radicals are fnitially formed in their ground electronic state by a
sequential two-photon absorption mechanism involving the B

1Bl gtate of 502 as an Intermediate state and a high-lying Rydberg state as
the digsociative state. The 50 radicels then absorb a further photon at 248
ne which gives rise te the observed S0(B~X) fluorescence (see Figure Bl.2).
This work is described in further detail in reference Bl.S.

Bl.1.5 Iwo Photon UV Excitation of H.0

Work on the two photon excitation of HZO at 248 nm ueing the line narrowed
output from a KrF laser has recently been carried out. Fluoreascence from
OH(AZZ+) has been monitored as the output from the line narrowed system was
tuned over the gain profile and considerable structure in the excitation

gpectrum has been observed.
2.+
Hzo + 2hv + OH(A"L') + H
The spectroscopic data from thege experiments 1s currently being analysed.

Bl.2 Photochemistry and Raman Spectroscopy

R E Hester, P M Killough, J E Bennett, W E L Grossman (York)
R Wilbrandt (Risf National Laboratory, Denmark)

Bl.2.1 Introduction
Our work over the past year has been of two types:
3
(i) time-resolved resonance Raman (TR”) spectroscopy of photochemical

reaction intermedistes, and (11) resonance Raman spectroscople studles with

ultraviolet excitation. Both types of experiments depend on the versatile

B.d

excimer laser aystem and on the sensitivity of the diode array multichannel
detection system available at the RAL UVRF.

TR3 experiments exploit the pulsed nature of the excimer and dye lasers. An
initial photolysis or "pump” initlates the photochemiztry and a subsequent
probe pulse interrogates the system. The prebe pulse may be separated in
time and/or in wavelength from the pump using our present experimental
arrangement {(as previously reported). Thus it is possible to monitor the
progress of a phetochemical reaction as a function of time and at a
convenilent (usually a resonance) wavelength. In principle TR3 offers more
information than pulsed absorption epectroscopy (flash photolysis) since the
results are the highly structured vibrational spectra of the gpecies in the

solution, rather than broad featureless absorption apectra.

The ability to excite Raman and resonance Raman spectra In the ultraviolet
is important to the practice of Raman spectrogcopy because the intensity of
the scattered light is propertional to the fourth power of the frequency of
the exciting laser light. It is especially important for resonmance Raman
since the majority of substances have their most intense absorption bands in
the ultraviolet region. Relatively few compounds are coloured and thus
accessible to resonance enhancement using visible lasers. Since the
regonance enhancement effect 15 specific to the chromophoric part of the
melecule, it may be used to good advantage for selective probing of small
etructural groups in large molecules {eg. enzyme active centres) with good

sensitivity.

Bl.2.2 Experimental Methods

Since our last report, several modifications have been made to our
experimental arrangement. The nmost important of these has been the addition
of a PARC model 1211 high voltage pulser to gate on and off the Intensifier
in the.multichannel .detector. This sigrificantly laproves the guality of
the spectra obtained because the initial photelysis pulse and any associated

fluorescence are gated out.

Also of importance to our work has been the greater reliability and improved

B.5
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Fig Bl1.2 Fluorescence observed following excitation of SO (P =1.3 ki¥ m_2)
at 248 _nmm with the focused eutput of a KxF laser. The sharp
So(B3: (v' =2) + X3 (v'' =

= 1)) é}uores§?nce is superimposed on
the broader fluorescence from S0, (B B] - Al). The spectrum has not
been corrected for the response of the detection system.



average power of the model ¥L 2002 dye laser which has replaced the
unsuccessful FL 2001. Replacement of the unsuccessful tetrode switches by
speclally selected thyratrons in the coupled lasers forming the
line-narroved excimer system led to a large improvement in reliasbility of
this system. Unfortunately, these thyratrons performed acceptably for only
~ 3 months, at which point the 'jitter’ became so large as to prevent any
line—narrowing. Prior to this, the jitter slowly increased with time,
preventing consistent pump/probe experiments with time delays less than

~ 80 ns.

We have been guccessful 1o attenuating the KrF laser pulses with Schott
glass filters so that a silica flow tube may be used to holed the sample
instead of the rapid flow liquid jets desceribed in our last report. Thie
minimizes sample contact with air, which c¢an be impertant in some
experiments, and allows us to reduce the amount of sample needed for a flow
experiment from ~ 10 ml to less than 1 ml. Much slower flow rates can also
be used, thus extending the residence time of the sample in the "¢bservation
zone” and allowing longer delay times between laser pulses to be used if
desired.

Bl.2.3 Results and Discussion

A diverse set of compounds have been investigated in this reporting period.
Examples of TR3 and resonance Raman spectra of some of these compounda will

be given here.

Bl.2.3(a) TR3 Investigations

Bl.2.3.(a){1i) Anthraquinone—2, ~disulphonate and related anthraquinones

This work was done in collaboratlon with the group from the Reyal
Institution and @ill be described in Section Bl.3 of this report.

B1.2.3{a){1i) All-trans-l,4—diphenyl-1,3-butadiene

All-trans-l,4-diphenyl~l,3-butadiene (DPB} is a useful model compound for

B.6

the retinal molecule which forms part of the visual pigment rhodopsin. When
illuminated in the eye,

all-trans-DPB ll-¢ig—-Retinal
retinal, which is ll-cis in its "dark” form, undergoes a photoinduced
ilsomerization about carbons 1l and 12 to give the all-trans form. In our
experiments, all-trans-DPB undergoes a similar excited state isomerization
to cls, trans—~DPB. We have studied DPB 1n its excited triplet state. This
le produced by efficlent energy traunsfer from biphenyl, triplet biphenyl
being readily produced by pulsed 248 nm irradiation of the ground state.

We have obtained the enhanced Raman spectrum of ground atate all-trans-DPB
in the preregonance reglon and the resonance Raman spectrum of triplet DPB.
The ground state spectrum was obtained using only the dye laser at 396 om (6
mJ/pulse), while the triplet state spectrum was obtalned by pumping the
sample and biphenyl semsitizer at 248 nm (10 ml/pulge) and probing at 396 nm
(6 wl/pulse). Varlous time delays between the pulses were used. Figure
Bl.3 ghows the TR3 gpectrum of triplet DPB.

This work has been subaltted for publication.

Bl.2.3(a)(iii) Short-lived alkyl peroxyl free radicals and allkyl

nitroxyl radicals.

308 nm laser radiation has been used to generate unatable alkyl peroxyl free
radicals in solution, with line-narrowed, time-delayed 248 nm probe laser
radiation being used to excite their resonance Rgman spectra. These
experiments have proved particularly difficult and, alhhougﬁ spectra have

been obtaimed, they are not yet complete.

The alkyl nitroxyl free radicals are more stable than the peroxyl analogues

and have served us as useful model compounds in this study. We have worked
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with dilute solutions in methanol/water of di-t—butylnitroxyl (DTBHQ),

2,2, 6,6-tetramethylpiperidinooxyl (TEMPO) and 4-~hydroxy-2,2,6,6 —
tetramethylpiperidincoxyl (TEMPOL), using 248 nm radiation to excite their
regonance Raman spectra. The WN-0 bond stretching mode has

been found at ~ 1340 e~ and a number of overtones also have been measured,
enabling us to calculate the anharmonicity of the vibrations. Some of these
spectra are showm in Figure Bl.4. A full account of this work is being
prepared for publication.

Bl.2.3 (b)(1) Rescnance Raman Studies in the ultraviolet (UVRR)
+
Nicotinamide adenine dinucleotide (NAD /NADH).

Resonance Raman spectroscopy has recently been used to probe the active
gites of enzymes. These studies all have involved the binding of substrates
to form coloured complexes which were then amenable to study with visible
lasers. From the biological point of view, the most satiefactory state of
affairs would be to use a natural reporter molecule, preferably one which
participates in the enzyme reaction. NAD+ and 1ts reduced form, NADH, are
coenzymes for a large number of enzyme-catalysed redox reactions, but have
not been exploited 28 reporter molecules since they are not coloured. NADPH
does have an absorption at 340 nm, but attempts to excite resonance Raman
spectra in this absorption band lead to strong fluorescence; this absorption
is not- present for NAD+. Both NAD'+ and NADH, however, do have a strong
absorption at 260 nm. We have obtained resonance Ramar spectra of NADH
using the line-narrowed 248 nm KrF excimer lager and thug have avoided the
fluorescence problems. See Figure Bl.5. We plan to use NAD+/NADH co
investigate g number of enzyme reactions, such as that catalyzed by liver

alcohol dehydrogenase.

Bl.2.3(b)(i1)Papein and Model Compounds

Thie work was done in collaboration with the group from Birmingham
Univerwity and 1s deseribed in Section B2.2 of this Report.
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Bl.3 Time Resolved Resonance Raman Spectroscopy of Anthraquinone

D Phillips, J Moore, G Atkinson (Royal Institution), R E Hester,
and P Killowgh (York)

A series of sulphonated anthraquinone derivatives has beea studied by
time~resolved resomance Raman spectroscopy. A nanosecond pulse from a

XeF laser pumps the sample into the excited state, and the syatem is then
probed by observation of the scattered light from a second pulse from an
excimer-pumped dye laser. By tuning the dye laser into the absorption bands
of the transient specles produced by photolysis and using suitable time
delaye between the pump and probe pulses, the resonance—enhanced Raman
spectra of the transient species may be observed. Variation of the time
delay between the two pulses allows an estimation of the kinetics to be
made, and the vibrational bands obaerved in the Raman spectra to be
identified with the electronic absorption bands seen in flash photolysis
experiments. Transient species which have been studied include the triplet,
a triplet-solvent complex, and the semiquinone radical anionm. Analysis of
this data is presently being undertaken with the aim of using the

vibrational bands to elucidate the atructures of these transient species.

Bl.4 Time-resolved Luminescence Spectroscopy of Copper {I) Complexes

in Solution

S E J Bell and J J McGarvey (Q U B)

Bl.4.1 Introduction

Luminescent charge-transfer excited states of metal-centred systems are of
practical and theoretical importance in relation to photophysical and
electron-and energy-transfer phenomena. Recent examples, first reported by
McHillin et al (Bl.6),- are the metal-to-ligand charge-transfer (MLCT)
excited states of copper (I) complexes with heteroaromatic ligands such as

phenanthroline and substituted anazlogues,
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R = H (phen)

R = QHs(diMe-Ehen)
which luminesce in fluid solvents at room temperature. The temperature
dependence of the emission has been interpreted in terms of two emitting
states In Boltzmann equilibriﬁm. The availability at RAL-UVRF of 2
wavelength—-tunable dye laser and an optical multichanmnel analyzer affords an
excellent opportunity for a comprehensive investigation of the kinetics and
photophysics of these interesting systems. The aim of the preliminary
experiments described here is to populate the MLCT states of complexes of
the type Cu(L); (L denotes phen or diMe-phen shown above) using the
excimer—-pumped dye laser as the excitation source and to study the
luminescent decay kinetics by gating the OMA to time-resolve the MLCT

emission spectra.

Bl.4.2 Experimental

Figure Bl.4.1 ghows a éimplified echematic diagram of the experimental
arrangement. The dye laser was operated in a 'free—running' mode (rep. rate
5-10 Hz) and the accumulation of emission spectra was controlled from the
OMA console, utilising timing modes (3 + 7) [as described in the diode array
operating manualJ- Appropriate delays In the range (0-200)ne between an
emlssion event and the gating pulse to the OMA head were selected by means
of the bullr-in delay circuitry on the gate pulse geperator. As an
independent check, the delay between the gating pulse and that from the
photodiode monitor of scattered laser radiation wae measured on a atorage
oscilloscope:. In view of the period available (7-l4th January 1984),
studies were confined to two laser excitation wavelengths, 453um and 530um.
A Chance glass filter (DR.2) was placed at the entrance slit of the
spectrometer (600 grooves/mm grating) to minimise laser scatter. Solutions
of the complexes in dichloromethane were degassed by purging with argon and

-all experiments were conducted at amblent temperature.
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Bl.4.3 Repults and Discussion

The luminescence quantum efficiencies for these systems are low {Bl.6),
making it necessary to accumulate the signals from several hundred laser
shots in each experimental run. Figure Bl.7. shows examples of the
resultant spectra for Cu(diMe—phen); and Cu(phen); at several delays
following excitation at 530nm. Analogous results were obtalned with 453om
radiation. The emission spectrum for Cu(dine-pheu); is 1in good agreement
with that reported by McMillin. To our knowledge, that shown for Cu(phen);
is the first reported emission for this complex in solution. [The emigsion
intengity here ip approximately an order of magnitude lower than for the
diMe-phen complex}. A puzzling feature is the sharp peak at 618nm which
decays within 40ns. The other, longer wavelength peak, evident also in
Cu(diMe—phen); spectra, 1s attributable to solvent Raman acattering.
Studies at other excitation wavelengths and over a wide temperature range

+
will be necessary to establish the origin of the Cu(phen)2 emission.

In the gpectra for Cu(diMe—phen);, the absence of any shift with time in the
emigsslon maxima indicates that emission occurs from one level under room
temperature conditions, effectively in agreement with McMillin's conclusion.
The relaxatlon times for decay of emission (computed from log plots of
spectral peak heights vs. time*) 1lie In the range (50-90)ns, dependent upon
the concentration of parent complex. A detailed analysis of the results (in
combination with other kinetic data derived from MLCT exclited state
absorption studies at Belfast) suggests that the overall photophysical
plcture is complicated, with perhaps three excited states being involved.
Further studies of the time-resolved luminescence at other excitation
wavelengths will be necessary to substantiate this conclusion. These trial
experiments nevertheless demonstrate the suitability of the high repetition
rate dye laser in combination with the gated OMA for photophysical

Investigation of weekly luminescent systems.
*The validity of this procedure was checked by time-resolving the emission

2+
from the MLCT state of the complex Ru(bipyridyl)a in water. The computed
radiative decay time, 500ne, is in very good agreement with literature data.
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B2  PHOTOBIOLOGY

B2.l Time Resolved Fluorescence Polarisation Studies of N-3-Pyrene
Maleimide . Bound to Bovine Serum Albumin

A D B Waldman, J J Holbrook (Bristol), J Szechl and M H Key (RAL)

B2.1.1 Introduction

N-3 pyrene maleimide is known to form highly fluorescent adducts when
reacted with thiol groups and has been used extensively as a fluorescent
label in proteins (B2.1l) (B2.2).

In this study, conjugatea of this dye with Bovine serum albumin have been
uged as & test system to assess the feasibility of using lasers and streak
cameras for measuring the time~resolved fluorescence anlsotropy of intrinsic
and extrinsic protein fluorophores im the 1071V-10¥s time range. Such
measurements will enable rapid motions of individual residues and domains

within globular proteins to be monitored.

B2.1.2 Materials and methods

Pyrene BSA conjugates were prepared from Bovine Serum albumin (Sigma) and
n-3-pyrene maleimide (Molecular Probes Inc.) by the method described by Lux
and Gerard (B2.3) and dialysed extensively against 0.1M phosphate buffer
pH7.5. Samples were all 6.BuM with respect to dye concentration {(calculated
from Aj,snm assuming an absorption coefficlent of Ax 10 lem™ ! (B2.4).

This gave an absorbance of 0.2cm™ ! at the excitation wavelength (337nm).

