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SCIENCE AND ENGINEERING RESEARCH COUNCIL
CENTRAL LASER FACILITY
ANNUAL REPORT'TO THE LASER FACILITY COMMITTEE

PREFACE

The teport describes research snd facility development work carried out
at .or in assoclation with the Central Laser Facility {(CLF) during the
year ended 31 March 1985.

The primary purpose of the CLF is to give UK University research
workers access to advanced laser facilities for academic research.
Punding by the Sclence Board of SERC, orgauisation and procedures for
approval of sclentific work are outlined in the Introduction to Part 1
of the report.

In Part I Sections A, B and C respectively cover the multi-disciplinary
sclentific programmes of the high power neodymium glass laser (VULCAN),
the smaller frequency tunable lasers of the Ultra-Violet Radiation
Facility (UVRF) and the developmental high power krypton fluoride laser
(SPRITE). Part I is a compllation of contributions from Univgéaity
ataff describing the results of their research, and froa &LF staff,
describing development of the facilities, and it includes related
theoretical work. It is not a catalogue of scheduled work: the
criterion for inclusion of material i{s that it should contain

sclentifically or techaically useful information.

Part II describes a new in-house R&D programme aimed at industrial
applications of lasers in microcircuit fabrication. This work ie
gseparately funded by the Engineering Board of SERC and the Department
of Trade and Industry, and is a splnoff from the work of the UVRF.
Some of the more significant achievements of this programme are not
reported in detail because they are the subject of patent applications
and confidential discussion on industrial exploitation.

A1l other aspects of the work of the Central Laser Facility are

published in the open literature as shown in the Publications Section
at the end of the report.

(1}

The year's work has been characterfsed by intensive operation of the
facilities leading to some notable scientific successes. Development
of new facets in the programme has increased the number of facility
ugsers and the sclentific scope of their research. International
collaboration with our counterpart laboratories overseas, (particularly
ILE Osaka in Japan, PN Lebedev Institute Moscow in the USSR, Ecole
Polytechnique Palaiseau in France, MPIQ Garching in West Germany, and
the Lawrence Livermore Los Alamos and Brookhaven Laboratories in the
USA) has been of great value.

In the glass laser sclentific programme a notable feature has been the
growth of interest in non plasma physice applications of intemse single
pulge X-ray emission, with the most dramatic example being the first
demonstration of in vivo soft X-ray microscopy of bilological cells.

The commissioning in mid year of a sophisticated new facility for
12-beam irradiation of spherical targets, at A = 0.53 and 1.05pn led to
important new compresgion and energy transport studies and theoretical
work on energy transport has also been strong. Vigorous efforts have
gone into the (delayed)} construction of new facilities for X-ray laser
research and X-ray source production and a novel aberration—free line
focus system of great promise for X-ray laser target irradiation has
undergone successful one~beam tests and will be included in the final

Blx—bheam system.

The UVRF has sustained a broad range of experiments in physics,
chemistry and biology. A particularly successful line has been the use
of time-resolved UV resonance Raman spectroscopy to study excited
states and reaction intermediates, with a notable first in the
detection of vibrational frequencies of an enzyme substrate
intermediate, acyl papain. There was also Important action off stage
with a declsion to provide more funds to add a laser loan pool service
and & plcosecond laser system to the existig UVRF, the whole to be
renamed the Laser Support Facility (LSF) and to setart operations in May
1985,

The high power KrF laser, SPRITE, reached a major milestone becoming

the world's first such laser to be used for irradiation of targets.

(11)



Strong X-ray production of great promise for a variety of scientific
applications was demonstrated for the first time, Important progress
was aleo made towards the next goal of optical and Raman multiplexing
to gshorten the pulse duration and increase the power of the lasger,
which has attracted strong international collaboration particularly

Exom Japan.

Technically important developments leading to patent applications were
made in the new "lasers for microcircuit fabrication” project as well
as very toplcal scientific progress in the area of phase conjugate

imaging.

The overall position 18 encouraging with many new sclentific
opportunities to exploit and novel facilities juat completed or shortly
to be completed. Horale and progress have recovered considerably from
the cuts and threats of 1983/84, not least because of approval of
accelerated funding for the capital programme in 1985/86.

M H Key
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INTRODUCTION
P T Rumsby (RAL)

The Central Laser Facllity (CLF) 1s funded by the Science Board of the
Science and Engineering Research Council and in the year covered by
this report, April 1984 te April 1985, its allocation was £2.475M

The Science Board has provided the facility for research whose major

themes are:

High Deasity Plagma Physics

High Intensity Laser Plaesma Interactions
Energy Transport in Laser Produced Plasmas
Laser Driven Implosions

¥~ray Lasers

mom g 0o

Other Applications of Laser Produced Plagmas (eg as X-ray
sources)

High Power UV Gas Laser Development

Applications of Short Pulse Frequency Tunable Lasers
Ultra Violet Lithography

1]

The programme 18 managed by the Laser Facility Committee (LFC) whose
membership is given in Table 1. The LFC delegates responsibllity to
the Rutherford Appleton Laboratory for the operation of the Facllity.

The Laser Division of RAL was allocated 52 man years of effort, 50 of
which as deployed in the organisational structure shown in Table 2 and
a further 2 man years used as support in other RAL Divisions. Staff
costs and overheads used 43% of the allocation while faeility
operations and minor development costs used 40%. 17% of the total
allocation was spent on the Phase 1 programme of capital facility
development (discussed in more detail in Sections A6 and C). The major
facilities provided by the CLF and a brief indication of their
principal sclentific applications is given in Table 3.

The Nd glass laser VULCAN 1is the major facility and about 63% of
resources was used to support its programme of research by UK
Universities described in Section A.

(1)

Multidisciplinary scientific applications of excimer lasers and excimer
pumped dye lasers by UK Universities has been catered for by the
rapldly developing Ultra Violet Radiation Facility {using 13% of
resources) (Section B). It should be noted that the CLF is to operate
a new laser loan pool (LLP) scheme from 1 April 1985, This will be
operated alongside the UVRF and the joint operation has been named the
Laser Support Facllity (LSF).

Development of a high power UV gas lasers is an in house project which
now provides X-ray source facilities for University users. About 13%

of resources are committed to this work (Section C).

A target preparation service (7Z) and a small group giving theoretical
support by maintalaning computer codes (4%) support all CLF activies.

Use of the CLF by UK Universities is free of charge to those successful
in a peer review process. Research grants of typically three years
duration covering expenditure in University Laboratories and research
assigtants' salaries 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 blds for short
trial experiments from University researchers working in the Science
Board area who do not hold LFC grants.

The SERC encourages use of the CLF by industry or other organisations
on the basis of payment for the full cost of laser time. Such use 1s

limited to not more than 10Z of avallable laser time.

International collaboration in the research programme is particularly
welcomed, either through collaborative participation In approved
experiments of UK University groups or through agreements negotiated
with the CLF and SERC.

Selection and scheduling of University experiments using the VULCAN
glass laser and SPRITE UV laser is via proposals to one of six informal

speclalist sclentific groups which anyone may join. Each has a

(i1)



Unlversity Chalrman and an RAL secretatry (Table 4). Each group places
its proposals in order of priority prior to the preparation of a draft
schedule (by the programme coordinator aund group secretaries). The
draft schedule, which includes as many of the high priority proposals
as possible (typically <50% of propoeals), is then discuesed and
modified at a meeting of the more formasl High Power Laser Sclentific
Programme and Scheduling Commictee (HPLSPSC). All University staff
members involved in the programme have voting rights, together with the
group secretaries and programme coordinator. The Committee is chaired
by the Division Head of Laser Division and is formally advisory to
him.

During the year the Chemistry, Biology and Physice Committees of the
Sclence Board decided to commit funds to set up a laser loan pool
scheme to be operated by the staff of the CLF. This scheme will
operate in parallel with the UVRF and the joint operation is to be
called thellaser support facllity (LSF). This unit came into operation
on 1.4.85. The LFC has delegated LSF Management duties to a panel
whose membership 1s given in Table 5. Selection of experiments
requiring loan pool lasers or uae of the lasers based at the CLF 1s
carried out by thls panel and acheduling is performed by an ad hoc
committee of uvsers chaired by the lLaser Division Head.

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 programme {s linked to theotetical work in
Universities which is supported by grants from the LFC and coordinated
by the Theory aand Computation group (Section AS).

There 1s a large and diverse community of University researchers
participating in the programme. They number about 130 gtzff and
research students. The majoricty are physicists but there has been a
rapid growth of participation from chemists and most recently
biclogliats.

(111)



TABLE 1

Membership of the Laser Facility Committee 1984/85

Professor G J Pert (Chairman)
Dept. of Applied Physics
University of Hull.

Dr J E Allen
Department of Engineering Science

University of Oxford

Dr E H Evans

Department of Bilology
Preston Polytechnic

Dr T A Hall
Department of Physics

University of Essex

Dr H Hutchinson
Imperial College of
Science and Technology

London

Professor E W Laing
Department of Natural Philosophy
University of Glasgow

Dr C L S Lewis

Department of Pure &
Applied Physics

The Queen's University of
Belfast

Dr A Maitland
Physice Department
St Andrew's University

Prof. D. Phillips
Dept. of Chemistry
Royal Institution

Professor J P Simons
Department of Chemistry

University of Nottingham

Dr I J Spalding
Culham Laboratory
UKAEA



LASER DIVISION, RAL
— Division Head — M Key

2 Secretarial Staff —

k—Deputy Division Head - P Rumsby

Glass Laser Glass Laser

Glass Laser

Laser Development & UV Lithography

Engineering Theory and
Experiments Programme Operations UVRF Computation
Coordination | |
W Toner R Evans P Rumshy F O'Neill M Gower J Boon D Nicholas
Glass Laser Target Fabrication KrF Project Glass Lasers UVRF Electrical Mechanical
& Opties
M J Shaw
5 ataff 7 staff 4 graff 2 sraff 2 ataff 2 gtaff 1 staff 5 staff 9 staff 2 gtaff
{aeparately
funded)

TABLE 2




TABLE 3 Major Facilicies at the CLF

Nd glass Lamer
facilicy

Ulcrs ~ violet

radiatlion facilicy

High power KrF laser
facilicy

VULCAN

Uvae

SPRITE

Plasma Physics

Apﬁliuuonl of
. intsnse X-ray
spd particls

' sources

X-ray lasar
Rassarch

Photo cheamistry
Photo biology
Materiale processing
Non linaar opeics -
Plasna disgoostice

Tunable VUV source

Factlity ueilizfog the
bigh X-ray brightoess of
UV laser produced plassas, i

Bigh power UV
1ssar ressarch.

Tergst Preparation Sarvice

[Theocecttcal support sarvice

Table &

Groups of the HPLSPSC

Chairman Secratary

Laser plasma Interaction and
Energy transport
Laszer plesma Compression and

Dyasaice

Dense plasma and radistion

physics

XUV lasars aond spplications

of laser produced plasmas

Theory and Computation

Glaas laser Facilicy

Operations and Development

Dr A E Dangor  Dr D Nicholas
Dr T A Hall . Dr A J Cole
Dr CL 5 Lawis Dr S J Bose
(acting for Prof.D D
Burgess)
Dr CL S Levis Dr 0 Will1

Dr R A Cairos Dr A R Bell

Dr P T Rumsby Mr J E Boon

Scientific programme

coordinator

R G Evans




TABLE 5

Laser Support Facility Panel

Professor J P Simona'-_Chai:manrqf LSFP
Nottingham University-

Professor R E Hester for Chemistry Committee
York University

Dr P B Davies for Chemistry Committee
Cambridge University '

Dr C W Wharton for Biological Sciences Committee
Birmingham Universitj

Dr C Webb for Physics Committee
Oxford Universicy

Dr H Evans for Laser Facility Committee

Preston Polytechnic
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A GLASS LASER SCIENTIFIC PROGRAMME

R G Evans (RAL)
INTRODUCTION

This sectlon of the Annual Report describes results obtained in the
research programme of the VULCAN Nd glass laser. During the perlod of
this report 24 experiments were scheduled out of 45 blds. The single
most notable facility enhancement was the provision of the twelve

beam target area for symmetrical illumination of spherical targets.
The twelve beam system has provided its firat X-radiographic implosion
regsults and has demonstrated its versatility by being used for high

density plasma experiments using planar foll targets.

A major part of the research programme has been the use of laser
produced plasmas as X-ray sources, providing an instantaneous
brightness which 1ls much greater than synchrotron sources and the
opportunity to study phenomena on a nanosecond time scale. A
particularly notable result has been the production of X-ray
microscopic images of biological samples in vivo with exposure times of
lns and a resolution of 300A, This is a major development eince the
biological samples are usually destroyed by the X-ray doee required for
microscopy but in 10798 they do not have time to change their
stryucture. Work has continued on the examlnation of solid structure
using EXAFS and REFLEXAFS, again utiliaing the short exposure time made

possible using laser produced plasmas.

There is conslderable topical interest in X-ray laser research with the
hope of a coherent soft X-ray source in the near future. A majlor
breakthrough at the CLF has been the invention of diffraction limited
line focus optics using an off-axis spherical mirror. This reduces the
laser power required per unit length and conversely enables longer

targets to be irradiated with a given laser.

A significant new part of the plasma physics programme has been the

(i)

production in the laboratory of an unmagnetised collisionless shock by
obstructing part of the ablation flow from a laser irradiated target.
This is of great astrophysical interest, complementing observatlons of

magnetised collisionless shocks guch as the earth's bow shock.