Exciting light was provided by a nitrogen—filled Lambda-Physik EMG 201 laser
utilising the nitrogen line at 337nm. The latensity of emitted light was
resolved in time using a Homamatsu C-979 streak camera and C1330 temporal
analyser. This was triggered by a fast photodiode and an optical delay lime
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wae employed to give sufficleat pre~trigger. Triggering delay was varied by
the use of callbrated lengths of coaxial cable.

Vertical polarisation of the laser light was achleved using a Glan-Taylor
prism and the emitted light was resolved into horizontal and vertical
components by the uge of split polarising filters mounted on the inlet
window of the streak camera. The horizontal and vertical components of the
fluorescence were monitored simultaneously as two atreaks on the Vidicon
tube and stored digitally in two channele of the temporal amalyser. The
limited range of streak camera sweep times (maximum of 10ns) meant that it
was necessary to concatenate several streaks in order to observe the
fluorescence decay over a sufficiently long time to allow lifetime
measurements tc be made. This, however, was complicated by apparent
inconsistancies in the calibration of the full screen width setting on the
temporal analyser and the very limited dynamic range of the detection

system.

B2.1.3 Results and Discussion

Total fluorescence intensity measurements showed a decay with a lifetime in
the range 5-10ms (Figure B2.1). The accuracy with which this could be
measured was very limited due to the long duration of the laser pulse
(7-10ns FWHM) relative to the fluorescerce lifetime. This lifetime
corresponds to the ghorter lived fluorescence decay component reported by
Lux and Gerard (B2.3) which was assigned to n-3-pyrene maleimlde covalently
bound to BSA via the protein thiol. The lenger (50ns) lifetime decay, which
these authora ascribed to the presence of dye molecules adsorbed onto the
purface of the protein, was not measutred due to the narrow range of Bweep
times and poor dynamic range chatacteristics of the detection equipment in
the configuration used. Anlsotropy was clearly detectable in the emitted
fluorescence signal (Figure B2.2). The magnitude of the anisotropy changed
‘tittle in the time range measured which Is also congistant with previous
studies which have shown rotational correlation times (Tc) for serum albumin
to be in the reglon of 40ns (B2.5). Again, the poor signal to nolse ratlo
and limited dynamic range of the detection equipment prevented reliable

determination of tc.
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B2.2 Decay of the horzontally (H) and vertically (V) polarised

components of the fluorescence signal with time. Daca
was obtained from a single=shor experiment.

These preliminary results demonstrate the potential for using laser and
streak camera systems for studying time-resolved fluorescence polarisation
in proteins. However, accurate measurement of lifetimes and correlation
times in the 10710-10"7s time range would require laser pulse of short
duration (~100ps), a rapldly retriggerable, low-jitter streak camera with
larger range of sweep times (50ps-100ns) and a sensitive detection device
with wide dynamic range characteristics. Additiomally, a continuously
tuneable excitation source and gome means of monochromating the emitted
light are deairable since thie allows the contributions to the lntrinsic
fluorescence of proteins which contaln multiple fluorescent residues to be

regolved.

B.2.2 Raman spectroscopy of bilological molecules

Some preliminary studies of enzyme catalytic centres and

mechanisms using ultra-violet resonance Raman spectroscopy

C W Wharton, P J Tonge (Birmingham), R E Hester, P M Killough (York)

B.2.2.1 Introduction

The formal covalent bond exchange processes of enzyme—catalysls are now
quite well understood and further progress in our understanding relies upon
description of the weaker {H-bonding, steric, hydrophobic) forces that
modulate covalent forces during catalysis.

The industrially-important proteln—hydrolysing enzyme papain effects

catalysls according to the scheme:

HZO
E-5~ -+ RCONHR' -+ E~SCOR + E-57

+R' N‘Hz +RCOC™

The thiolate anion of the eesential cysteine residue absorbs in the
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ultra—violet with a A max "SOT 232 nm and hae been proposed to exlst as a

component of a zwitterion with an imidazolium cation of a nelghbouring
Rigtidine residue.

The thiol-ester acyl-enzyme also absorbs ultra-violet light with a kmax
of 235-232 nm.

Accordingly both the thiolate anlon and the acyl—enzyme are amenable to
excltation by 248 nm laser irradiation and hence potentially to observatiom
of thelr resonance Raman spectra. The apparatus used has been described in
the 1983 Laser Division Annual Report (Chapter 3, 3.4.2).

B2.2.2(a) Model Compounds

Ethyl thiolacetate has been studied as a simple model of the acyl-enzyme.
That the spectrum is resonance-enhanced in dilute aqueous solution is shown
in Fig. B2.3.

Thiolate anions (e.g. mercaptoethanol) have been examined im dilute aqueous
solution but, as yet, resonance—enhancement of v (C-S) has not been

observed.
B2.2.2(b) Papain

An important finding is that there is little fluorescence interference when
the enzyme is irradiated at 248 nm. Also the enzyme retains some 70% of its
catalytic activity after exposure to a single laser pulse. All experiments
have been conducted using a capillary flow system that, on a bulk flow

basis, results in exposure of the enzyme to a single laser pulse. Resonance

enhancement of v {5-5) at 519 em ! has been observed.

B2.2.2(c) Acyl-papain
A continumous fast flow mixing apparatus has been comstructed that allows
preparation of the metastable (t%~ 0.1s8) acyl~enzyme R-acetyl-L-—

Phe—~Gly-pepain using the methyl ester as substrate. Fluorescance
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interference is again found not to be serious and resonance-enhancement of v

(C-3) of the thiol ester linkage has been observed at 621 em !.

B.2.2.3 Ipprovementa to the Raman apparatus

Baged on the results of the preliminary experiments described above, we have
identified a number of improvements to our experimental system that are
expected to lead to an improved S/N ratio in our presently rather noisy
gpectra. These are: (1) use of precision-drawn guprasil caplllary cells;
(2) use of back-scatter collection optics; (3) use of a translatable
capillary cell in enzyme experiments to prevent local obscuration of the

laser beam.

B.2.2.4 Summary and conclusions

In a short experimentsl program we have demonstrated that systems described
above are amenable to study by resonance Raman spectroscopy using
line-narrowed 248 mm radiation. Of particular importance are the facts that
observation of the spectra is possible at appropriate (mM) concentrations in
water and that fluorescence interference {perhaps rather surprisingly) seema
not to represent a problem. A varlety of improvements that will be made to

the experimental system have been identified.

B2.3 GENERATION AND DETECTION OF SINGLET OXYGEN IN LIPOSOMAL LIPID
BILAYERS

A Garner and M J 0'Connell (Brunel)

The XeF exclmer laser, operating at 35lnm and approximately o], was used
to excite anthracene embedded in lipid bilayers that were themselves
suspended in aqueous solution as liposcmes. Singlet oxygen produced by
energy transfer from triplet anthracene to ground state molecular oxygen was
detected by observing the formation and decay of the triplet state of

B~carotene, itself produced by energy transfer from singlet oxygen.
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Figure B2.4

The triplet state of B-carotene was monitored by using an argen lon laser,
operating at 5l4nm and 50-100mW, as the probe source. The detector system
was exposed to the argon lon laser beam for 2ms during which the excimer
laser and the detector recorder system were triggered at appropriate delay
intervals. Preliminary results indicate that singlet oxygen in the lipid
bilayer has a half-life of about 3ps, and is quenched by B-carotene with a

rate constant of 109 dm?d mol™} 571,

. References

B2.1 C-W Wu, L R Yarbrough and F Y-H Wu, Blochemistry 15, 2863 (1976)
B2.2 T Lee and R L Helutz, Eur J Biochem 66, 105 (197 6)

B2.3 B Lux and D Gerard, J Blel Chem 256, 1767 (1981)

B2.4 A B Rawitch, E N Hudson and G Weber, J Biol Chem 244, 6543 {1969)

B2.5 P Wahl, C R Acad Sci Ser D 263, 1525 (1969)

B.19



B3 PHISICS

B3.1 UV _Thomson Scattering on non—Debye discharge plasmas

and associated lineshape studies.

K Baldwin, J Marangos and D D Burgess (Imperial College)

B3.1l.l UV _Thomson scattering

Work has continued on the application of KrF (2480A) excimer laser radiation
to Thomson scattering diagnostics of dense, near non-Debye plasmas (which
are optically deep to laser diagnostics in the visible). Initial Rayleigh
scattering calibration measurements on Ar and Nz were reported previously,
and used a 150m]/pulse Lambda Physik EMC 101 KrF laser operating in
broadband mode (>5A). Dsing the ratic of Rayleigh to Thomson scattering
c¢ross—sections, the expected Thomson scattered signral in the ion feature was
calenlated to be greater than the fluctuation in the plasma emission signal
at ne=102"uF3o

Subgequently (May 22 — June 5) an injection locked, line narrowed {<0.1A)
KrF system was used consisting of an EMG 10l grating tuned KxF oscillator
aud an EMG 201 KrF amplifier. However the low efficlency of this system
reduced the pulse energy to 20-30mJ, which was below the level calculated to
produce an observable ion feature signal. Hence mo signal was observed when

Thomson scattering experiments were carried out on the plasma discharge.

However a new line narrowed EMG 150 KrF system producing up to 500mJ/pulse
has recently been installed. The output from this system was reduced using
apertures and fllters to <100 w] {n order to avoid heating of the plasma by
more than 5%-. A scattered signal level of ~ &mV was observed above a
background pinch emission level of ~ 30nV at peak compression. Using the
Rayleigh scattering calibration the scattered signal corresponded to an
electron density of 1.3+ 0.3 x 102453, The plasma density at peak
compression was diagnosed interferometrically as 1.9 x 1024 o= o3¢ the

centre of the plasma column, which had a FWHM of ~ 2.5 mm. Since the focsl
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spot size of the laser was also of this order, the slightly lower density
given by the Thomson acattering Is conslstent with averaging over regioms of
lower density than the pinch core. A search was made for the electron
feature between b6A = 15-29A from the laser wavelength (Ap = 25.54 at these
conditions), but no such feature was observed. This result was consistent
with the ratie of ion-to-electron cross-sections of ~6 at the above
conditions ('1‘e ~ 2eV¥), giving a predicted lmV electron feature signal which
was less than the fluctuation in the plasma emission (~ + 2am¥). Scattering
was not observable at higher density conditions due to thg poor slgnal to

background ratio.

B3.1.2 vuv Lyman—alpha Lineshape Studiea

[ e R -

Succesaful generation of tunable (1203 1236A), narrowband (<0.0LA) vuv
radiation using a frequency tripled FLZOOl dye laser ‘run on butyl-PBD was
reported previously. Fu:ther experiments in the” period June 26 — July 10
demonstrated the feasibility of absorption measurementa in the Z-pinch
plasma near Lyman-alpha (1209A). The VUV output from the krypton tripling
cell was collimated by a Mng lens, and after passing through the plasma the
coherent VUV radlation was incident on the narrow (eeveral micron) slits of
a lm VUV monochromator. The monochromator and its solar blind
photomultiplier detector were used to discriminate against the background
pinch emlssion and the untripled fundamental radiation.

Subsequent installation of a more powerful FL2002 dye laser enabled an
increase in the coherent VUV output to a level estimated to be >10%
photons/pulee (scheduling period November 20 — December 10 1983). DBuring
thie period the first Lymam—alpha absorption linesghapes (to our knowledge)
were obtained in a dense plasma. The line wing profiles ate shown in
Figures B3.1-B3.3, the line centre opacity being too great to measure the
complete lineshape. The limit to the observable opacity was set by the
fluctuation in the pinch emission which exceeded the transmitted coherent
VUV signal for opaclities »>2.5. The large uncertainty in the measured
opacities is due to shot—to—shot variation in the intensity of the coherent
VUV radiation, the level of which was measured over 20 shots before aund

after each transmission measurement. It was not pogsible to monitor the VUV
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The opacity using only a trace impurity of hydrogen at
1215.67 was T ~ 0.4.

intensity of each shot prior te transmission through the plasma, because a
small monltor monochromator constructed for this purpose did not produce a
signal level which correlated with the level from the lm VUV monochromator.
It was thought that this was due to sampling of different regions of the VUV
beam by the two systems, combined with shot—to—shot variaticn in the spatiai
intensity profile of the VUV beam.

Measurements of the Lyman-alpha opacity were obtained closer to line centre

by using pure (H2<1ppm) argon as the filling gas (impurity H, may also have

been present in the Z-pinch vessel which was pumped down to El()“2 torT
before each shot). Figure B3.2 shows the Lyman—alpha absorption profile for
the same filling pressure (5 torr) and plasma conditions as Figure B3.l, but
with only a trace of HZ' The profile indicates a maximum HWHM for
Lyman-alpha of approximately 0.1lA, which is less than the estimared line

width at o= 2x102% 3 (~0.44).

This result may Indicate that the main Lyman—-alpha absorption 1s taking
place outside the reglon of highest electron densiry at the Z-pinch core.

The upper limit placed on the Lyman—alpha HWHM from the "pure” argon
measurement allowed a Lorentzian line shape to be fitted to the line wing
profile in Figure B3.l1 (a Gpussian fit to the measured points using a HWHM
of 0.1A ylelded a profile which decreased too rapidly in the line wings).
The Lorentzian profile fits the blue wing quite satisfacrorily, but the
measured opacities in the red wing lie consistently above the Lorentzian
fit. This result supports the red wing asymmetry observed previously in the

same Z-plnch device under the same plasma conditions.

A similar asymmetry can be seen in the Lyman-alpha line wing profile at the
higher density plasma conditions shown in Flgure B3.3. However the measured
opacities are lower at higher density (and higher temperature) comsistent

with a lower Hn= population and a broader line width. Measurement of the

1
opackty at the nominal Lyman-alpha line centre (1215.67A) using "pure” argon
as the filling gas ylelded a value of 0.4, which 1s also lower than the
opacity measured at thils wavelength for the lower density condition.

Although lack of further scheduled experimental time meant that more
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Lyman-alpha lineshapes could not be obtained, the present experiments have
demonstrated for the first time the feasibility of high resolution
abserption line shape measurements in dense plaemas using coherent radiationm
in the VUV.

B.3.2 Phagse Conjugation Studies

G Davie, C E Webb (Oxford), M C Gower and A F Gibson (RAL)

B.3.2.1 Degenerate four—wave mixing using phase conjugate pump waves

The most commonly used techniques for generating phase conjugate {PC)
signals are degenerate four—wave mixing (DFWM) and stimulated Brillouin
scattering (5B3). However, these two procegses have contrasting
requirements for producing high quality wavefront correction. Using DFWM,
high quality pump beams are required for good reproduction of the probe
beam. On the other hand, while SBS readily conjugates aberrated pump beams,
tnlike DFWM it is a threshold process and usually requires much higher
intensities. Features as small as ~ 0.6um have been reproduced using a DFWM
phagse conjugate (B3.l) mirror while we have (see below) reproduced feature
slzea of < 10im by SBS.