Theory and facility development work have started in preparation for an
investigation of the “beat wave” produced by twe laser frequencies in
an under dense plasma. This is exciting both from the producticn of
relativistic plasma oscillations and the likely application to high
energy patticle accelerators. For the first time two different laser
tods have been operated in the same mode-locked cavity, giving
syachronous pulses at 1.053um and 1.064um, each of less than 200ps
duration.

(i)
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In a previous experiment (Al.l) we obtained a measure of the heat flow,
Al LASER PLASMA INTERACTLON AND ENERGY TRANSPORT

but the results guffered greatly from a lack of knowledge of the
backgtound plasma conditlons due to irreproducibility in the plasma
Al.l INTRODUCTION source and a poorer signal to nolse ratlio than would have been desired.

In the current experiment both these drawbacks have been successfully

A E Dangor (Imperial College) and D J Nicholas (RAL)

The problem of thermal transport in lager plasms with large temperature
gradients continues to be of major importance. Studles have been made
of various aspects of the problem by a number of groups with a variety
of approaches being adopted Erom the Z=-pinch plasmas to dot
spectroscopy. Laser plasma interactions are represented by further

analysis of Raman scattering in long scale length plasmas and new data

overcome producing data of exceptionally high gquality.

The changes implemented for this experiment were as follows:

Heating and probe beam in coaxlal aligament. This enables the
scattering and hence the scattered light level to be made ten times
larger. See Figs Al.l and Al.2.

2, Probe beam used for scatterinmg changed from a 1.5ns pulse to four
1s described on the energy loss of charged particles im high 100ps pulses separated by lns, hence covering a 3ns perled in the
temperature plasmas. plasma parameter evolution. See Fig Al.3} and Al.4.

3. lmproved efficiency of the collecting optics. Another factor of
about tem was achieved here.
4. In order to investigate the lon-acoustic spectrum a completely
Al.2 MEASUREMENT' OF THE HEAT' FLUX AND ION ACQUSTIC TURBULENCE IN separate dlagnostlie channel was set up capable of looking at light
PRE-FORMED PLASMA scattered at three different angles (not simultanecusly), see Fig
Als+S.
A E Danger, A K L Dymoke-Bradshaw (Imperial College), D A Pepler and W 5. An attempt was made Lo measure stimulated Brillouin back scatter

T Téner (RAL)

The objectives of this experiment were Lo meagsure heat flow in a plasma
in the presence of a large temperature gradient, to investigate the
spectrum of iom acoustic waves and to determine if their level is above

thermal.

using a spectrometer and Sl streak camera.

Whilst a full analysis of the results is still in progres it 1is

expected that the following will be obtainable.

1. HMeasurement of the heating and cooling of the plasma.
2. Measurement of Té and n, as a function of space and time;
The principal of the experiment is to produce & high temperature this will glve the temperature scale length, electron mean free
gradient in a uniform plasma by focusing ~ 100 Joules of 1.053 microm path and heat flux.
light in a l.5ns pulse at the centre of a z-pinch hydrogen plasma of 3. The results from (2) will enable us to predict the thermal level

density ~ 1017 cm_a. Témperature rises in the plasma of the order of
20eV (initial 10eV final 30eV) were achleved. Thie rise, and its
spatial distribution and time evolution, was then measured

using Thomson scattering with a 0.52 micron proke beam. The scattered

light was spectrally resolved and then recorded with a streak camera.

Al.l

and spectral shape of lon acoustic scattering at the various angles
at which measurements were taken. This can then be compared with
the observed scattering giving an indication of the non-thermal

level of ion acoustlc waves excited as a function of position and
direction.

Al.2
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In Fig Al.6 some typical results of Thomson scattering are showa. Of
the four pulses recorded the earliest gives the Inltial palsma
conditions and the subsequent three show how conditions change Lln time
during and after the heatiag pulse. The fit of the data of this first
pulse to the conventional theory is excellent, demonstrating a thermal
plasma and a good signal to noise ratio In the detector. In the
subsequent three pulses the fit 1s not as good. However the signal to
noise level should be of a simllar level. A depradation of the fit in
this manner has been observed by others (Al.2) and linked to the

presence of turbulence.

In Pig Al.7 some results of scattering from Llon acoustic waves is
ghown. Again the first pulse gives the inftial conditions. It can be
seen that the two peaks move apart in time in agreement with the change
in the lon acoustic sound speed with lncreasing temperature. The
change in magnitude of the signal hae to be corrected for the variation
{n pulse height of the probe pulses. As thle was not monitored
directly this information will have to be extracted from the Thomson
scattering data which contains the information although it 1s convolved
with collective scattering effects. Once the lon feature results can

be normalised the degree of non-thermal scattecing can be determined.

The measurements of Brillouln back scattering were hampered by
technical difficulties and lack of time. A back scattered signal was
eventually detected but with insufficilent spectral resolution to be

informative.

[t {8 hoped to pursue this experiment further into two maln areas.
Firstly the apparatus and techniques will be used for the "Beat Wave™
prolect discussed elsewhere in this report (see Sections A5.2.4 and
A5.2.5), and secondly we hope to measutre the fon and electron waves
produced by Brillouln and Raman back scatter directly. This will
1nvolve matching the k's of the back scatter waves to the scattering k

vector.

Al.3
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Al.d MEASUREMENT AND ANALYSLS OF NEAR-CLASSLCAL THERMAL TRANSPORT
LN ONE-MICRON LASER-IRRADIATED SPHERLCAL PLASMAS

A Hauer, W G Mead and D Willi (Los Alamos Natlonal Laboratory, USA)
J D Kilkenny, D K Bradley and 5 D Tabatabael {(Imperial College)
C Hooker (RAL)

In the present experiment we have used a comprehensive set of
diagnostics to characterize the plasma conditiens and thermal tranaport
in a spherically symmetric plasma. We have made time-resolved
specttoscopic measurements {uslng both low-and moderate-Z radlating
fons) of the penetration of the heat front in spherical plasmas. In
addition, we have used optical probing to measure simultaneously the
density profile of, and the magnetic fleld in, the underdense plasma.
Comparisons with hydrodynamic medelling show that (a) all obgervables -
are consistent with a high flux limit and (b) the heat front shows no

observable foot.

The targets used Ln this study consisted of solid glass spheres (~160pm
diameter), containing 51 and Ca (among other constituents), coated with
three layers: (1) CH (0.5 te 2.5um thick), (2} Al (0.1 pm), and (3) CH
(0.5 to 2.5um). The solid glass ball prevented implosion of the target
{and subsequent inward movement of the critical surface).

The targets were uniformly illuminated with the six—beam, 1.06pm, laser
facility at the Rutherford Appleton Laboratory. The six beams weare
focused by £/l lenses with optical axes along the faces of a cube.
ImMmthmMMulﬂﬂsnminmemme“dﬂﬂﬂﬁ“ﬂmh The
laser pulee had an approxlmately Gaussian temporal profile with 0.83-ns
full width at half maximum (FWHM).