For counterpropagating pump waves, El and Ez, and a probe wave, E3 of the

same frequency &, the induced third—order nonlinear polarisation

responsible for phase conjugation by DFWM is given by
3 3 +K 5. + *
PA( )(r) =% x (3) o 1 (urtkg.mhoptdrés) € 6,8y + cic (B3.1)

)

1wt .o+
i +c.c. x(s) ia the

for input waves of the form Ei - %Ei(ri)e i

third order susceptibility and ¢ is the phase of the wave. From Equation
(B3.1) it can be seen that the radiated field, E , has a wavvector - k_ and

3
a phase ¢4 = ¢1 + ¢2 - ¢3. Thus for uniphase plane pump waves so that ¢l
and ¢, are independent of r, perfect phase conjugation (i.e. §$4= d¢3)
T drs

may be achleved using DFWM. However, it has also been reccgnised for some

time (B3.2) that the drawback of having to use aberration free pump beaams
for high fidelity phase conjugation by DFWM might possibly be overceme by

using pump beams which are phase conjugates of each ether (ie ¢2=-¢1).

By uasing an SBS retroreflecting mirror to generate the phase conjugate of
aberrated counterpropagating pump waves, we now report high quality PC
signale using a DFWM geometry - since the linewldth of the laser used in our
study was approximately twice the frequency shift of the Brillouin medium,
the four-wave mixing remains still essentlally degenerate. Since our DFWM
medium need not be Brillouin active, our experiment is conceptually
different to the strong/weak pulse non—threshold S5BS experiment reported by
Basov and Zubare{B3.2) and further analysed by Abrams et al.(B3.3).

Qur experimental setup, which is shown in Figure B3.4, used a KrF
line—narrowed, diffraction—limited oscillator operating at 249 nm. In order
to obtain a good quality high intensity beam, the 5 ns FWHM duration pulse
from this oscillator was then amplified in a double-pass of amplifier A
using an SBS PC hexane mirror. We have previously shown (B3.4,B83.5) that
this type of mirror cam correct for aberrations Iinduced on the wavefront by
the amplifier. A standard DFWM retroteflecting geometry was then used with
Rhodamine 6 (Rh6G) diluted in ethanol (10_5 M concentration) in the DFWM
cell.

In earlier work (B3.6) we found such an arrangement could produce PCR's of
up to 300Z by a thermally induced third-order susceptibility. However, as
can be geen in Figure B3.4, in the present experiments a second SBS mirror
was used to provide the counterpropagating pump wave, 12' which was the
phase conjugate of the forward travelling pump Il' In some cases, in order
to increase 12, a second KrF amplifier (amplifiler B in Figure B3.4) was
placed between this 5BS mirror and the DFWM cell.

In Pigure B3.5(a) we show a photograph of the phase conjugate beam obtained
from the DFWM set uvp whea a conventfonal plane 50% reflecting mirror was
used to derive the second pump wave. In thls case, with the pump waves not
being phase conjugates of each other, when a fused silica aberrator was

placed between the DFWM cell and this mirror, the quality of the phase
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conjugation derived by DFWM becomes very poof — as shown in Figure B3.5(b)}.
On the other hand, as shown in Figures B3.5(c) and B3.53(d), when the plane
mirror was replaced by an SBS PC mirror, so that the pump waves were phase
conjugates of each other, the quality of the phase conjugate beam derived by
the DFWM process remained unaffected when the aberrator was inserted into
the path of the second pump wave. Furthermore, when amplifier B, ss shown
in Figure B3.4, was put into position 8o that I2 was increased, as shown In
Figure P3.6 similar effects were observed. As we have previously
ghown, (B3.4,B3.5) such amplifiers can peverly aberrate beams travelling
through them. This 1s apparent 1o Figure B3.6(b) which shows the poor
quality phase con]ugate signal derived by DFWM when a conventional plane
mirror is used behind the ampliffer to reflect the pump wave. However, as
is apparent in Figure 3.6(c) the quality of this signal is restored when an
SBS mirror ls used as a retroreflector behind the amplifier to provide phase
conjugate pump waves. This clearly demonstrates the utility of using phase
conjugate pump waves in DFWM to provide high quality image reconstruction.
In Figure B3.7 we show a plot of the PCR versus Il optained from our DFWM
getup using both a 50% conventional ‘plane reflector and an SBS PC mirror to
derive the second pump wave. A variable presure N02 (a~4x10"20mn2 at 249nm)
absorption cell placed at the output of the amplifier was used to vary the
laser intensity. As can be seen the DFWM reflectivity is approximately the
same using either reflector. The mazimum observed PCR of ~ 2% is to be
compared with the value of ~ 11% which we measured previously (B3.7) using
three times longer laser pulses of the same intenslty and a-conventlonal
plane mirror retroreflector. We recall that in the low reflectivity regime
(R £ 1%), the PCR derived by DFWM using a thermal mechanism is proporticnal
to the square of the pulse duration{B3.6). For low reflectivities, the DFWM
theory for the thermal mechanism also predicts a quadratic dependance of PCR
on pump wave intemsity. The data shown in Figure B3.4 appears to agree with
this prediction (when using an $BS retroreflector once above threshold the
reflectivity of this mirror 1s fairly insensitive to laser intemsity(B3.4,

B3.5).
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In conclusion, using an SBS PC retroreflector to derive the second pump
beam, we have demonstrated the utility of using phase conjugate pump waves
to obtain good quality phase conjugate signals from a DFWM geometry which
has aberrated pump waves. The maximum measured DFWM PCR using this
arrangement was ~2% and exhibited approximately a quadratic dependence on
pump wave intensity. We are currently performing further experiments to

determine the ultimate resolution of this setup.

B3.2.2 Imaging Projection using a PCH

Using an arrangement like that shown in Figure B3.,8 it is possible to
project images from the beam gplitter onto a substrate which 1s in the same
equivalent plane as the (mask) object. Interest in such a technique has
thus far been motivated by ita potential application to photolithograpphy as
used in the production of silicon chips. 1In this application features as
small as 0.5~lum are required to be projected over a 1xlcm? mask area.
Conventional lens or mirror systems capable of achleving this are extremely
complex and expensive and at present do not work in the ultraviolet (<320nm)
spectral region where (to achieve higher resolution) one would like to
operate. PCM's are attractive as a potential method of performing cheap,
simple high-power UV image projlection with a large numerical aperture (NA).
In Figure B3.9 we show a setup used by Levenson(B3.1l) to project images with
~B00 lines/mm resolutlon at 355nm with a NA ~ 0.19. The PCM was produced by
DFWH via thermally induced gratings in Rh6G dissolved in acetone. Although
the reflectivity of such a mirror can reach 300% (B3.6), becaunse of the low
average power of his laser (~ 1W), and associated damage ptoblems to the
beam splitter cube and the mask at higher powers, the minimum exposure time
for the photoresist using this asystem was ~ lmin, which is much too long for
any practical photolithography system. To circumvent these problems, we are
currently testing a gystem which will employ a KrF laser and a small
amplifier between the PCM and the beamsplitter. This system has been
designed to produce exposures of the photoresist by a single 20nsec laser
pulse. In Figure B3.10 we show photographs of the projected images of 40
and 10um lines using an SBS PCM operating at 249nm. We believe this to be
the highest resolutlon yet demonstrated for 5BS PCM Image projection. Due
to difficulties involved in producing fime line magks, Image reduction using

B.2%

a PCM would be a great bonus for such a device. Although image reduction
hag been achieved using a four-wave wixing PCHM(B3.8) by writing the hologram
at one wavelength and reading at a shorter wavelength, such a technique is
of Iimited use, since now the probe wave must be phase matched with E1 and
E2' This severely restricts the numerical aperture of such a device.
However, it should be possible to construct a practical image reducing PCM
having a resolution of ~ 108 plxels. The main disadvantage of this device
is that because of the phase matching requirement, the conjugate wave is no
longer counterpropagating to the object wave and so the mirror cannot be
used in double-pass arrangements and still achleve aberration compensation.
Thus one of the most attractive features of the PCM would be lost. One way
imaging through an aberrator using DFWM has also been demcnstrated(B3.9),
although it 1is possibly only useful for thin aberraters.

B3.3 Stimulated Anti-Stokes Raman Scattering and Stimulated Collisional-

Induced Fluorescence In Atomic Thallium

D G Cunningham, D Denvir, I Duncan and T Morrow (QUB)

Stimulated anti-stokes Raman scattering in inverted media is of current
interest as a potentially efficient route for laser frequency upconversien
into the VUV (B3.10 — B3.13). The advantages of such up-converters stem
from their inherent tunability and from the fact that energy stored slowly
in the system may be extracted quickly and efficiently by the application of
a pump laser pulse.

However when the photon energy of the pump laser 1is such that h (m23—mp) <
kT and the anti-stokes up—converter 1s in a colldisional environment, then
the reaénance level may be populated by inelastic collielone (see Figure
B3.11), These inelastle collisions transfer atoms from the laser induced
virtual level to the upper resonance level removing photons from the pump
laser and depleting the population inversion employed by the anti-stokes
up—converter. Thus In a collisional environment near resonance a drop in
the conversion efficiency of the anti-stokes up-converter 13 to be expected.
Under suitable conditiens, the collisionally pumped resonance level may be

inverted with regpect to the lower level of the Raman up-converter and a
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stimunlated collisional induced laser produced. Critical factors which
determine the population mechanism and operating conditions of the SCF
up—converter are the collision width Tc of the intermediate level, Pc(= I/Tc
where Te is the collisional duration, usually of the order of 1 psec) and &
(= wypy - mp). If § < thhen the SCF can be consldered to be amplified
spontaneous emigsion (ASE) due to direet optical pumping {l.e. the pump
laser is tuned within the pressure broadened tramnsition), but 1f & >> Yc the
SCF 1s not due to direct optical pumping. For & << Pc both the impact and
Markovian approximations are valid, but if & > Pc then the SCF up-converter
is operating In the non-lmpact, non-Markovian regime (B3.14). In our
experiments Yc ~ 0.lcn™ ! and Pc~ 10em™ 1 (B3.15).

Qur experimente, reported below, investigated the stimulated collisional
induced fluorescence at 377.6 nm produced in a system of Tl (6p2P3/2) atoms.
The Tl (6]:21?3/.2) inverslon was created by selective photodissccilation of
T1Cl at 193 nm by an ArF laser. 1l.e. TLCl + XA (193 nm) + T1l* + C. The
experiments were carried ocut with exceas preasures %f argon and the
influence of the 'collisional' pumping of the T1 (7 Sg) level on both the
anti-stokes Raman and stimulated collislonal induced outputs was
investigated. The SCF generation was observed to extend into the

norn—impact, non-Markovian regime.

The experimental arrangement is 1llustrated in Figure B3.12. The 193 nm
radiation used to dissociate the TICl was generated using a commercial ArF
excimer laser. Approximately 30mJ of 193 mm light was focussed Inte the
oven. The ArF laser pulse duration was ~ 10 nsec and was focussed to an
area of about 3 x 1072 cm2 over the 10 cm hot zone in the cell. The pump
laser, tunable around 535 nm, was provided by an excimer pumped dye laser.
It had a pulse length of ~ 10 nsec, a line width ~ 0.2cm” !, was focussed to
an area ~ 10”3 cn? over the hot zone and 2.5 ml of 535 nm radiation

entered the cell. The pump dye laser beam was focussed with a separate lens
and combined with the ArF laser using a flat with a small aluminized apot,
the aluminium coating was protected from possible damage by the Ar F laser
by a small shield. In this configuration the pump dye laser beam defined
the interaction region. Temporal overlap of the two beams was controlled by
a delay generator giving a jitter of < 5 neec between the outputs of the two

lasers. The TLCl cell was made of pyrex lined with a stainless steel mesh
wick and had cold, '0' ving sealed, unaligned spectrosil 'B' windowa. Argon
was used as a buffer gas at two pressures, viz 28 and 68 Torx. The TICl
vapour density was monitored using the abeorption of the 253.7 nm line of a
mercury lamp. The spectral profiles and intensities of the anti-stokes and
collisional induced outputs as a function of dye laser wavelength were
studied uaing a 0.5 m spectrometer with an image intensified diode array
(OMA) system. Fast dlodes were used to monitor the temporal outputs of each

laser.

At T1Cl vapour pregsures ~ 1 x 1016 ci~? and with buffer gas pressures of 28
and 68 Torr the stimulated collisional induced laser emission dominated the
output of the system. The SCF cutput energy as a function of pump laser
wavelength is shown in Figure B3.13. For each curve the pump laser
intensity and 'I.‘1(61:2P3/2
pressure was different. The spectral profile of the SCF output for amy

} density remained constant only the buffer gas

particular pump wavelength showed detectable asymmetry, even with the
1imited resolutionm available (~ 0.l nm), in contrast to the spectral profile
of the ASR output which was symmetric. The asymmetry wae particularly
marked at large detuning and near threshold. The asymmetric spectral
profile of the SCF output could be indicative of interference effects
between the SCF and ASR processes or Tl*—Ar quasi-molecule formatiom
(B3.15). At a buffer gas pressure of 28 Torr the tuning curve of the SCF
output has a half width < 2 cn ! and direet optical pumping i1s important at
this pressure. At a buffer gas pressure of 68 Torr the half width of the
SCF tuning curve is ~ 20 co~! and so direct optical pumping is not an
important contribution for most of this curve {i.e. for § 1 cm"l) but will
contribute close to resonance. Since the SCF output at 68 Torr was obtained

for &~ 50 co~ ), we are clearly in the non—impact, non-Markovian regime.

At TICl vapour pressures between 1016 and 3.5 x 1018 co? both the ASR and
SCF emlssions were detected. As the TICl vapour pressure was increased the
contribution of ASR generation began to dominate the output uatil at 4 =x
101% cm”™3 little SCF emission at 377.6 nm was observed. A tuning curve of
the ASR laser {output enérgy as a function of pump dye laser wavelength) for
a buffer gas pressure of 68 Torr and TLCL density of 3.6 x 1016 cu=3 §q
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showa in Figure B3.1l4, The latter tuning curve shows a striking asymmetry
and a dip st 535 om. Although this behaviour has been obgerved previocusly
for ASR, SRS and for stimulated stokes hyper—Raman geattering,no clear
theoretical model for the magnitude of the asymmetry or the dip has been
proposed in the literature. The gain cross—section for near resonance Raman
scattering (GR) 15 inversely proportlonal to the square of the detuning from
resonance (B83.10-B3.13) (i.e. 9, @ 1/62), whereas the gain cross-sectlon for
SCF (USCF) is progortional to ¥{8), the rate of inelastic collisions which
populate the 7s 5112 level, and inversely proportional to 2. (1.e. USCF a

Y(6)/62). TFrom Figure B3.13 o would geem to be gymmetrical about 535 nm

which implies that Y (6) is alggFaymmetrical. In other words our results
would indicate that while competition and possibly, to a lesser extent,
interference between the SCF and ASR processes can account for the dip
centred on 535 nm in the ASR tuning curve, the source of the asymmetry
remains unknown. We propose to investigate the asymmetry, in more detail,

in future experimenta.

With 28 Torr of argon in the cell the SCF and/or ASR ocutputs could still be
obtained when the pump laser was delayed up to 20 nsec after the
dissoclating ArF laser pulse. However with 68 Torr of argom, the dye laser
could only be delayed by ~ 5 nsec if either an SCF or ASRL output was to be
observed. Thip would indicate that the T1(6p21’3l2) storage level population
is depleted in collisions with the buffer gae atoms.

The temporal profiles of the SCF and ASR outputs were algo investigated. It
wae found that the anti-stokes Raman laser had a pulse duration ~ 5 nsec and
had & structure reflecting the peak of the dye laser pulse. The 3CF output
was quite different, it coneisted of a single spike of ~ 1.5 nsec duration.
The short pulse length of the SCF output is consistent with pulse lengths
obtained in experiments on the 377.6 nm TI photodissociation lager

(B3.186).

It is clear that the upper resomant level of an anti-stokes Raman

up-converter will be populaﬁed, in a collisional environment, by inelastic

¢collislons. Although this process will obviously reduce the converaion
efficiency of the anti-stokes Raman up-converter near Tesonance the
resulting stimulated collision induced fluorescence may provide the basis
for efficient up-ceonverter; even in systems comsidered inefficient as Raman
up-converters., The dip at 535 nm in the ASR output can be explained, in
terms of competition and interference between the ASR and SCF processes or
poasibly Tl*-Ar quasl-molecule formatiom. The source of the asymmetry in
the ASR tuning curve requires further experimental and theoretical

investigatione.
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B4  ENGINEERING

B4.1 Photoablation and Direct Etching of Resist Materials

G Davis, C E Webb (Oxford) and M C Gower {RAL)

Several papers have been written on laser photoablation of polymers at
193nm (B4.1-B4.6). It has been suggested (B4.3) that this phenomenon occurs
as a result of the high efficiency with which polymeric bonds are broken
followlng the strong absorptlon of the 6.4eV photons. The resultant
energetic fragment molecules then rapldly ablate from the irradiated siltes.
Little experimental work has been reported on the wavelength dependence of
photoablation. However, the model outlined above suggests that the
efficlency of this process, at a particular wavelength, would be influenced
not only by the absorption coefficlent at that wavelength, but also by the
probability that the absorbed photon caused bond breakage. By observation
of the etching characteristics of FMMA as a function of wavelength we now
present more quantitative evidence which supports this rapid bond-breaking
mechaniom for ablation. These results are particularly timely in view of
recent observations at 308nm of the alternatlve thermally - induced etching

process of various polymers (B4.7).

The polymer used was an experimental electron beam reslst(B4.8)
poly-(methylmethacrylate = co~methacrylic acid) and poly-(methyl
methacrylate-co-methacryloyl chloride) (PMMA). 0.5 — lLum thicknesses of
reslst were spun onto substrates of borosilicate glasg. For some of the
experiments the glass was coated with lum of chromivm. This additiomnal
layer, however, did not noticeably affect the photoablative process. Lambda
Physik Models 101E and 201 lasers were used for the work at 249, 222 and
193nm with pulse lengths of 20ns. The 157nm F2 Oxford lasers KXl laser
gource produced 40mJ in an 10ns pulse. The wasks used for this study were
either free—standing gold structures oT chromium-on—-quartz wasks clamped in
contact with the resist. A 50cm focal length lens was used to focus the
energy onto the resist and an absorption cell enabled the incident euergy

density to be varied. In the case of the 157mm source the energy density
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was vatied by altering the operating conditioms of the laser. For these
experiments, because of the absorption of atmespheric oxygen at 157nm, the
path between the laser and subatrate was evacuated to 102 torr.

Experiments at longer wavelengths were performed in air.

The transmission of light through two samples of PMMA-on-quartz was measured

at 249, 222 and 193nm using a D, arc lamp source and a

spectrometer/photomultiplier coibination- Agsuming that the Fresnel
reflection of the film is approximately that of quartz at the same
wavelength, an abaorption coefficlent was calculated from these transmission
measurements. For comparison, similar measurements were made using thin
films of several other polymers that have been used in previous ablation
studies (B4.1-B4.6). The absorption coefficient at 157nm was meapured in a
similar manner using the laser source and a pyroelectric energy meter. The
measured absorption coefficlents, are ghown in Table B4.1. In particular,
we note that of all the resists measured, at 193nm « was the lowest for

PMMA.

Wavelength Absorption Coefficlent/ym

/om

PMMA  PERSPEX PET POLYSTYRENE PARYLENE NITROCELLULOSE

157 5 - - - -
193 0.33 0.46(0.42) 1.03 2.05 3.24 12.5
222 0.33 0.29 1.27 2.45 3.95 -
249 0.02 0.02 1.53 0.46 l.é# 0.17

Table B4.1. Absorption Coefficients in ym ! of six polymer used in ablation

studies. The estimated errors are + 0.03ym 1.

Results
(a) Trradiation at 193 nm

The reslst was irradiated through a mask at single pulse energy ranging from ~1
to 150mJ/em2. The exposed regiona were examined in a scanning electron
microscope (SEM). A plot of the fraction of resist remaining versus the single
pulse laser Eluence at 193nm is shown in Graph A, Figure B4.1, It can be seen
that when the exposure dose exceeded 80mJ/em? complete removal of the lim layer
of resist occurred. At lower levels of irradiation down to the threshold level
of ~ 30mJ/cm2, only partial ablation of the O.6pm film of resist occcurred. A
typleal partialy etched region is shown in Figure B4.2(a). The smcothly
undulating reglon is caused by diffraction effects from the edges of the mask.
The surface texture in this region was not noticeably different from that of
the unirradiated polymer. These undulations are not present at sufficiently
high laser fluences such thet the entire film of resist can be etched from the
gubstrate. Contrary to other reports {B4.2,B4.5) we see no evidence of debris
regsulting from the deposition of ablated material either Im or arocund the
exposed region. However, we did observe deposits of ablated resist material

on the quartz mask—support.

(b) Irradiation at 157mm

The experiments reported above for the 193nm source were repeated at 157mm
and to our knowledge are the first reported results for 157mm laser induced
photoablation. The exposure curve measured for 157nm ablation is shown as
graph B in Figure B4.1. In contrast to the 193am results of Graph A,
multiple (100) pulses of the 157nm laser source were used at single pulse
fluences of 1 to 30mi/em? to obtain the data shown. It is immediately
apparent from Figure B4.l that for both 157 end 193nm irradiation there is
an incident fluence threshold below which photoablation 18 not observed.
However, since others (B4.4) have shown, that the amount of material
ablated by each pulse in a multishor exposure 1s approximately the same,
with no evidence of any accumulative effects, 1t 1s more appropriate to
quote the threshold in terms of a laser intensity rather than a laser energy

fluence. Hence we meagure intensity thresholds for photoablation of PHMA at
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Fig. B4.2 Electron micrographs of PMMA exgosures at (a) 193mm single shot at ~ QSmJ/cmz,

(b} 157om 100 shots at & 7mJ/cm”, (5) 222nm single shot at ~ 280mJ/cm
(d) 249nm single shot at v 250mJ/cm
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Fig. B4.3 Electron micrograph of a PMMA exposure at 193mm



193um and 157nm of 1.5MW/cn? and 0. @MW/ cm? respectively. The existence of
this intensity threshold for observation of photoablation suggests that the
rapld increase in pressure at the irradiated site due to laser—induced bond

breakage must exceed a critical value.

Since the absorption coefficient of PMMA at 157nm is at least an 6rder of
magnitude larger than at 1%3nm, the quantum efficiency for bond scission is
most likely to be larger art 157nm. Also compared to 193nm, there is an
additional l.5eV of excess energy available which can be imparted to the
photofragments following bond sciseion by 157nm photons. Both of these
effects will allow the critical pressure at which ablation begine to occur
to be more readily reached at lower laser intensities. Heﬁce, with this
model of a eritical pressure which must be reaéhed for photoablation to
occur, the combination of an increasing quantuum efficiency for bond
scission and shorter wavelength fllumination are expected to lead to a
lowering of the threshold intensity required for ablation. This is in
agreement with our threshold intensity observationa of ablation using 157
and 193nm sources. As shown in Figure B&4.2(b), the quality of the photoetch
obtained using the 157nm laser gource was of a similar quality to the etch
obtained in Figure B4.2(a) at 193nm.

From our results we estimate that the photon/monomer ratio necessary to
ablate a lpym larger of PMMA at 193um is only ~ 0.1. ' Hence ablation from the
irradiated reglon most likely involves the primary ejecfioﬁ'of'substantial
quantities of relatively large molecules in their polymeric form. Although
in general samples of PMMA exposed to 193nm laser radiation responded in the
manner outlined above, one sample of nominally the same resist showed a
vastly different behaviour. At doses of 120mJ/em?, the exposed regiona had
a nodular appearance and were arched upwards away from the subatrate (see

Figure B4.3). The reason for this inconsistency is mot yet understood.
(e} Irradiation at 222nm

As 1s apparent from Figure B4.2(c¢) the effect of 222mm radiation on FMMA
appears very different from that generally observed at the shorter

wavelengthe of 193 and 157nm. Although material has been removed from the
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area irradiated at 222um, the surface of the exposed region is pock-marked
and globules of debris are visible both in and around this region. At
higher energy fluences ~ 300mJ/cm2, the polymer layer was almost completely
removed from the glass substrate. The amount of debris was lesa, but the
edges of the exposed reglons were ill-defined and had the appearance of
material that had melted. It appeafs that etching of PMMA at 222nm is

caused by a mechanism other than direet bond scission. Since, by

- ‘coincidence, the absorption depth at 222nm is similar to that at 193nm, (see

Table B4.1) the enormous differemce in the observed etch characteristics at
these two wavelengths for comparable incident fluence 1s most likely to be
due to a substantial reduction In the quantum efficiency for bond scission
of PMMA at 222nm. Thus the critical pressure for ablation is most likely
never reached. On the o;her hand, since the absorption coefficients are
gimilar at the two wavelengths, a therma; model for ablation Is expected

(B4.7) to predict similar photecablative characteristics when similar laser

" energy fluences are used. This behaviour is contrary to our cbservations as

shown in Figure B4.2(c). Most of the energy abadrbed by the PMMA when
expoeed at 222am 1s likely to degenerate into heat. The estimated rise in
temperature resulting from absorption of radiation at 222mm could reasonably
be expected to cause the quantity of vaporisation obeerved. It thus appears
that for wavelengths less than 222nm, photoablation occurs by rapid direct
bond scission by the laser photons which cause a correspondingly rapid rise
in pressure at the irradiated site.

(d) Irradiatién at 249nm

We note from Table B4.1 that the absorption depth of PMMA at 24%nm is very
long, 50um and most of the incident radiation is, therefore, transmitted by
the polymer and absorbed in the substrate. This resulted in the poor
etching of PMMA shown in Flgure B4.2(d)}

In summary, we find from this work thar for photosblation to be the dominant
etching mechanism of PMMA it 1s necessary for the quantum efficiency for
bond breakage te be high as well as the absorption coefficlent to be

> 0.3um™~1. Our results at 157nm indicate that the absorption coefficient

tust not be oo large since this reduces the depth of eteh per shot for a
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given fluence. It appears thet the threshold laser intensity which is
required to observe photoablation is a result of having to attain, by bomnd
sciseion, a critical pressure at the ablation site. For applicationms such
as microlithography where speed is important, a single shot process at an
easily attainable fluence is more attractive. For the FMMA used ip this
study the optimum wavelength appears to be in the reglon of 193om for which
one ghot at a fluence of 80nJ/cm? was sufficient to remove an lym layer. We
have reported elpewhere (B4.9) that feature sizes of < 0.8 m c¢an be etched

under these conditions.

B4.2 Spectroscopic Studies of ArF Laser Photoablation of PMMA

G M Davis (Oxford), M € Gower (RAL), T Efthimiopoulos, C Fotakis
and P Argyarakis (University of Crete).

To undersand further the photoablation process described above in Section
B4.1 we have undertaken a spectroscople study of the plume which is formed
in front of the PMMA substrate during the ablation process. Radiation at
193am from an excimer laser was focussed to an energy fluence of ~ 300mJ/cm2
in ~ Z0nsec pulses onto the FMMA samples. When necessary, samples were
placed in an evacuable chamber which could be pumped dewn to ~ 102 Torr.

For time-integrated low resolution studies of the emission spectra from the
plume, a Princeton Applied Researcﬁ (PAR) Model 1225, 0.2m polychromator was
uged in conjunction with a PAR OMAZ optical multichannel analyser with a
Model 1420 dicde array detector. In higher resolution work a Model 1254
vidicon detector was ugsed with a Rank Hilger monospek lm spectrometer. For
time and spatially resolved studies of the spectra at various wavelengths,
different parts of the plume were sampled by moving the FMMA substrates on
micrometer translators relative to the vertical entrance slit of a
0.5mJarrell-Ash spectrometer and an EMI 9783QR (S5 response)
photomultiplier combination.

In Figure B4.4 we show survey spectra of the emission from the plume
directly above the ablation site im air, vacuum and He (1 atm) environments.

The most prominent bands in the region 300-600nm are due to transitions

arising from diatomic molecules. In particular, the CN B-X transition at

389nmm, ¢, Swan, CH A-X transition at 43lnm, CO Fourth Positive, and NZ First

2
and Secoud Posltive band systems are the most readily recognisable and are

characteristic features of low temperature flames {B4.10,B4.11).

It can be seen in Figure B4.4, that for many bands the emission appears
atronger in the nominal vacuum environment than in air. Since the gas
colliplon frequency is lower for the vacuum case we might expect the plume
to have a much greater extent than in air at 1 atm pressure. We observed
this to be the case. The emission in fromt of the substrate in the vacuum
case was found to extend to completely fill the vacuum vessel (> 25cm in
front of the gubstrate). Thus the apparent increase in the intensity of the
emigsion for the vacuum environment ghown in Figure B4.4 is most likely due
to an increase in the gsize of the emission source. Although there should be
very few nitrogen atoms in cur PMMA substrates, the presence of strong
emisslion on the CN violet tramsition 1s probably due to the creation of this
species by photochemically induced reactions of the ablated species with the
surrounding air - even in the nominal vacuum case, the background
concentration of air is sufficient to make these bands appear stronger
becaugse in thils case the source was 30 much larger. Further evidence for
this explanation of the relative intensities of the bands is alsc shown iIn
Figure B4.4 by the vacuum cell was filled and evacuated with helium several
times and then filled to a pressure of 1 atm with helium so that the
background concentration of air should be very small. Although we observed
that the visual extent of the plume was roughly the same as that observed in
alr, a6 can be seen in Figure B4.4, the intensity of 21l of the bands is
greatly reduced. In particuler, no evidence of emission from CN could be

observed.

To measure the temperature of the plume immediately above the ablated site,
we studied the (0,0) band of the CH(AZ2A»X2l) transition at 43l.4mm in a

vacuum e¢nvironment using higher resolution as shown in Flgure B4.5(a). CH
was chogen for detailed study since its large rotational constants make irs
band structure readlly rotationally resolvable and its (Azﬁﬂxzn) transition
is spectroscopically well characterised. Furthermore, this species is one

of the most likely to be produced as a direct produet of the photoablation
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Fig. B4.4 Survey spectra of the emission between 300-600mm following irradiation of PMMA resist in air,

vacuum, and He (latm) environments.
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process rather than by any subsequent chemical reaction. Using appropriate
linestrengths for this transition, it 18 possible to generate a computer fit
to the band by adjusting the vibrational and rotatiomal temperatures. The
best fit Is shown In Figure B4.5{b)and corresponds to vibrational and
rotational temperatures being in equilibrium at 3200 + 200°K. Because of
the rapid thermaligation rates between rotational and thermal motion we may
then conclude that the thermal temperature above the ablation zone 1s also
3200°K. From measurements of the etch depth (B4.2,B4.9) and the apecifie
heat of PMMA, we calculate that the maximum temperature obtsinable when all
of the laser energy le absorbed in the ablated region is only ~ 1900°K. It
thus appeare that the higher temperature which exists in the plume is a
result of exothe;mic photochemical reactions, such as bond scission,

produced by the laser photons.