" The radial intenslty profiles of the beams were measured. Small-scale

atructute results in about 30% rms varlation in intensity. The overlap
of the six beams and beam-to-beam enmergy variatlon resulted in about
50% (peak-to-valley) large-scale variation in incident irradlance

across the surface of the aphere.

Al.4



The primary diagnostic of thermal transport was time-resolved X-ray
line spectroscopy. X-ray line emission was observed first from the
thin aluminum layer (sensing cemperatures of 200-350eV) and later froa
the silicon (~250-400eV)and calclum (~500-700eV) in the plass hall.

X-tray emission from the target was dispersed (with a thallium acid
phthalate crystal) onto the slit of a streak camera cavering l.7 to 2.4
keV. The spectral and temporal resolutions were about 5300 {A/AX) and
50 ps, respectlvely. A seventh laser beam with very short duration
{(~100 ps) was used to generate an X-ray fiducial which references the

X-ray spectra to the temporal profile of the laser. The density

profile of the underdense plasma (ne<nc) was measured with a 40-ps,

0.351pm interferometric probe and the magnetic field was measured with FARADAY ROTATION PROBE X-RAY PI  PHOTO ' -
a 20-ps, 0.62-um Paraday rotation probe (probing densities up to ' b <100 k6 FEROGRAM
0.6m ). (1 kev}

[

Fig Al.8 Three diagnostics of plasma symmetTy characteristics.

We adjusted laser focusing to achieve good illumination uniformity (a) Faraday rotation probe implies B < 100KG,
while minimizing refraction. Spherlcal symmetry of the plasma was {#) X-ray pinhold photograph (vlkeV) indicates uniform
diagnosed with a Faraday rotation probe (sensing large-scale magnetic heating, {c) interfercgram indicates blowoff uniformity

to ~ 10-158.
fields due to nonuniformity), multi-energy-band X~ray pinhole imaging °

(as an indicator of plasma heating), and the interferometric probe
For uniform illumination, the absorbed fraction measured In these
(indicating uniformity of blowoff). It was found that, for tangential

riment ith i lorimet
{1lumination, symmetric uniform X-ray photographs (to within 10%) were experiments (w on calorimetry) ranged from 327 to 232 over the

ineident irradiance range of (1.5 to 15)x101% W/ew?. For incident
obtained with negligible (large scale)} magnetic fleld generation & ) / o} nciden

(< 100kG in the underdense plasma). Examples of three dlagnostics
demonstrating the degree of plasma uniformity are given in Fig Al.8
Thermal smoothing (Al.3) of laser irradiance nonuniformities plays an
important role in determining the good symmetry seen in Fig Al.8.

irradiance of about 5x10!*W/cm?, the hot-electron

temperature, as measured from the X-ray continuum slope (with a
seven-channel dicde array) was about 3-6keV. Inper-shell (Ka)
radiation was observed from solid vanadium targets (of the same
diameter as the multilayer targets) coated with various layers of
plastic. Faraday-cup lon detection showed immeasurably small energy in
fast lons. All these data are consistent with less than 32 of incident

laser energy present im hot electroms.

Throughout this work, we have used LASNEX (Al.4) Lagranglan
hydrodynamic simulations to predict and analyze the experimental
results. The modelling included non-local=-thermodynamic—equilibrium
atomic physics, multigroup fluwx-limited radiation diffusion, and
multigroup flux—limited diffusion for the suprathermal (and all

Al .6



laser-heated) electrons, tonsistent with earlier work {Al-5). Electron

thermal transport is modeled by single-group flux-limlted dlffusion.

We uged resonance-absorption depositlon Eractions
the sensitivicy of the results ko hot electrons.

bremsatrahlung was cut off above 0-6nc to account

of 0-10X to explore
Inverse

roughly for

refraction. With this correction, the calculated abascrption agreed
well with that measured. The mass ablation rate for a given absorbed

intensity was not significantly affected by this correction.

An example of a portion of a time-resolved X-ray line spectrum and a
corresponding LASNEX calculation (modeling this specifie shot) ig gliven
in Fig Al.9. A flux limit of 0.l was used in this calculation. We are
primarily concerned here with the inltial penetration of the heat
front. The calculations were made for a thin layer near the surfaces
of the aluminum and silicon. This predicts the rise of the radlation
accurately, but not the full time history. Both theory and experiment
ghow a very rapld rise (<100ps) for the onset of aluminum and eilicon

1
emigsion.

Mass ablation rates can be obtained from the time-resolved spectra by
taking the delay between aluminum and silicon emission as the time
needed to ablate the plastic layer between them. In Fig Al.lD, we plot
the specific mase ablatfon rate versus absorbed irradiance (referenced
to the inltlal surface area). The experimental points con this graph
were chosen so that the burnthrough interval occurred within + 400ps of

the peak of the pulse.

We also gshow, in Fig Al.10, the respults of the simulaticns for various
flux limiters. The bande shown reflect the caleculated sensitivity of
m to time dependent and refractive effects. As shown in the figures,
the traneport is inhiblted over the entire intensity range of this
experiment, For values of fe<0.1. The transport and plasma conditions
are {insensitive to the flux limit for fe>0.l. That 1s, the transport
in this regime 18 conduction limired. Good agreement is obtained for
feHO.OBip.OZ. Tb determine an upper limit on the effects of het
electrons, some calculations were performed under the assumption that
10% of the energy reaching the critical surface was absorbed into a

distribution with Thot-SkeV. The added hot electrons increases the

Al.7?

Fig

m (gm/cmz-soc)

Al.10

SILICON LINE —=
ALUMINUM LINE —

(A.0.)

RADIATION OUTPUT
=)

—
=
]
—

Fig Al.Y

—
=]
[=)]

R . 1
T 1

-
=
[%,]

440 PS
_‘-| fe— 370 PS {b)
2 CALCULATION OF
ST RADIATION FROM
N SILICON LAYER
.l
1y CALCULATION OF
! b RADIATION FROM
- ALUMINUM LAYER
l. l.\ [
1.0 1.5  tins)

Comparison betwecn LASNEX hydrodynamic simulation and
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heat front pemetration by about 20Z, on the assumption of equal thermal
and guprathermal flux limits. This would not significantly alter the
Inferred flux limit.

Also shown 1in Fig Al.10 ls a summaty of data in two recent studies of
mass ablation performed by Tarvin et al. (Al.6) and points teken by
Yaakobl et al (Al.7). The data of (Al.6) agree reasonably well with
the present work while those of {Al.7) are seomewhat higher. Our
calculations {(and the measured density profiles) suggest that
temperature gradients are steeper in the work of Tarvin et al. because
of differences in experimental parameters. This i{s consistent with
their inference of a lower flux limit (EE-O.OS-O-UG) from eimilar mass
ablation data. We cannot presently account for the differences between

our h measurements and those of Yaakobl et al.

Time-resolved meapurements of caleium emission from the glass were also
made. In Fig Al.ll, we show streak traces of a calcium and a silicon
line. Fot the usual tangentially focussed shots, a very small delay
(<100ps)‘wna obaerved between the turnon oF pilicon and calcium line
emigsion. The ripe time between the effective radlatlng temperatures
of silicon and calcium fs thus a small fraction of the butnthrough
interval. This indlcates a relatively steep heat Eront, and ia
consistent with the LASNEX non-local-thermodynamic-equilibrium

calculations.

S1LICON

2z
15°-1s3p Fiy, A1.11  Teuporal profile of X-ray
nNearly simultaneous onset

[
re— c‘;"c'"“ ol Si anu Ca indicates a
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Fig Al.12 Experimental density profile taken at the peak of the

laser pulse compared with modelling. Incident intensity
~ 8 ox 1014 W/cmz.

Ag an additional test of the modeling, we compared the measured and
calculaFed plasma density profiles. The steepness and outward motion
of the density contours are Indicators of the ablated mase fraection and
are thus sensitive to electton energy transport. In Fig Al.12, we show

an example of such a comparison. A flux limit f =0.05-0.1 glves the
e
best agreement.

In coneclusion, we find that the thermal-electron transport in these
spherical target experiments is best described by near-classical
modeling (fE-U-DBiD-OZ)- Our calculations have shown that a given
measured m can lead to somewhat different inferred Fflux liwits,
depending on experimental parameters such as the temperature gradient.
Good plasma symnetry characteristics were established and catrefully
diagnosed. The effects of coronal mapnetic fields were minimized. The

observation of little time delay between emission Erom silicon and



calcium indicates a relative steep heat front and is consistent with
the modelling.

Al.4  HOT MATTER STOPPING FOWER

P H Evans and A P Fews (Bristol University), S Knight, D Pepler and W
Toner (RAL)

Al.4.]1 Introduction

An experiment to measure the ratlio of the stopping powers of hot to
cold materials to alpha particles, protons and tritons has been
performed using CR-39 plastic as the major diagnoatic. A hot plasma
was created by using the laser beams, and it was backlit by
thermonuclear products from an exploding pusher implosion. The
resldual energles of the particles transmitted through hot and ad jacent
cold material were compared, giving a direct measurement of the induced
change in de/dx. The method and some preliminary results from the

analyais (which is still in progress) is described below.

Al.4.2 Experimental

The experiment was performed in the TAl target chamber and the layout
is shovn in Fig Al.13. A 100um @lameter spot in a test foil was heated
to plasma temperatures ~ l00eV. The foll was then probed by
a-particles generated in an exploding pusher DT-filled microballoon.
The 3.5MeV a~particles penerated by this implosion passed through the
test foll and were recorded in a CR-39 detector. A deflecting magnet
was included to gweep plasma ifons away from the CR-39, to reduce damage
to the plastic surface. A pinhole as placed between the exploding
pusher and the test foll, so that the CR-39 contalned a pure sample of
tracks which had passed through the heated region of the foil. The
energy loss of a-particles passing through the foll when cold was
determined using a 2%1Am a-source. Two other CR-39 plates were also
used in order to monitor the a—particles directly on leaving the
exploding pusher. The time delay between the lager pulses heating the
exploding pusher and those heating the test foll was varied, and so was

Al.10

the beam intensity for each shot. This provided data for comparison
with the foll modelling, using MEDUSA simulations. Foils of CH,, Al,
Cu, Au were used to provide stopping power measurements of these
materials to a particles, protons and tritons. X-ray emlssion from the

heated folls was recorded on a double pinhole camera.

In the trial experiment, there was no pinhole present and no magnet.
The timing of the beams was such that the arrival of the thermonuclear
particles probing the foll was simultanecus to the heating of the foll
and there was no variation throughout the experiment. It was found
that the CR-39 contalned intermized “hot” and "cold™ tracks, due to
multiple coulomb scattering in the test foll. In order te avoid these
complications the layout for the main experlment was improved, as

discussed above.
Al.4.3 Calibration

Central to the use of CR-39 for high resoluton energy measurements is
the response to a given nuclear specles defined by the track etch rate
v3 range, VT(R), and etch induction time vs range, T(R)

relationships (for the full definition of the nomenclature uged in
this section see ref. (Al.8)). With these data etch, cone dimensions
can be precisely predicted under given etch conditions, so the
meagurable parameters of a glven etch cone can be related precisely to
the particle range and hence particle enmergy (Al.9). The VT(R) and
7(R) relationships are not universal; CR-39 exhibits fading of track
regponee both with age since manufacture and with exposure in the laser
target chamber. These effects are complemented by an increase in the
etch induction time. Therefore the complete response of this material

is determined for each particular experiment.

For the hot matter experiment a complete calibration was performed for
the plastics used. Using a step degrader over a plate of CR-39, DT’
a-particle tracks of different ranges were reglstered. Each plate was
then etched, so that for a given etch time, a distribution of ranges
was obtained. Optinum VT(R) and T(R) response curves were found, for a
given absolute range. By means of an lterative process, the difference

between the predicted Mi parameter to that measured was minimlsed by

Al.l1



ENERGY LOSS
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TRIANGULAR BACKUP PLATE NOT SHOWN AS IT IS NOT IN THIS PLANE

Fig Al.13 Experimental layout of the apparatus for the Hot Matter
experiment.
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ad justing the absolute range until the best fit as achieved. The
self-consistency of the whole calibration procedure was thus guaranteed

this can be seen in Fig Al.l4,

14,81
13.90}
12.8}
t
R
11.@8}
19.8 A 1 L —_
B.B8 2.0 10.08 11.@ 12.8 13.8
MINOR AXIS [miorocnel
Fig Al.14 Typical trajectory of minor axis versus X . .-

Each data point is the average of the messurements of 500-1000 tracks
for & given shot. The excellent fit of the trajectory predicted by the
calibration, to the measured parameters XT.and ML ims demonstrated.

With this etch the point at R = 2um range is close to the trajectory
for KT.- Mi, ie at this range the track is etched to be almost '

circulars
Al.4.4 Results
The large amount of data ylelded from the experient 1s still being

analysed by the automated lmage analysis syatem (Sectlon A6.75).
However mome results have been produced for a particles travelling

Al.12

SHOT 8/21/3/84 (PLATE 4.5/747) MYLAR FOIL
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Fig Al.15 Histogram of major axis etch cone parameter showing two

peaks; one due to DT a-particles, and the other due to

24lAm a~particles..
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Fig Al.16 Range distribution corresponding to the major axis
histogram in Fig Al.15; again the two peaks are distinct.