To gtudy the translatlomal motion of some of the species present in the
ablation reglon, we used a l5cm focal length lens to image {one to one) the
horizontal plume onto the vertical entrance slits (width ~ 101m) of the
spectrometer and then tramslated the substrate. The time resolved emissions
from the CH{AZa), CZ(d3ng) and CN(B2I) statee were studied as a function of
distance from the substrate. Oscilloscope trances of the CH(AZA) 431lnm
emission recorded at Increasing distances in fromt of the substrate are
shown in Figure B4.6(a)-{d). In Figure B4.6é we also show meapurements taken
from these traces of the time to the peak of the CH emlssion as a function
of distance from the gubastrate. Provided that the quenching rates for CH
are lnsensitive to position, then the slope of this curve preovides an
esatimate of the translational velocity v, with which CH is moving after
leaving the irradiated site. At the aurfaﬁe of the PMMA, we find from
Figure B4,6, that the velocity away from the substrate, vo = 4,2 x 103
cm/gec for CH(A28). If the mean speed of the flow V, = JE%E then this
aspeed corresponds to a translational temperature of ~ lL,800°K. In
supersonlc expansions we expect the translaticunal temperature to be higher
than the thermal temperature (B4.13) In agreement with our observations.

By monitoring the time resolved emlssions from the C2 (d3ﬂg) and CN(BZI)

states, in a similar manner we have measured initial translational

velocities for these fragments of ~2.0 x 105cm/sec and 5.1 x 105cm/sec
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respectively.

The relatively high thermal and translational temperatures measured 1n this
experiment show that exothermic direct bond scisslion reactions by the 193nm
photons are responsible for the dynamics of the small fragmente which oceur
in the plume above the ablation site. However, from othex work described in
Section B4.1, we know that the laser photon/monomer ratio which is necessary
to ablate a ~ lum layer of FMMA at 193am is only ~0.1. This implies that
initially in the ablation zone relatively large molecules in their polymeric
form are produced. These molecules do not appear to contribute to the
emiseion spectra observed in Figure B4.4. It is possible that the
photodissociation processes responsible for creating the emigsien in the
plume are separate and subsequent to the breaking of the polymeric bonds
which cause ablatlon, although it is much more likely that direct bond
scission by the UV photons is also responsible for the breaking of the
relatively weak polymeric bonde. The rapid rupturing of these bonds causes
a rapid increase in presgure at the ablation site which them leads to the

highly energetic fragments which we observe in the plume.

B.4.3 Photo-ablative etching for target fabrication

C Brown, M Davis, P Rumsby (RAL)

Ulcre violet laser photoablative etching techniques have been developed
congiderably during the year in order to fabricate and modulate polymer
targets for the glass laser scientific programme. An Oxford Lasers KX-1 ArF
excimer lager has been purchased for this work which has concentrated mostly
on contact printing techniques onto polystyreme shells and microdet targets.
Interference techniques have also been developed in order to generate
sinusoidally modulated line patterns on targete using a line narrowed KzF
excimer laser. TFurther details of all these projects are presented in
section A6.2.3.

B.4.4 Bxcimer laser exposure of photoresists

F Goodall, R Moody and R A Lawes (EBL Group, Technology Divieion, RAL)

A set of preliminary experiments was carried out using the ArF 193 nm laser
on varicus resists which gave some intersting results and highlighted some
problems specific to usicg a high power laser as a light source. DBoth
ablation and normsl development were investigated.

(a) Ablation

Using croes linked PMMA (XXL15) on a chrome on glass plaste, ablation was
observed at 50 mj/cmz, however with the same resist on a silicon wafer and a
patterned aluminium maske (from Plessey, Towcester) no ablation effects were

observed at this power density.

Using AX1350 J Shipley positive photoresist mo ablative effects were
observed until about 100 mj em?,

{b) Nermal Develcpment

Using A21350 J, 193 om at 50 mj/cm? the resist appeared to give a negative
resist behaviour, the pattern staying on where it was illuminated and with a
slightly stronger developer the unexposed resist was removed. This Iz &
very interesting and potentially useful result. This behaviour is of course
known when exposing to e-beams, but the ekposure dose required ie high which

tends to preclude its use on ecomomic grounds.

Using AZ2350 J and AZ2400, exposures were made at lover doses at 193 n» and
308 nm. The main problem fs to try and achieve an exposure in a eingle
shot. Clearly a dose greater than the ablation dose cannot be used so the
total integrated dose required must be less than this. Only AX2400 at
308 om seemed to be near this goal, developing out in two shots and nearly
out in one shot at 50 mj/cm? in normal 3.5:1 developer. It is hoped that a
slight increase in dose and developer comcentration would reach the target
at 308 nm. Reaist work clearly needs to be done to achieve both single shot
exposures at lower wavelengths.
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B5  UVRF Facility Development

M ¢ Gower (RAL)

In response to¢ the Increasing demand for time on the UVRF and the somewhat
overcrowded working conditions, in September 1983 the facility obtained
extra full time support of am additional person (Mr G Hogg), and enlarged to
include an additlional laboratory which is adjacent to the original UVRF
laboratory. At present, this new area houses the excimer laser (Lamda
Physik 10lE) pumped dye laser (FL 2002E) system. Thus experiments which
only require the use of the dye laser or the line-narrowed excimer laser can
be scheduled for simultaneous operation. Im this way the facility has been
able to substantially increase the number of experiments scheduled. The two
laboratories can also operate in tandem for those experiments which require

the use of both laser systems.

In order toe obtain high output energles and more reliable operation, the
Lambda-Physik FL20CLE dye laser was upgraded to a FL2002E eystem in
September 1983.

A high energy F, laser (Oxford Lasers (KX-1) which produces ~40m] of energy

in a ~10nsec puise in the vacuum ultraviclet spectral region at 157nm was
added to the facllity in December 1983, and its use is ghared with the
Target Fabricatlon Group at RAL. This laser can also operate on the rare
gas fluoride laser wavelengtha and produces ~ 350mJ at 193nm at lpps.for
example. To overcome the timing jitter problems encountered in the past,
the Lamda Physik 101E line-narrowed oscillator/EMG 201 amplifier system has
been upgraded to a Model 150ETS line-narrowed injection locked system which
typically produces ~500mJ in a 25nsec pulge at 249nm with a line width of
~0.3cm ! at a maximum repetition frequency of 10pps. While the single
switch of this device eliminates timing jitter problems lt alsc has the
additional advantage that it can be used for line-narrowed cperation at 193
and 351lnm.

An extra Princeton Applied Regearch OMAZ console has been purchased by the
facility so that there are now independantly operating OMA systems available
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for use (a vidicon and a diode array system), in both laboratories.

While the facility was fully operational for greater than 90% of the
scheduled time, the few operarional problems encountered throughout the year
were mainly asgoclated with the thyratron switches In the lasers. It is
hoped that these problems can be minimised in the future by stocking in the

laberatory a comprehensive set of spares for the lasets.
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SECTION C
INTRODUCTION
F 0'Neill (RAL)

The long term alm of the high power KrF laser development work is to obtain
106 J, 1ns UV laser pulses from the "Sprite” system. This will be achieved
using two stages of optical multiplexing viz a KrF multiplexer followed by a
methane Raman multiplexer. Design work on a KrF x8 multiplexer which will
deliver 200 J in 8 ns is well advanced and all the optical components and
beam lirnes have been carefully itemiged and positioned on plan drawings.
Ordering of equipment 1s now progressing at a steady rate the plan being to

actually run the multiplexer in about year.

In addition to the above design work we are alsoc carrying on some more
fundamental studies particularly in the areas of UV optical damage and
KrF-pumped Raman gemerators and amplifiers. This year the work on Raman
amplifiers has been particularly productive and we have carried out our
first large scale experiments using the Sprite laser and a segmented mirror
to pump a methane wave-guide. The plans for this experiment were described
in detail in last years report. The results have been very encouraging. In
the Sprite-pumped CH, wave-gulde we have succeeded in obtaining a small
signal gain of e’ at the first Stokes wavelength (268 nm) and have amplified
a probe beam from 1 mI up to 2 J representing a power extraction efficiency
of ~ 15%.

While we are very pleased with this level of success in these preliminary
Raman experlments we have been hampered by the low energy (~ 1 mJ) and large
line—width (0.3 em 1) of the 268 nm first Stokes probe beam. The low energy
means we do not saturate the amplifier and the large line-width keeps the
gain low. As described in section G2 below we have rectified this situation
and the Raman generator can now produce pulses of > 10 mJ in & line-width

~ 0.15 em™ 1., New experinents with the large wave-gulde are now being
planned im which we hope to demonstrate > 50% extraction efficlency and
amplified first Stokes beams of diffraction limited beam quality. These are

C.l

of course the requirements which must be met 1f KrF-pumped Raman amplifiers

are to be used successfully in a laser pulse compression scheme.

CLl KrF MULTIPLEXER DESIGN

D Craddock, 5 Hancock, E Madraszek, F 0'Neill, I N Ross and ¥ J Shaw (RAL)

In the 1983 Annual Report a conceptual design was shown of a 5 x 12 staged
multiplexer for compressing the 60 ns Sprite pulse to a Raman shifted pulse
of 1 ns duration and > 100 J energy. Since that time measurements of the
Sprite e-beam pump pulse have shown it to have a duration of approximately
65 ns and in order to maximise the multiplexer efficiency it has been
decided to adopt an 8 x 8 multiplexing array giving an overall compression

of x 64 and an output pulse duration still = 1 na.

In this past year design work has progressed on the x 8 KrF multiplexer.
Detailed design of the x 8 Raman multiplexer must awalt the outcome of the
wave gulde experiments which are still on-going and these are described in
section C5 below. Present plans are to install the KrF multiplexer on
Sprite during the 19853 reporting year te provide a 200 J, 8 ns output for
target work. The design of the KrF multiplexer can be understood by
referring to the block diagram ghown in Figure €l.l and the laboratory
diagram shown in Figure Cl.2. The multiplexer ig driven by a 100 mJ, 8 ns
KxF oacillator pulse obtained using an electro-optic switch fitted to a
Lambda Physik EMGL50 laser. This beam is relayed through an overhead
helium-filled beam pipe into the multiplexer room. In the relay pipe the
beam is spatially filtered and is magnified up by a factor of two to have

dimensions 20 mm x 40 mm.

On entering the mulriplexer room the beam is periscoped down to working
height and 1s cut into two beams each of dimensions 20 mm x 20 mm and energy
= 50 mJ. One of these beams is delayed by 48 ns and them both beams are
eplit into six using dielectric coated beam splitters. The output from this
system consiste of twelve, 8 ns pulses with a delay of B ns between each
pulse. These pulses are then amplified sequentially in the e-beam-pumped
KrF pre-amplifier GOBLIN over a time period of 96 ns. After amplification
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the energy in each beam i = 1 J and the beam size is still =~ 20 mm.

After amplificaiton in GOBLIN four beams are split off and will later he
used to pump Raman generators. The remaining eight beams are then amplified
gequentially in Sprite to provide eight output beams, each with
approximately 25 J of energy. The Sprite mulriplexing optics alse increase
the beam size from 20 mm to 80 mm to aveid optics damage problems. Finally
the optical delays between the pulses are removed by de-multiplexing optics
to give a laser energy of approximately 200 J in 8 ne for target

experiments.

The actual path taken by one of the KrF beams is shown in detail in Figure
Cl.3. The total distance travelled by the beam from the oscillator room to
the target room is = 100 m and in an effort to minimise distortion the beams
are enclesed in pipes over much of their path. The beam pipe from the
osciliator room to the multiplexer room is helium-filled and contains optics
to magnify the beam and carry out spatial filtering. The designs of the
beam pipes on Goblin and Sprite are shown in Figures Cl.4{a) and (b). In
both cases the systems have been designed to minimise the angles between
beams thus maximising the geometrical extraction efficiency of the
amplifers. Also of-course the amplifiers are double passed in telegcope
arrangements so that costs can be kept down by using the smallest possible
multiplexing optics while still being able to extract the lgrge aperture
amplifiers in an efficlent manner.

The input plate of the Goblin beam pipe holds 24 convex lenses (focal length
250 cm) cne lems for each input beam and one for each output beam. In the
Goblin beam pipe the 20 mm beams are expanded gradually over a distance of
10 m to fill the 80 mm laser amplifier aperture. 4 7.5 m radius of
curvature mirror at the back of Goblin recompresses each beam back down to
its original 20 mm size at the output of the beam pipe. A spatial filter
pinhole 1s used in the output leg of each beam path to provide beam clean—up

as necessary.

The input plate of the Sprite beam pipe holds eight, amall diverging lenses
(focal length = -112 cm) for the 20 mm input beams and eight large diverging
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lenses (focal length = - 600 cm) for the BO mm output beams. The laser
fluence is maximum on the large lenses and is = 500 wl/cm2. The input beams
are expanded slowly over a distance of 13.8 m to fill the 260 mm Spirte
aperture and a 17 m radius of curvature mirror recompresses the beams down
to 80 mm diameter on the output lenses. This change of beam size is
necessary to avold damaging the output lensea. With this optical
arrangement the geowetrical extraction efficiency of Sprite is > 95% on the
second (saturating) pass and a total output of > 200 J should be easily
achleved. After amplification the 25 J KrF beams are directed to the
demultiplexer array to remove delays and give a 200 J, 8 ns pulse for target

worle.

Work on the x 8 KrF multiplexer is progressing steadily. All the laboratory
areas have now been constructed and taken over. Most of the components for
the Goblin preamplifier have been delivered and construction work is
underway. The optical and mechanical design of the multiplexer hardware has
been completed and purchase orders have been placed for the optical
compenents (lenses and mirrors). Orders for mechanical components (beam
plpes, mirror mounts, mirror stamds, etc) will be placed in the next few
montha. The only major compomnent not yet designed is the apatial
filter/beam pipe from the ogecillator room to the multiplexer room and this
design work will be completed shortly. It is expected that the multiplexer
will be operational in approximately one year.

c2 KrF PULSE GENERATOR DEVELOFMENT

E M Hodgson and I N Roas (RAL)

The pulse generator section of the KrF laser system consists of a KrF
oacillator and preamplifier based on a comerclal Lambda Physik BMGLS50 laser
topether with a Raman generator. The broad requirements on pulse generation

are:

{1) An injection pulse of about 100 mJ in & ns at 249 nm for the KrF
multiplexed laser. This pulse should have a divergence of less than

100 prad. For initial multiplexing of Sprite, line narrowed operation is
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not required; however for the eventual staged multiplexer a line—width of

< (.1 en* will be used.

(i1) A Raman shifted pulse of about 100 m] at 267 nm in a linewidth less
than 0.1 cm~! for injection into a KrF pumped forward Raman amplifier.

The following paragraphe present come development work directed toward these

goals.