Shot

0B/21/03/84
07/05/04/84
09/30/03/84
05/29/03/84
05/21/03/84

09/20/03/84

TABLE 1.1
Foil Irradiance Neutron vield Time Delay
-2 (balloon-foil)

, W em ps

mylar 2.3 x 101% 9 x 105 300

mylar 6.0 x 104 7 x 108 430

mylar 5.3 x 1ol 2 x 106 450

Al 3.1 x lodé 7 x 108 150

Al 4.5 = 101 9 x 106 300

Al 9.8 x 101% 7 x 106 370

Foll Thickness

um in CR-19
13 Sold
6.55
7.80
6.81 5.21
5.24 3.81
5.90
4.53

through the foil. Fig Al.15 shows a histogram of the ma jJor axis erch
cone parameter in CR-39 showing the main peak due o DT a-particles,

and a second peak from the 2%!Am source.

The width of the 24lag peak 18 broad because of the flulte thickness of
the source used. The signal, at low range, that may be attributed to
fast lona is negligible.

The calibration described above has been used to convert Mj and Mi back
to measurements of a-particle range Flg Al.l6 showa the range
distribution corresponding to the distribution shown in Fig Al.15. 1In
this example the path length in the hot foll reglon fs 6.55 * 0.05um
compared to an tnitial estimate of 5.2lym in the cold foil. Out of a
total of 30 guccesaful data shots 20 have a high enough yield to
provide a useful stopping power value. Table l.l shows a summary of

the hot/cold stopping power dats Eor varlous folls.

Further analysis of the CR-39 plates continue with parallel analysis of
the plasma conditions of the foll at the time of passage of the test
particles. Values for rhe thickness of the heated folls already
measured are shown. Only two values have been obtalned so far for the
acteal cold foll thickness although other values are pending. The
errors, limited by msystematic rather thao random causes are estimated

at t O.lym for both hot and cold foll thicknesses; improvements on this
will be made as analysis continues. 716 date almost 10° tracks have

been measured by the automated image analysis syetem, compared with ~ &
x 103 1n total by previous manual measurements.

Al.5  ANALYSIS OF SRS FROM LONG SCALE-LENGTH UNDERDENSE PLASMA

5 J Karttunen (Technical Research Centre of Finland), V Aboites, B
McGoldrick and S HL S5im (E@eéex University)

Al.5.1 Introduction

Near the quarter critical denstity ngO.ZSnc both stimulated Raman
scattering and two-plasmon decay excite plasmons with the frequencies
close to wolz where us is the frequency of the Incident light.

Al.l3



Emission of the light at w0/2 is generated directly by the Raman
process near 0.25nc or indirectly from Zup -plasmons through some
conversion or coupling mechanism.

2ho
Experimental observations of w0/2 harmonic emission have been reported
recently by several authors (Al.10-A1.15). A rather narrow line at
wojz with a double peak structure indicates the plasmon decay as the
process. behind the half harmonic emission (Al.12-Al1.15). A much

W00 A

broader emission between mBIZ and e is attributed to stimulated Raman
gcattering occuring below the quarter critical density (Al.11, Al.l4,
Al.15).

Experimental arrangement and the results were described in the 1984

annual report (Section Al.3}.

TIME

FILM 1
Al.5.2 Experimental Results DENSITY

A typlcal temporally aad spectrally resolved streak record consiste of
three signals: unconverted 1.05um light acting as a gpectral and
temporal marker, forward scattered emission produced by the prepulse
and backscattered emission from the main pulse. Results from 0.7pym and
0.3um folls are shown in Fig Al.17 and Fig Al.18.

- 7060 8000 900 10000 000 AR)
The analysis of the temporal evolution of the backscattered signal

indicates that for 0O.3um and O.7um folls the peak of the atimulated Déﬂhﬂ#Y 1 656

Raman scattering occurs at the peak of the main pulse. For the 0.7um

folls the peak of the forward molz emission accurs about 130 pa after

the peak of the prepulse.

Al.5.3 Theoretical considerations

1

I
10530

[}

'

1

Next we consider spectral features of the wOIZ harmonic emission 76:0 m 9600 10000 11000 A (2\)

assumlng that the two-plasmon decay is the dominant process near the

quarter critical demsity. SHOT 02/241183

The coupling between the incident or reflected photon and Al.17 Time resolved wy/2 spectrum cbserved with a 0.7pm thick
parylene foil target. The microdensitometer traces show
a) the broad backscattered emission and b) the much
Al-14 narrower forward scattered emission frem the pre-pulse.
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Al.18 Time resolved mO/Z spectrun observed with a 0.3um thick

parylene foil target. The microdensitometrer traces show
a) the broad single peaked backscattered emission and

b) the much fainter forward scattered emission from the
pre-pulse.

wOIZ—plasmon Erom the 2w -instabllity leads to the mol2—emission
(similarly to 3m0/2-emission ). When the an—decay and the w0/2
generation take place at the same density, we obtailn for the shifts

from the nominal m0/2 value

v 2
4 =935 (Ce) AL’ (1}
2 c

Bo=-9(Ye
2 c (2}

where AL is the vacuum wavelength of the Incident light and (6=0 for

A [3+2(ki/k0)cosﬁ) R

forward emission and 8 = 180° for backscattered emission). V and ¢ are
e
the electron thermal velocity and the speed of light, respectively.
E = 2
12 =URpplkg™ Zkg Aps
where AD 1s the Debye length. The coupling to an incident photon (ko,

uo) gives the red shift (1) and the blue shift (2) follows from the

For the wavenumber k* we get approximately k

coupling to a reflected photon (—Eb R mo). The blue shift (2} Is about
three times larger than the red shift (1) in the basic case, when the

propagation effects of an-plasmons are neglected.

(a) Forward w./2 ﬁﬁ;ssion (prepulse)

The forward mOIZ é;igf}on during the prepulse must originate in the
rear gide of the peak dengity, because the plasma is opaque for the
w0/2 radlation 1.e., n > 0.25nc. On the other hand, the peak density
must be less than critical (n < nc) to allow any incident light beyond

the density maximum.
At the quarter critical density in the rear side of the target plasma

the incident light propagates down the density gradient (EOI-Vn). This
predicts that the blue shift may increase from the value {2) due to

aAl.l5



propagation of the plasmon i.e., the exciration of the plasmon (Ez,mz)

by the 2mp—decay may occur at lower density than the resonant m0/2

generation. This sitvation {s illustrated In Fig Al.19 which shows the
k-diagrams of a Zmp-decay (at lower demsity) and the two possible
couplings for NOIZAgeneratlon. For the modifled blue shift we find in
the limit of small @ (Ll.e., forward NOIZ emission (Al.16}.

Ye)? A, (142a(1+ 4 3) %))
L — —— ’

e
c ko

ST

where the "+" sign corresponds to the coupling of the plasmon and the
reflected photon and the "=" sign to the coupling between the reflected
plasmon and the Incideat photon. The propegation parameter a is
defined by u-kzlki, where kz is the plasmon wavenumber at the density
of an—decay and ké 15 the value at the density of mOIZ peneration
(cf., Fig Al.19).

The red shift is modified only slightly in the case of decreasing
density (Eol-vn). Thus the electron temperature can be evaluated from
the experimental red shift AAEKP= 116 A which give Te = 2.5 keV for
AL-0.53um.

The experimental blue shift Alexp o - 540 A {8 about 4.7 times lacger

rhan the red shift indicating that propagation effects must be lncluded.
The asymmetry of the wOIZ—spectrum 13 conaiderably larger than reported

earlier (Al.12, Al.13). The spectral analysls (Al.l4) gives, in the
basic case, & blue shift about three times latger than the red shift.

Al.16
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Al.19 Wave vector diagrams for the 2y -decay and two poessible

couplings for the wofz generation before and after reflection
of the plasmon (Ez, mz). The situation is at the rear side
if the peak density, ie., the incident light travels down the
density gradient LF0|kVnJ.

However, in the normal case the pump wave travels up the density
gradient (EOIVn). This means that the red shift may enhance due to
plasmon propagation making the spectrum more symmetric tham in the
baslc case Ln agreement with (Al.12) and (Al.13). In the presenL case,
however, the interaction takes place at the rear side of the peak
density, where the pump travels down the gradient (iDI—Vn). In this
case the asymmetry of the molz—spectrum i3 increased as compared with

the basic case.

Al.5.3({b) Backscattered emission {main pulse)

The blue-shifted part of the backscattered emission by stimulated Raman
scatterlng 1s broad, covering the wavelength region from 7000 A to
10200 A for the 0.7 um folls (Fig Al.18). The corresponding denaity

Al.17



range can be obtained from

- (I—ALIAS)Z

, (4)
E‘c' (1+3x ) Dz)

where As 1s the scattered wavelength and k 1s the wavenumber of the
Raman plasmon, which can be evaluated from the phase matching
conditions for the stimulated Raman scattering. Equation (4) gives the
density range from O.OImc to 0.22nc for 0.7um foils and from 0.llnc to
0.22nc for 0.3um foils. The upper density is higher than observed in
the thick target experiments (Al.11, Al.l4, Al.15) in which the
backscattering is coming from n<0-15nc. One explanation of this is the
nature of the density profile. In thin foil experiments the density
gradient scalelength can even increase near the quarter critical
surface, particularly if the peak density is close to 0.25nc. Under
such conditions the stimulated Raman scattering may operate from the
maximum density to low densities (<U.5nc), where the Raman process Is
limited by the Landau-damping.

The backscattered signal has a red-shifted component with the shift
8321000 A (Fig Al.18). This red shift is too large to be explained by
the 20 _-decay with photon coupling. The atgument 1s that the plasmons,
induces by 2mp-process, which correspond to a ehife ~ 1000 A are too
heavily damped to be excited by the two-plasmon decay. This is seen by
the following analysis.

Backscattered red-shifted signal must be generated in the front side of
the peak density, because the critical density of the scattered light
{A~11500 A) 1ig about O.ZInC. Thus we have a normal situvation when the
incident light travels up the density gradient (1.e., kt¥n). 1In this
cage the red-shift can be enhanced by plasmon propagation. The
red-shift muat now be replaced by (Al.17}.

Mm=9 ok (2, (5)
2 c

where a is the propagation parameter defined in the simliar way to that

Al.18

in Eq. (3). With ax=1000 A, XL=O.53 um and T;= 2 keV we get for the
propagation parameter a=5.9. So the wavenumber of the plasmon at the
deneity of the 2mp—exc1tation is k1 5. 9k0, which gives k A =0.74. The
Landau-damping with klAD 0+74 15 approximately T /w *0 l? which is too
heavy for Zup—excitation. The damping is also too large to allow any
propagation wore than few plasmon wavelengths (plasmon wavelength is
about A ~A /5.9 = 0.09um). The conclusion is that the large red shift
~ 1000 A can not be produced by the coupling of 2 -plasmons with

Wy —photons.

To explain the anomalous red shift, we have to look at Raman excited
plasmons. The frequency matching of atimulated Raman scattering
predicta that the plasmon 15 red-shifted from w /2 by the same amount
that the Raman scattered light is blue—shifted. From the Raman
Spectrum in Fig Al.18 we can conclude that there is a broad red-shifted
Bpectrum of Raman plasmons (red shift 500-300 & From w /2) If these
plasmons are converted to photons by some linear or nonlinear process,
the conversion leads to the emission of radiat{ion with a large red

shift »500 A from the w0/2 frequency. Possible conversion mechanisms
are:

(1) lnverse resonance absorption (Al.12, AL.17)): L{w)*T(w)

(11) plasmon decay: L{u) + Tlw ' H+S(w ),

(111) inverse parametric decay: LGn)+SQm )+TG» iR

where L 18 a plasmon (longitudinal wave), T is a photon {transverse
wave) and 5 18 a phonon {ion sound wave). In {ii) and (111} the

frequencies are: w' = wxms=w (the ion sound frequency {s small,
<< .
ws w,w')

Al.5.4. Conclusions

Temporally and spectrally resolved m0/2 harmonic emission and
stimulated Raman scattering has been studied experimentally by
irradiating thin foils with two pulses of 0.53m laser light
travelling in opposite directions. The delay between the prepulse and

the main pulse was one nanosecond.

Al.19



Puring the prepulse the density profile lg tco steep for stimulated
Raman scattering. For 0.7pm folls the forward scattered spectra show a
strong asymmetry with respect te the nominal NOIZ frequency. The
spectral model (Al.16), which assumes the coupling between mo-photon
and 2w —plasmon, explains well the observed asymmetry. The red shift
Equation (1) is very insensitive to the emission angle (kllz<<k0),
depending mainly on the electron temperature, 1f the propagation

effects of 2mp—plasmons are neglected.

The main pulse produces a broad backscattered emission due to
stimulated Raman scattering . The Raman spectra and the absence of the
two-plasmon decay indicate that the peak density of the plasma is below
the quarter critical density (nmax < 0-22nc) during the main pulse. A
large red ehift ~ 1000A can not be explained by the Zup-inatability-

It is most likely caused by the conversion of Raman plasmons to
photons, for instance by lnverse resonance absorption. The large red
ghift is not observed from the 0.3ym foll targets having longer
scalelengths. This supports the inverse resonance absorption as a

process responsible for the large red ghift from the O.7um foils.

The resulta show that the stimulated Raman seattering 1s excited at
rather low irradiance. A recent model (Al.16), explalns the broad
spectrum between vy and mOIZ by ordinary incoherent Thomson scattering
which may occur well belew the Raman threshold. The abeence of L and
0-25nc layers in our experimental conditlons excludes hot electrons
from resonance absorption and two-plasmon decay. Hence the present
broad Raman spectrum from the main pulse can not be explained by the

incoherent Thomson scattering (Al.18}.