G2.1 Oscillator Development

The principal limitation of the existing oscillator was its spectral
linewidth which at about 0.4 cm”! was too broad for maximum gain in a
methane Raman generstor or amplifier where the pump linewidth should be much
less than the Raman linewidth of 0.3 em~!. The shot to shot ptability of
Figure C2.1(a) shows

the existing resonator optics in which all the dispersion is achieved using

the oscillator linewidth was also not satisfactory.
beam expanding prisme coupled to dispersing prisme. Using this number of
prisms is lossy amd cannot generally achieve its design performance since it
places extreme requirements on the optical quality and stability of
components in the expanded beam. Further, the output beam although
diffraction limited in the vertical sense is elongated in the horizontal
sense by virtue of the prism dispersion, giving an output with wavelength
changing along this direction. Figure C2.1(b) shows the modified resomator
optics. A combination of fewer prisms and an etalon was proposed to achleve
the 0.1 em~ ! linewidth, while a higher reflectivity output mirror helps to
bias the system towards a greater number of passes through the dispersing
optice. The prisms give a lower beam expansion factor of 20 and a lower
loes (=~ 50% in double pass without antireflection coatings). They should
glve a linewidth of ~ 0.5 em™ 1,

of 1.0 cri~! and a finesse of about 10 reduces this linewidth to < 0.1 em™

The solid etalon with a free spectral range
without a large reduction in output power.

In practice this scheme has worked successfully. Figure C2.2 shows

Fabry-Perot interferograms of the oscillator output with and without the

intracavity etalon giving linewidths of 0.5 em~ ! and 0.15 cm~} respectively
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before deconvolution of the instrumental linewidth. The shot to shot
variation in linewidth is very small and not a problem However good
mechanical and temperature (< 0.5°C with the present arrangement) stability
are required to prevent both a change of output beam alignment and the
appearance of satellite spectral components separated form the main

component by the free spectral range of the etalon.

The beam distribution with etalon inserted is now largely diffraction
limited in both vertical and horizontal senses showing a circular
distribution. The output energy with the etalon is = 100 nJ (@ 30 kV) which
ié the same as was obtained with the original cavity. However the beam
intensity in the far field is considerably hipgher by virtue of the reduced

horizontal beam divergence.

Some observations on the beam temporal profile are noteworthy. There is
Q}oadstructure (Figure C2.3) with peaks corresponding to two, four and six
passes of the resonator. The output mirror is adjusted to maximise the
second péak (it does not affect the first peak at all) which has
considerably better spectral and spatial characteristics as compared with
the first peak. There is also signifient finestructure on a subnanosecond
scale showing modulation levels of some tens of percent. This we believe 1s
due to beating between modes which are confined to a small number by the
degree of line-narrowing present. It should be noted that such structure
may be present with broader spectral output but would then be on a smaller
time scale and below the limit of time resolution of our oscillosgope. This
structure on our beam can be of considerable importance in nonlinear

processes such as Raman generation; see paragraph C2.3.

c2.2 Preamplifier Studies

In the existing EMG150 system the amplifier is ope;ated in the injected
unstable oscillator mode with the injected beam undergolng around five
passes before emerging as the output beam. This mode 1s energy efficient,
provides maximum duration pulses and gives adequate locking efficiencies.
Alternative modes of operation have been congidered which may be less

critical on timing and alignment, which may give higher power in shorter
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pulses and which may lead to reduced beam divergence. In particular some

experimental assessment of the double pass amplifier mode has been made.

(1) Amplified spontanecus emission (ASE) measurements were wade. Spatial
nonuniformlties in the single pass ASE were found to originate from stray
reflections from Internal components in the amplifier. These together with
the Fresnel reflections from the end windows form a feedback channel for
parasitic osclllations. These parasitics lead to significant depletion even
in single pasa. Heavy saturation of ASE nccured under double pass
conditions, showing that double pass amplification of even low level signals
should be sufficient for efficient energy extraction.

(11) Figure C2.4 shows the saturation curve for the amplifier in single
pass. This gave a value for the saturaticn intensity of 1.0 MW/em? and a
peak single pass output energy of 100 mJ.

(111) Figure C2.5 shows the scheme used for double passing the amplifier.
The performance did not depend critically on timing. Several double pass
geometries were trled with very similar results.

Energies of 250 mJ were obtainmed in 10 ns at a peak power of 25 MW. More
than 80X of the energy was within 90 prad. All beam measurements were
taken after a spatial filter to eliminate the ASE. It was found that there
is a negligible amount of ASE within a 300 prad cone and it is easily
eliminated using a Spatiﬁl filter without attenuating the output beam.
Flgure C2.6 shows oscilloscope traces of the temporal profile of the pulse
component and ASE component respectively under conditions of optimum
amplifier injection pulse timing. An intersting possibility available with
a double pass scheme is demonstrated by Figure C2.7 which shows the output
pulge evolution for different optical delays between the amplifier and
retro-mirror. The saturating return beam quenchee the gein in the amplifier
and so prematurely cuts off the amplification of the forward going beam,
The result is an output pulse of reduced pulse duration where this pulse

duration is twice the optical delay between amplifier and retro-mirror.
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Oscillograus of laser pulses obtained by amplifying the oscillator pulse on a double pass

through the amplifier for two different optical delays on the second pass.

Cc2.3 Backward Raman Generation

To meet the future requirements for Raman shifted pulses it i mecessary to
achieve conversion efficiencies of the order of 30X from KrF fundamental ’
(249 mm) to first Stokes in methane (268 mm). This appears ot to be
possible with a forward Raman gemerator due to competition with higher order
Stokes and anti-Stokes conversion processes. Following the work of Tomov et
al (C2.1) who achieved 80% conversion to firat Stokes in the backward
direction and showed that it has phase conjugate properties we have have set
up a backward Raman generator using methane gas, as shown in Figure C2.8.
The major requirement for efficient backward Raman conversion is that the
linewidth of the pump source must be as narrow as possible and certainly <<
the Ramsn bandwidth (0.3 cm~! in this case). Hence our specification of a
bandwidth of 0.1 em” L.

The arrangement shown in Figure C2.8 wag used to investigate the dependence
of backward and forward Raman processes on the methane gas pressure and on
the focusing conditions of the pump beam. Figures C2.9 plots the photen
conversion efficlency into the backward first and second Stokes components
as a function of gas pressure. XNo other Ramam components or the Brillouln
component were detected in the backward direction. A peak efficiency of 40%
was obtained, considerably less tham that achieved by Tomov and perhaps due
to the somewhat broader linewidth of our pump source. At the optimum
pressure the efficiency of the firat backward Stokes was measured for
several focal length pump beam focusing lengea. Figure C2.10 shows a peak
ar a focal length of 2 m (inmput beam size ~ 15 mm} when the focal intenaity
was just below the breakdown threahold of the gaa.

Figure C2.11 ghows typical time resclved pulses of the pump, first backward
Stokes for two different focal iengtha and second backward Stokes (at high
gas pressure)., The pulse compréssidn proceas inherent in the backward Raman
process when operating at high efficlenmcy 1s very evident especially in the
second Stokes component. This second Stokes was typically juet a gingle
pulse of duration < 0.5 nancaeconds with a peak power a factor > 2 higher
than the ptmp pulse (measurement limited by detector and scope resolution).l
It is noted that the pulse duration is limited to > = 0.1 use by the
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bandwidth of the Raman process. At the first Stokes the time eveolution 1s

less spiky particularly for a shorter focal length lens for which the Raman

gain length is less. However peak powers for this component are still’

comparable to that of the pump. The presence of heavy modulation on the
pump pulse on a nanosecond timescale will strongly encourage short pulse
generation in the backward Raman components. A more temporally uniform
Stokes beam may be achleved when the preamplifier 1s far more heavily
saturated than in this experiment {which uses 1t only in single pass). The
temporal modulation on the pump beam will be suppressed by this nonlinear
saturation process. :
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c3 UV_LASER DAMAGE STUDIES

D € Emmony, I Laidler, L A Malmood and § S Wiseall (Loughborough}
Cc3.1 Introduction

Lager damage studies in the past year have been concerned with improving
diagnostics, lagser damage in aluminium mirrors (C3.1) and an Investigation
of laser damage threshold definitions. An absorbing impurity model has been
suggested which is able to predict damage thresholds and damage
probabilities (C3.2).

Exploratory work has begun on an acoustic probe techaique to detect the

early stages of the onset of damage.

A CASE project in collaboration with BDH Chemicals Limited, has recently
begun. This project involves the study of optically induced primary defects
in single crystal CaF, and other UV materials.

A variable length liquid attenuator has been developed which allows uniform
attenuation of the excimer laser at 249 om. Cobalt and nickel sulphate or
Rhodamine 6G laser dye have been found to be gsuitable absorbers. The use of
an attenuator has two benefits. Laser damage measurements can be carried
out in the same focal region and focused excimer beam profile measurements

are posgsible using a plohole and smzll area pyro-electric detector.

Cc3.2 UV Laser Damapge in Aluminium Mirrors

An investigation of KrF laser damage processes in aluminium mirrors has been
conducted (C3.1). Optimum coating deposition conditions can produce mirrors
with & reflectivity greater than 90% at 249 nm. The aluminium oxide layer
which grows satually (~ 4 om) does oot affect the reflectivity of the mirror
at 249 nm. Taser induced heating of the aluminium coating appears to be the
damage limiting process. Damage tests were algo performed on silicon oxide,
ThFy and MgF; overcoated aluminium mirrors. There wag no large variation in
thresholds between coatings, being typically in the range 0.2 - 0.4 Joules
em™ 2.
C.11



The damage limiting process for MgF, and ThF overcoated mirrors was the
adherence of the coating to the aluminium. Some interesting obsetvations
were made on silicon—oxide overcoated mirrors. The standard silicon oxide
overcoating on commercial mirrors is the non-stoichicmetrie oxide, Siox,
where x lies between ome and two. UV irradiation with a Mercury discharge
was found to dramatically increase the UV reflectivity, Figure C3.1. The
improvement increases with irradiation time and is larger for shorter
wavelengths. Ellipsometry measurements at 633 nm suggested that the fllm
thickness and refractive index at this wavelength were not influenced by the
irradiation. ESCA was employed to measure the stoichiometry of the SiOx
f4lm as a function of irrediation time. This analysis showed the surface
layer to be fully oxidised, with a stolchlometry index of 2. For UV
irradiation times of less than 90 minutes there is a gradual increase in the
stolchiometry value with sputter depth and irradiation time from abeut 1.5
to 1.75. Irradiation times of 150 minutes produce & fully oxidised coating,
§10,. The largest improvement in reflectivity occurs for irradiation times
of less than 40 mioutes, in this case the stoichlometry value changes very
1ittle. Similar observations have been made by Hass et al {C3.3) who
attributed part of the increase in reflectivity to an improved structural

ordering of the Siox overcoat layer.

C3.3 Probability Model

A model has been examined which considers the most damage senpltive
impurities to be distributed with a Polason distribution at thin f£1ilm
interfaces. A theoretical model comsidering pulsed laser induced heating of
a lightly absorbing spherical particle in an infinite dielectrie mediun hes
also been consldered. The energy density required to heat the centre of the
absorbing particle te its melting point 1s shown in Figure C3.2. The
absorbing particle is assumed to be silicon oxide (SiOx) in a non—absorbing
silicon dioxide host medium. The model assumes uniform heating throughout
the parﬁicle. The imaginary part of the complex refractive index of the
absorbing particle limits the maximum particle radius for which the
assumption of uniform heating is valid. Im Figure 3.2 for n, = 0.001 the
maximum radius is about 0.9 um. The predicted minimum energy density of

8.3 J em? for particle radii ~ 0.5 ~'L.0 ¥m %5 2 - 4 times higher than that
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observed experimentally. For such small particles the absorption crose
section is given by Mie theory and is << waz, ite geometrical value.
Guenther (C3.4) has found that experimental data scales with the geometrical
cross section even for A/2 f£ilme for which the Impurity size would be
expected to be < Af2. This would be expected to occur for moderately
absorbing particles with n, » 0.0l. The requirement of uniform heating
throughout the partiele, limits the particle size to < 0.1 m. The analysls
for larger particles requires a spatially dependent source term im the heat

conduction equation.

The results of the damage probability model are illustrated in Figures €3.3.
They are expressed as a damage probability versus peak test fluence. The
test specimen was & three layer non-quarter wave antireflection coating
designed for uee at 249 nm. One half of the pample had been irradiated for
30 hours with a Mercury discharge lamp. The experimental points were
determined by damage testing the sample at 10 to 20 sites at each fluence
and noting the fraction that damaged. The theoretical lines were fitted
using the defect density as a fitting parameter. The Tesults suggest that
pre-irradiation with a UV discharge lamp source does not alter the damage
threshold of the most damage sensitive defects but decreases the defect
denaity from 1.7 mm 2 to 1.0 mm 2,

The gradient of the theoretical line ie controlled by the defect density and
laser spot size (C3.5). Laser damage thresholds are defined in several

different ways but experimentally they converge for large beam area tests.

Some interesting accumulative processes have alsoc recently been observed.
Figuree C3.4 shows the shot number required to produce ejlection of material
from the test specimen plotted against peak fluence. The regults may be
explained by an accumulative increase in the energy abgorption coefficient.
The increment in absorption coefficient per shot is less for the irradiated
section. More shots are therefore required to produce damage. If the
increment in the absorption coefficlent/shot was constant the product of
shot number and fluence in Flgure C3.4 would also be constant. This is not
the case and a4 non-linear increase in the absorption coefficient with

irradiation level ccecurs. The accumulative process appears only to occur
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above certain threshold energy densities.

C3.4 Damage in Synthetic Crystals

The CASE project in collaboration with BDH Chemicals Limited, is in its
earlieat stages. Previous work has shown that CaF, and other UV
transmitting materials fluoresce and develop colour ceuntres in excimer
radiation. The project seeks to understand the mechanisms and the role of
lager induced defects on the breakdown threshold of CaFs in the first
instance. Absorption and fluorescence spectroscopy are being used to study
the interaction process. A variable delay pulse derived from a
simulataneously pumped tunable dye laser is to be used to probe the damage
threshold. It 1s hoped to isolate the competing kinetic processes involved
in optical breakdown while at the same time monitoring ifmputity specles in
the material.

c3.5 Photoacoustic Detection

The onset of damage and definition of damage thresholds has received much
attention. A pimple acoustlic technique has been developed which may
overcome gome of the difficulties and which lends itself to spot size
dependence studies. A plezoelectric transducer is mounted directly on the
component to be damage tested and the amplitude of the acoustic transient
recorded as a function of energy density. Figure C3.5 shows the acoustic
amplitude as a funciton of CO, laser pulse emergy. At low energy densities
the acoustic signal is due to a thermoelastic mechanism and is linearly
dependent upon the pulse energy. This dependence changes discontinuously at
the onget of damage. The technique shows excellent agreement with damage
thresholds measured in other ways on a wide range of substrates and mirrors
including Al, stainlees steel, Cu and Mo, as well as a number of high
reflection and anti-reflection thin film eystems. So far the technique has
only been used as 10.6 jm but it is planned to extend this work to the

detection of the onset of damage in the ultra violet.
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C4 E-BEAM PUMPED KrF LASER SYSTEMS

Cé4.l Sprite Laser Studies

C B Edwards, F 0'Neill, M J Shaw {RAL), Z Osborne and C Phipps (LANL)

The Sprite laser system Is now fully operational and durlng the reporting
year approximately 600 laser shots were fired mainly in connection with the
Raman amplifier epxeriments described in section C5 below. The laser system'
was shutdown late in 1983 for a period of four months for a fairly

extensive re—build of sections of the pulsed power equipment and for the
installation of a new laser cell, the old one having developed a large gas
leak. Our experlence with glued pressure foils In the laser cells has been
good with the glue Joints proving to be extremely robust in operation and
well capable of surviving the large (100-200 torr) pressure pulse generated
when the e-beams are dumped into the laser gas. The old laser cell had been
in Sprite for about one year and had deterilorated due to F, attack of the
epoxy glue. 1In the new cell just installed only a very thin layer of glue
1s exposed to the F, and degradation ia not expected to be a problem.

One of the main problems encountered in operating Sprite has been with FZ
attack of the laser optical coatings which are used internally in the cell.
The usual laser cavity conaists of an unstable resonator with a 260 mn
aperture, 4 m radius of curvature rear 100%Z reflector 1a contact with laser
gas and the output end of the cell closed off with a 260 mm aperture fused
pilica AR/AR coated window. An externally mounted convex mirror, 65 mm
diamter, 1 m radius of curvature completes the resonator. The large rear
mirror is an all-fluoride multilayer dlelectric coating on a pyrex substrate
and we find that this withstands F, attack over long periods provided
exposure of the coating to the laboratory atmosphere is minimised. These
coatings have been measured by Loughborough University to have a laser dmage
threshold ~ 2 J/cu? when new which drops to <1 J/em? after F, exposure- In
any case the damage threshold is adequately high for use at typical KrF
laser intracavity fluences of < 500 ml/cm2.

Experience with AR coatings in contact with Fu has not been as good. The
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coatings are typically of two-layer design, one layer being a fluoride and
the other an oxide. It seems that F, (or HF) rapldly attacks the oxide
layer inducing a cloudy appearance and making the layer easily damaged by
the laser. More work will have to be dome with AR coatings of different
designs to improve their F, compatability.

{a)
The Sprite laser has been mailnly operated with an unstable resonator cavity
the aim being to generate low divergence beams of good spatial quality. The
laser beam uniformity has been measured using a 128 element pyroelectric
detector array with 1 mm centre—to—centre spacing. Measurements have been
taken with the array mounted in a vertical plane and in a plane at 45° to
the vertical to see If the four sided Sprite e-beam geometry is 1ln anyway
fmprinted on the laser beam. Figures Ci4.1{a) and (b) are two such traces of
the laser beam Intengity profile showing a peak to valley uniformity of
* 30% in both planes. For these measurements ~ 8% of the Sprite beam was
picked off by a beamsplitter and compressed ontc the array using a 1.2 m
focal length lens. This beam uniformity is sufficiently good for pumping
Raman amplifiers and 1s adequate for most target experjments. The array
trace (a) correasponds to a plane which passes between e—beam diodes and the
low laser intensity at the edges 1s as a result of reduced e—beam pumping im Ib)
these regions. The 45° trace (b) corresponds to a plane passing through two
e-beam diodes and have the enhanced pumping close to the e-beam folls
regsults in the lagser beam profile peaking at the edges. MNevertheless the
beam profile in both planes in quite uniform showing that the e-beam
scattering Iin the laser gases effectively "waghes—out" the four—sided

pumping geometry.

An important requirement of Sprite for pumping Raman lasers wae that it
should operate with low beam divergence and marrow line—width (< 0.3 em~1).
The method chosen to achieve this was to operate with an M = 4 unstable
resonator cavity and to injection lock it with a pulse from a low
divergence, line narrowed Lambda Physik EMGL50 lamer. The optleal set—up 1s
shown In Figures C4.2. The injectlon pulee was carefully timed to enter the
Sprite cavity just as the gain in the large laser was starting to rise as a
result of the e-beam excltation. The effect of Sprite injection was very
dramatic resulting in the following:
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(i) Appearance of high contrast diffraction fringes on the far field beam
pattern due to beam clipping by hard edges in the cavity. This is
evidence of the low beam divergence — in the non-injected beam these
diffraction fringes are washed out in the far fleld because of the

higher beam divergence.

(i1) Increased laser pulse-width and output energy. Figure C4.3 shows the
laser pulse width, with and without injectlon where the corresponding

laser energles were 142 J and 120 J.

«(411) Line-narrowed cutput with a line-width of < 0.3 em~ 1 (see Figure

C4.3). As yet we have not measured the percentage of the laser energy
in the narrow line but from interferometer measurements it appears to

be very high (> 80%).

In general therefore our operating experience with Sprite has been good.
Cur alm has not been to push the machine to its limits and we have typlcally
operated with laser energies in the range 100 — 150 J which are easily

_achieved at modest running voltages. These laser pulse energles are

obtained using unstable resonator cavities and for a deposited e-beam
energies ~ 2500 J. The maximum pump energy that can easily be achieved is

~ 3000 J and by using plane/plane resonator optics this should give an-
energy output ~ 300 J assuming 10% laser efficiency. This 300 J is also the
level of energy that should be available when Sprite is used as a saturated

amplifier in th KrF multiplexer arrangement.

C4.2 Sprite Pulsed Power Performance

D Craddogk, C B Edwards, F O'Neill and ¥ J Shaw (RAL)

The major change in the Sprite pulsed power system in the past year has been
the introduction of a new triggering system which includes. laser triggering
of the main water capacitor SFg switch for the first time. This
modiflcation was necessitated by the introduction of the Lambda Physik

oseillator to the Sprite system. This laser's minimum trigger delay of
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around 600ns meant that a trigger pulse had to be provided before the water
capacitor switch fired - the previous timing point of the Sprite system.

The solution adopted is shown in Figure C4.4 which shows the layout of
trigger pulees to the various parts of the system. The main trigger pulse
is derlved from the water capacito¥ voltage monitor rather than the Marx
trigger generator thus avoiding the jitter inherent in the Marx erection. A
level detector provides a pulse close to the beginning of the water
capacitor charge cyele. The pulse is used to fire a CX16&22 Hydrogen
thyratron which provides a ﬁigh level {30 kV¥) pulse via a delay line to the
first trigger laser and a low voltage (15 V) pulse directly to the Lambda
Physik oscillator laser. This is thus triggered before the flrst trigger
laser, the output of which is used to tripgger the water capacitor spark gap-
A second delay line takes the high voltage pulse to the second trigger laser
which 18 used to fire the four pulese forming lime gaps.

Since the jitter in the laser triggered gaps caen be very small (~1 - 3 ns),
the overall aystem can be made to perform under accurately repeatable
conditions. The delay lines cen be adjusted to give optimal triggering of
the water capacitor and diodes. When so adjusted, over 90X of the emergy
gtored on the water capacitor is delivered to the diodes within the useful
pulse duration. The main inefficlency in the system is now the diode/gas
interface where typically only 40-50% of the diode energy gets into the gaa.
This is to be compared with 50-60% measured previously with g test diode
under similar conditions. The difference iz most likely due to losses on
the curved main foil and at the curved laser chamber wall which gives a
larger surface loss than on the single flat face of the test diode (see 1982
Annual Report).

Operating experience over the past year has provided useful data on the
system. For example, laser triggering has proven to be highly reliable the
only problem being the etching of the fused silica focusing lens by
(presumably HF impurities) formed in the SFg gas after breakdwon. This
problem has been wminimised by mounting the lens in a separate chamber fed
with fresh SF_ and communicating to the gap ony via a emall hole in one
electrode. The four PFL gaps were dismantled after approximately 500 shots

for cleaning and inspection. They were found to be in excellent condition
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with no evidence of surface tracking or excessive sputtering.

On the other hand eerious problems have been found in the 4" dlameter copper
feed lines to the diodes. Firstly, ﬁfter a perlod of about a year it was
found that the inside of the copper lines were becoming plated with a
substantial layer of black CuO. Since thie is an Imsulator the effect is to
reduce the breakdown threshold in this part of the system. It is mnot
entirely clear what the mechanism producing the oxide layer but it is
probably caused by R0 hylizolysis products, produced in streamers, reacting
with the copper. Copper should certainly be aveided in future water filled
puloed power systems. The bronze parts of the lines {bends and tees) seem
unaffected by this problem. Secondly, breakdown in this part of the system
has been occuring far more often than originally envisaged. This is almost
certainly due to the small residual voltage which remalas on the lines after
firing. Since there is very little to dissipate thls charge after the main
pulse is over it f£inds the weakest point which 1s in the small diameter
output lines. These breakdowns give rise to pevere pressure pulses which
have caused bulging of the lines and fallure of soft soldered joints. The
elimination of soft soldered jolnts and the provision of extra bellows
gections have been tried to reduce the effects of the breakdowns but the
root cé.use remains. Tin plating is being tried in a section of the system
to hopefully overcome the Cu0 problem, but some redesign of this section of
the system to (a)} reduce the fields and (b) provide gome form of energy
diseipation will be necessary before the full potentlal of the Sprite pulsed
power system can be realised on a routine basls.

C4.3 Goblin Pre-Amplifier Progress

D Baker, D Craddock, E Madraszek, H T Medhurst and M J Shaw (RAL)

4 major new component of the multiplexed Sprite system is the e—beam pumped
KrF laser pre—amplifier, the fuanction of which is to boost the output of the
osclllator to a level sufficiently'high that the main Sprite amplifier is
efficiently extracted. This system has acquired the code name Goblin and
uses components in common with both ELF and Sprite. The nominal output of

Goblin is 20 J in a 100 us pulse from a 75 um dismeter aperture. Initially
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it 1s proposed to use the old ELF diode chamber and laser cell. Thie 1s fed
by a Sprite type piulse forming line with a laser triggered output switch.

In this case the PFL 1s 2 m long giving a pulse duration of 120 ns. The
line impedance i1s 5 & and the 12 nF line stores 3.8 kJ at its maximum charge
voltage of 800 kV.

an entirely new Marx generator has been designed to power Goblin. It
comptises 10 stages of 0.22 pF (Maxwell S series) capacitors and stores a
maximum of 6.2 kJ at 75 kV charge voltage. The voltage gain from marx to
‘line fs calculated to be 1.1 and the energy transfer efficlency 70%. The
charge time of the pulse forming line will be approximately 400 ns. The
most important parts of the Marx generator are the switches and it was
decided to use the same switching arrangement as in ELF where midplane
 triggered ball gaps are arranged in a vertical ¢olumn in a common tubular
pressure vellel. Figure C4.5 shows the Goblin Marx switch column during
assembly.: The experience with the ELF switch column has been ;ery goad -
several thousand shots having been obtained wihtout significant degradation

Vo
in perfotmance.

c4.3.1 Marx Generator Triggering

One new requirement for the Goblin Marx generator (and also as a retrofit
for the ELF Marx) is that of low jitter trigéering. This has previously not
been a problem since everything eould be slaved to the water capacitor
charge eycle which occurs after the Harx is triggered. For the Sprite
multiplexer however 1t will be required to trigger both the ELF and Goblin
Marx generators in correct time sequence with a total jitter of 23 ns or
50.

'
A triggering system requiring ainimal attention and having very high
reliability with low prefire rate and capable of low 4itter opeartion from a
low voltage timing pulse was required. These requirements have led to a
fairly novel design employing a hydrogen thyratron and a magnetic switch.
The basic circuit is shown in Figure C4.6. Energy is stored oo C1 and
switched by the tetrode thyratron V3. V) and C; sit outside the Marx tank

and are comnected to CZ Lz and T1 under oil in the Marx tank via a cable
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which contributes most of the inductance L. This inductance is chosen such
that the peak current and peak di/dt are well within the thyratron ratings.
L, is a saturable inductor so cheosen that L2 (unsat) is »> L1 and

Lo{sat) is << L;. DUnder these conditions C, charges until
J v(Cy)dt = N A 4B

where N A 4B are the nubmer of turns, cross ectional area and saturation
flux of L, respectively. At this precise point L, switches very rapldly
from its unsaturated to its saturated state allowing curxent to flow to the
load. The current risetime is deterimined solely by the saturated

inductance of L, and can be many times (typically 5 or so)} shorter than the

risetime at the thyratren. T, is an air-cored high voltage pulse

transformer the output of which is conmected directly to the Marx trigger T

electrodes. Typlcal output veoltage required for low jitter triggering is ~ (: _ 1 (J F:

300 kV with a risetime of < 100 ns. The advantage of this scheme 1s that - ) }J

the thyratron is operated under relatively benign conditions so that long L'] = 35 }J H Clir Cored
life and hi.gh reliability may be expected. Also the components in the Marx L 2 - 21 }JH (UF\SQ’()
oil tank‘?Fe purely passive im nature and, providing electric fields in T,

120 uH (unsat)

are considerably less than the breakdown field, should be maintenance free.

—
w
1

In order to test out the idea a small scale version using an SCR switch and
ferrite cores was set up as shown in Figure ¢4.7. This two stage system
c¢learly shows the decrease in the risetjime and hence current gain per stage.

Ferrite is mot particularly useful for high poer applications since as has

VOLTS at A
. . B
- v C

been shown by Birx (C4.l) the energy handled per stage is glven by:

g o 4y 482 : 100 v/div

- Gznzua

where V is the core volume, 4B the saturation flux in Tesla, G the stage

gain and e the saturated permeability of the core (generally close to uo).‘ ]
For ferrite AB is rather small (rypically 0.3 T) giving rise to aspecific S}JSIdlv

energles of about 2 J/& for a gain of 5. On the other hand, a new magnetic

material, Metglas, has high permeability and high frequency response as well

as a much higher saturation flux (~ 1.5 T) vwhich gives.specific energles ~

50 J/%. A switch using Metglas 1s at present under construction for use in

this trigger generator application. . . Fig. C4&4.7 Magnetic switch test eircuit,
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[+4] LIGHT GUIDED FORWARD RAMAN AMPIFIER EXPERIMENT

C B Edwards, F 0'Neill, M J Shaw, G Levy and Y Matumoto (RAL)

C5.1 Experimental Results to Date

The basic Raman amplifier experiment was deseribed in detail in last year's
annual report. The main details of the epxerfment are shown schematically
in Figure C5.1 and cousists of a 1.8 m long square section light guide
constructed of float glass plates giving a 2.5 x 2.5 cm? aperture. The
gulde is pumped by 56 plane beams which are split from the Sprite output
using a multi-element segmented mirror. The beams are plane so ae not to
bring the beams te a focus in the Raman cell which could result in gas
breakdown and spontaneous Raman generation. The large number of beams were
dictated by the need to achieve a sufficlently high intensity in the gulde
using the 60 ns Sprite pump pulse.

Aligoment of the segmented mirror (after trying a number of poorer methods)
was best achieved by using the oscillator laser which iz used to inject
Sprite and which, after four passes in the Sprite cavity is expanded to

full beam size. A system of beam stops Is used which illuminates each
element of the segmented mirror im turn. Each element is then adjusted so
that its beam is centred on the light guide entrance. The accuracy of
alignment using this technique may be Judged from Figure C5.2 which shows a
burn mark on a silicon wafer placed at the light guide entrance. Each
mirror segment was designed to produce a 23 x 23 mm? spot to allow for

* 1 mm misalignment at the entrancé s of the 25 x 25 mn? guide. The burn
mark in Flgure C5.2 which comes from the overlay of all 56 beams is in fact
exactly 23 x 23 m? indicating that alipgnment is well within tolerance.

The energy'available‘at'the guidé entrance ;aé‘éomeuhat less than
antiéipated."The maximum beiﬁg about 40 J in a 50 ns pulse. The regulting
average intensity 1ﬁ the guidé was thus 130 MW cn™%. The gulde transmisaion
was measured ugsing joulemeters at the entrance and exit apertures and found. ..

to be 70Z - somewhat lese than the calculated 85%. The main experiment

‘congisted of weasuring the energy of the Stokes beam at the output of the
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Fig.

€5.2

Laser burn pattern at entrance to light guide with all
56 beams from the segmentedmirror overlaid.

guide with and without pumping. The fact that the pump beams did not
co-propagate with the Stokes beam (which 1s the only beam on axis) made
separation of Stokes and pump easy. The higheat input energy available in
the Stokes beam was about 1 mi in 0.3 em~! bandwidth with a 20 ns pulse
duration. The best Stokes output energy achleved was 2 J which although
representing a gain of 2000 (e”) wae insufficient to significantly depelete
the pump. Under small signal conditions the Stokes power in the amplifier
grows as Ps = Ps(o) exp (TIPL) and thus TIPL = 7 vhere Y 16 the Raman gain
coefficient Ip the pump intensity and L the interaction length. “The
observed gain indicates that v = 0.2 em GW 1 at the cell operating pressure
of 4 atmos CH,. This is considerably less than would be expected using the
line centre value of 0.1 cm GW ! atmos~l. It is necessary however to
account for the effects of laser linewidth, pressure broadening of the Raman
line and also pressure shift where the oscillator and amplifier are tun at
different pressures as was the ease in this experiment. Measurements (C5.1)
indicate the Reman width of the vy transition of CHh varies with pressure as
4v = 0.32 + 0.012 p ew ! with p in atmos. The line centre shifts with
pressure at a rate v — vu =0.0175 p em™ !, Assuming a Lorenzian gain
profile, the peak gain for a shift of v - Vv, and a total Raman linewidth of
Av = 0.32 + 0.012 p + AVL vhere AvL is the laser linewidth is given by:

—3
qvy = B X103 p AV

(v 2+ (3D

Using this expression for a Raman cscillator pressure of 10 atmos and a
Raman amplifier pressure of 4 atmos with & laser linewidth of 0.3 e¢m ! we
find a Raman gain of 0.17 cm GW™! in ressonable agreement with experiment.
Improvements in the oscillator performance (described in section C2) in
terms of reduced linewidth and increased Stokes power indicate that
gignficant pump depletion should be achlevable under the same punmp

conditions.

C5.2 Model Calculations

During the past year a start has been made to extend the simple ID model

presented in the last annual report to Include more realigtic assumptions as

C.26

~d



to the properties of the light guide. TIn the extended model a single pump
beam moving at an angle to the Stokes beam and making reflections of finite
reflectivity at the guide walls 1s considered. The model also considers the
Stokes beam not, to fill the light guide which is an important property if
the Raman amplifier is to be used to amplify a number of beams travelling at
different angles through the guide ae occurs in the staged mulriplexer.
Typlcal results are shown 1n Figure C5.3 for the case where the area of the
Stokes beam i1s 0.3 of the gulde area. The curve for one reflection at R =
83% would be typlcel of the present experiment although larger fill factors
than 0.5 can be obtained experimentally. With a low fi1ll factor the effect
of increaslng the aumber of reflections is beneficial since the pump beam
traverses the Stokes beam more often. The finite wall reflectivity can
however keep the converslon efficlency down. For comparison the effect of
multiple reflections from perfect reflectors 1s to greatly ilncrease the

converslon efficlency even when the £ill factor le small.

C5.3 Haterials for light guildes

The present experiment uses fleat glass for the guide walls and obtains high
reflectivity by operating at near grazing incidence (< 1°). For a ataged
multiplexer however, operation over a larger scceptance angle will be
necesgary both as a congequence of the above discussion (since fill factors
muot be lese than unity) but also from the point of needing to accommodate a
large number of pump and Stokes beams. This rules out uncoated glass as a
wall material due to its low reflectivity. The desired properties for the
guide walls are flatness (so that pump beams are not focused), high
reflectivity at grazing angles up to 10° or so and high damage threshold.

In addition the coating should be inexpensive and applicable to large

areas.

We have investigated some properties of the following materials: evaporated
Aluminium, evaporated Rhodium, plated Rhodium, and silicoum—coated float
glass. All of these material possesa low damage thresholds at normal
ineidence (< 0.5 J cm 2) however a number may be useful at near grazing
incidence. Perhaps the most Interesting material is silicon coated float

glass (Pilkingtons spectrafloat) since this is readily available in large
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sizes. The silicon coating is rather thin and since reflectivity at 0.25 m
was not well known it was declded to measure the reflectivity using both a

KzF laser and also the second harmonic of an Ar* laper at 256 nm.

The results are shown in Figure C5.4 which shows the reflectivity
meapurements as a function of angle. The solid curves are calculated from
the Fresnel equations assuming n = 4.4 and k = 0. However the data are also
fitted quite well with n = 2.0 and k = 1.0 but the data are fitted very
poorly by n = 1.7, k = 3.7 the quoted values for single ecrystal silicon at
0.25 ym. Unfortunately for this thickness of silicon the reflectivity falls
off rather too quickly with angle of'incidence for spectrfloat to be of use
as lightguide walls. The search continues for the most suitable material
for this application.

REFLECTMVTY o & SHG Ar* LASER

100% o A& KrF LASER

50%
4L0%
0 ) 1 1 1 1 1 ] 1 1
10 20 30 40 50 80 70 80 90° DEGREE
ANGLE OF INCIDENCE
Fig. C5.4

Reflectivity of silicon~coated float glass at 0.25um.
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Measurement of electron distribution function using a free bound continuum
Laser Programme Annual Report 82 '
Lewrence Livermore National Laboratory p5-52 (1983)

D J Nicholas
A precision multiwavelength focusing singlet for high power lasers.
J Phye D 16, L53 (1983).

G J Pert
Deflagrations and discontinuities in laser-produced plasmas
J Plas Phye 29 part 3 415-438 (1983)

C Raine K W D Ledingham and K W Smith
Laser Induced ionisation in proportional counters
Nucl Inst and Methods 217 305 (1983)

H S Reehal C B Thomas J M Gallege G Hawkias and C B Edwards
Pulsed UV Laser irradiation of Zns filmas of 51 and Gais
Proc Mat Res Soc Symp 13 p677 Boston (1982)

5 J Roae
The calculation of the opacity of hot dense plasmas
J Quant Spect Rad Trans (in press)

5 J Rosge
Two ceatre electronle wave functlons in plasmas.
Journal de Physique, suppl 11, 159 (1983).

8 J Rose and R G Evans
Radiation Transport in MEDUSA
J Quant Spect Rad Trana (in press)

I ¥ Ross

Analysis of factors affecting the uniformity of compresaion of a laser
irradiated spherical target.

J Phys D 16 1245 {1983).

1 N Ross and § Singh
A Simple Interference Microscope.
J Phye E 16, 745 (1983).

S Sartang R G Evans and W T Toner
Numerical simulations of self-focusing in laser produced plasmas.
J Phys D 16 955 (1983).



M J Shaw

The bi-directional amplifier in the constant iantensity approximation and
its application to XrF lasers.

Appl Phys B 30, 5 (1983).

R Wilbrandt W E L Grossman P M Killough J E Beonett and R E Hester
Triplet atate rescnance Raman spectrum of all-trans-Diphenyl-butadiline
J Phys Chem

J P T Wilkinson M MacDounald R J Donovan

Formation of Electronically Excited XeBr by Reaction of Excited IBr with
ground state Ye.

Chem Phys Lett 101 284 (1983)

0 Willi and P T Rumsby
Plasma Jetting in the coromna of laser irradiated targets.
Phys Fluids (in presa).

0 Willi P T Rumsby and Z Q Lin

Filamentation instability in laser produced plasma, in “Laser Interaction
and Related Plasma Phenomena”

Pleaum Press 6 p633 (1984)

L C Woods
Frame indifferent kinetic theory
J Fluid Mech 136 423 1983

L ¢ HWoods

A slople non-Markovian equation for a magnetic plasma
Nature 307, 614 1984.
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D2 Conference papers appearing in published proceedings

A R Bell

Non linear heat flow in laser produced plasmas

Iuvited paper at the XVI Internaticnal Conf. on Phenomena in Ionised Gases,
Dusseldorf, Sept 1983,

5 J Rose

Dense Plasma Qpacities

Invited paper at the Second International Conference on Radiative
Properties of Hot Dense Matter, Sarasota, Florida, Nov 1983.

G M Davis A F Glbson M C Gower R A Lawes R A Moody
Direct photoetching of resist materials using excimer lasers.
Proc International Conf. on Microlithegraphy, Cambridge, Sept 1983.

C B Bdwards F 0'Neill M J Shaw D Baker D Craddock
SPRITE A High power e~beam pumped KrF Laser.
Proc Topical Meeting on Excimer Lasers, Lake Tahoe, Jan 1983.

M C Gower G Davis and A F Gibson

Degenerate four wave mixing using phase conjugate pump waves.
Fifth Rochester Conference on Coherence and Quantum Optics,
Rochester NY June 1983.

M H Key .
“Energy transport in laser produced plasma”
Proc Spring Cellege on radiation in plasmas Trieste 1983

0 Willi et al .
Laser interaction and compression studies at the Rutherford Appleton
Laboratory.

"Laser Interactions and Related Plasma Phenomena®

ed H Hora to be published by Plenum Press.

C Grey Morgan

"Recent advances 1n UK radiation sources”

Proc Second International Symposium on Radiation Physics,
Pepang 1983

C Grey Morgan

"Laser Induced Plasmae”

Invited Lecture, XVI International Conference on Phenomena in Toniged
Gases, Dusseldorf 1983

M & Halnes et al

"Experiments aad theory in non-linear thermal transport, heat flow
instabilities and plasma jet formation in inertial confinement"”

Plasmwa Physics and controlled Wuclear Fusion Research (1 plé3 1982)
published by International Atomic Energy Agency 1983.

M C Gower

Phase conjugation with an ArF laser
Excimer Lasers — 1983, AIP Conference Proceedings 100 No 3 172 (1983)
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M C Gower

"Physics of Phase Conjugation — theory and experiment”

Internatfonal School of Quantum Electronics, Erice, Sicily March 1984
A serieg of lectures to be published by the school.

M G Gower

"Phase Conjugate Mirrorg - tutorial”

International Society for Optical Engineering
Technical Symposivm East ‘84 Washington D¢  April 1984
to be published im SPIE Proceedings.

M C Gower

"Applications of exciwer laser phase conjugate mirrors™

iavited paper presented at International Society for Optical
Engineering Technical Symposium East '84 Washington DC April 1984
to be published in SPIE Proceedings

T D Beynon and E H Smith

"Effects of Beam width on HIF Target performance” (to be published in Proc
INS Interunationsl Conference on Heavy JIon Accelerators and their
application in Ion beam fusion, Tokyo January 1984

T D Beynon and A Djasni

"Integral Radiation Transport in Dense Plasmas™ (to be published in Prec
INS International Conference on Heavy Ion Accelerators and theilr
application in Ion Beam Fusion, Tokyo January 1984

A ¥ L Dymoke-Bradshaw J D Wilkenny J Westlake
"A gated X-ray image intensifier with a resolution of 50 picoseconds”
Proc 8 Syup on photo electrounic image devicea 1983

5 8 Wiseall and D C Eumony
Ultra-violet Laser Damage in Al mirrors
Proc SPIE Int Tech Conf Geneva (1983)

5 § Wigeall I Laidler and D C Emmony
Lager-induced defect damage in thin films
Proc Electro-Optics/Laser International Conf Brighton (1984)

D3 XVI European Conference on Laser Interaction with Matter,
Imperial College September 1983

C L S Lewls 8§ Saadat M J Lamb P McCavana R Corbett J McGlinchey
M HKey W T Toner R Eason
X-Radlographic studies of ablatively imploded plastic shells.

B J MacGowan et al
Emigsion diagnosis of 0.53 um ablative implosions.

A J Rankin J D Kilkenny A J Cole
Comparative Measurements of plasma smoothing of laser beam modulaticns at
1.05 pm 0.53 um and 0.35 um.

§ D Tabatabel J D Kilkenny B J MacGowan J G Lunney R W Lee
Time Resolved line broadening at 1.05 pm 0.53 pm and 0.35 pm.

J D ¥ilkenny et al
Traneport experiments in spherical geometry with 1.05 um and 0.53 vm
radiation.

P T Rumsby C Brown X Hollingworth and ¥ Davies
UV lager etching of polymer laser targets.

T K Bradley J D Kilkenny R W Eason N Greaves
Laser EXAFS studies of heated and unheated aluminivm folla.

G J Pert et al
Galn measurements at 1828 from laser heated carbon fibres.

J G Lunaey et al
Soft X-ray population inversion using resonant photo pumping.

D J Bond
Numerical methods for radiation tranafer in lasing media.

V Aboites et al
3“b/2 harmonlc emilssion from thin foils.

A J Cole et al
Measurements of the Rayleigh Taylor instability in laser irradiated
targets.

R G Evans
Non unifora illumination of laser targets.

J D Hares D K Bradley J D Kilkenny A J Rankin
The K absorptfon edge as a preheat diagnostic.

M H Key (laovited paper)
$tudy of laser produced plasmas and their applications at the Central Laser
Facility.

5§ J Rose B J MacGowan R G Evans
Radiation traunsport in laser driven microballoon implosions.



8 J Kartunnen T P Hughes B McGoldrick S5 M L Sim
Spectral analysis of 3m°/2 emission in laser plasmas.

R Rankin G A Gardner H C Barr T J M Boyd
Inverse Resonance Absorption in a Magnetised Plasma.

J 5 Wark et al
X-ray and harmonic imaging studles of illumination uniformity for 0.53 um
ablative compressions.

A J Rankin
Shock propagation in single and multi-layer target foils at 1.05 um and
0.53 um.

A P Fews D L Henshaw W T Touner
Thermonuclear apectroscopy with CR3% track detectors.

A X L Dymoke-Bradshaw J D Hares J D Kilkenny J Westlake
A gated X-ray inteusifier with a resolutiom of 50 ps.

A P Fews et al
Measurement of the energy loss of a—particles in hot dense plasma

T H Kho
Non linear heat flow in a steadily ablating plasma.

E M Epperhein M G Halnes
Kinetic treatment of heat flow inatabilities in laser produced plasmas.

A R Bell
Solution of the time indepeundent Fokker-Planck equation for a laser
produced ablating plasma.

D4 6th National Quantum Electronice Conference Sussex 1983

D K Bradley J D Kilkenny R W EBason and N Greaves
EXAFS ptudies of heated and unheated aluminium foils.

CB Edwards G F D Levy F Q'Neill and M J Shaw
The development of staged multiplexers using Raman amplifiers for the
production of very high power lasers for fusion research.

G Davis M C Gower and C E Webb
Submicron ablative lithography.

G J Pert L D Shorrock

Energy scaling studies of gain at 182A in laser irradiated carbon fibre
plasmas.
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