Al.20

Al.6 DENSITY AND TEMPERATURE MEASUREMENTS USING DOT-SPECTROSCOPY OF
ALUMINIUM IN PLANAR GEOMETRY

§ D Tabatabaei, B J MacGowan (Imperial College}
Al.6.] Introduction:

Emission of ¥-rays from laser produced plasmas has served as a powerful
diagnostic techanlque, but it ts highly desirable to restrict the
emitting volume to a small region of space, to minimise effects of
inhomogeneity. This is achieved by using the Dot—-spectroscopy
technique. " The unique feature of this technique 18 the use of tracer
materials which are locally embedded into the solid target im finite
gpot forms. These tracer dots which are highly localized within the
focal reglon of the laser beam, remain localized within the blow-off
plasma so that as it moves through the heat front, its emlssion
indicates the local density and temperature. This leads to less
amblgucus comparisons between the data and the hydrodynamic computer
code models, providing the most direct calibration of these codes
because:

(1) All emitted spectral lines, regardless of the lonization state
of the emitting ion, must arise in the same volume of plasma.
Calculation of plasma patameters such as density and temperature
from the ratio of line intensities i1s then less questlonable
compared with large target plasmas.

(2) This well defined source volume has circular symmetry, enabling
apectral analysis with a 1-D lonisation — radiation model.

(3} 1f the tracer diameter is made small enough the source-volume
homogeneity will be high.

(4) The complicated effects of plasma opacity are reduced by having
@ smaller, more homogeneous, source volume.

(3) The spectra cbtained with this technique have better spectral
regolutlon.
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Al.6.2 Experiment

The aims of this experiment were to investigate:

(1) Whether the ¥X-ray emission from thin Al tracer layer spot
{0.025um and 0.05um thick) was bright enough with respect to the
background CH (initdally lpm thick) plasma for spectroscople
measurementse ‘

(2) Whether the tracer layer remained locallsed &s it expanded
through the plasma after it was irradiated.

(3) Whether the aluminium recombination countinuum emlssion from the
corona from such thin layers could be trecorded onm the film,
ylelding the electron tempreature (Te) measutement from its
slope.

(4} Whether electtron density (ne) could be calculated from line
ratios of Al-Lya {l1s - 2p) to Al - H%u (152 - 152p) and Al-LyR
(lg = 3p) to Al - Hes (1a2 - ls3p).

The experiment was performed in planar gecmetry in the single-beam
target ares of the CLF at RAL, using a neodymium glass laser beam of A
= 0.53m. The nominal pulse length and focal spot slzes were lalns and
110ym respectively, with laser pulse shape having a Gaussian temporal

1% yom 2
profile. The typlcal incident irradlance was ~ 10" Wem .
The experimental set—up is shown in Fig Al.20.

The targets consisted of Al microdots of thicknesses 0.025ym and 0.05um
with measured diameters ranging from ¢ = 20 to 70um. These dots were

vacuum deposited onto a mylar substrate using two overlapping 60pm wide
slits. They were then overcoated in vacuum by lum of plastie (CH)n. A

typical- target is shown in Fig Al.21.

The primary diagnostic was a minlaturised time-resolving crystal X¥-ray
spectrograph {streak camera) equipped with a flat KAP (potassium acid
phthalate) eryatal (2d = 26.6321). The photocathode used was a

low-density vacuum deposited Csl on 6.5um Be. Other diagnoetics were:

(a) A static minispectrograph with a space resoclving slit of width =
10.5um with a 13.3um Be filter. The crystal used was ADP

Al.22

(Ammonium dihydrogen phosphate) (2d = 10.640A). This instrument
was used to obtaln time-integrated but space-resolved Al lines
for streak camera cross calibration.

(b) A double-pinhole camera with 25um Be and 6,4um aluminised mylar
filtering. The pinhole substrates were 25pm thick platinum with
10.4um and 23um measured circular pinholes. The data from this
device gave the focal spot size of the beam and served to ensure

a direct and centralised hit by the laser beam, see Fig Al.22.

As the target was irradlated with the laser beam, the Al layer expanded
into the corona emitting X-rays characterised by the local temperature
and density of the surrounding plastic plasma. A 70um thick Au wire
was stuck acroes the target to eclipse the dense reglon of the plastic
plasma (high ne) to ensure streaking the Al-plasma at a region where
the dominant n, contributor from the plastic was the recombination
process. The target holder was rotated to ~ 8° to eclipse the correct

region of the plasma blow-off from the streak camera see Fig Al.2l.

‘The aluminium electron temperature (Te) was measured from the slope of
ite recombination continuum measured on a microdensitometer. The
results were corrected for the f£ilm response uaing Kodak-RY¥p film
calibration curve produced by exposing the films to a calibrated
step—wedge and developing it with the data film, an for reflectivity of
the KAP crystal at the spectral region considered.

The result of such measurement is presented in Fig Al.23 and Al.24,
together with calculated Te values obtailned from 2-D hydrodynamic
simulaton code in spherical geometry at two flux limits, £ = 0,03 and

f = 0.l. The data of shot 11050484 was selected for the anlaysis as it
was the best data in which Al recombination continuum dominated the
continuum due to the plagtic. The onset of Al-continuum emission was
recorded on the film of the streak camera as an edge—jump of 5.38A at

the end of the series, see Fig Al.25.
The Hydrogen-like and Helium-1like Al line intensities and thelr time

history were measured using time-resolved data, the result ls

presented in Fig Al,26. Hydrogen-like lines were brighter than

Al.23
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Pinhole Camera image of the Al- dot streaming through the background plasma.

2+ 01210384
Total magnification= 88

» 7

25um

Al.22 Pinhole camera images of the Al-dot streaming through the

background plasma.



FIG. A1.23 Time evolution of the Al recombination continuum from
a 0.05 pm thick, ¢ =70 pm dot buried under 1J.|m CH.
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Helium—like lines, all maximising at the same time and varying
considerably with time. The peak opacity of Al-Hea(ls?-152p) line was
calculated to be 3 with that of Al-He8 (l52—153p) auch amaller
indicating an lncreased state of ilonisation. All Te measurement
technlques are based on the existence of steady—state populations In
the relevant bound or free states. The experimental indication of
violations of the above assumption would be the simultanecus occurrence
of lines from more than two subsequent lonisation stages of one element
and emitted from the same reglon of the plasma or the lack of a dip in
total line intensities of a lower lonisation stage as a function of
time as the intensities of lines from a higher lonlsation stage go
through a maximum, these lines again being from the same volume

element, see Fig Al.26.

The 2-D hydrodynawic simulation code (Lagrangian) used for calculation

incorporated:

(a) 28 x 20 zones

(b) flux limiced Spitzer conductivity

(c) no Brillouin backscatter, predicting 100Z absorption making sure
the simulated absorbed irradiance matched the measured absorbed
irradiance

(d) no magnetic fleld.

Al.24

Calculated and measured Al temperature

1000 |
[ Measured from
! # 11050484
; ¢ ) o =003
: -D CODE & 101

500
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0 e 1 | ) 1 1 -

14 1.6 1-8 2 22 2-4 25

t ns

Al.24 Calculated and measured Al temperature.

The Al dot accelerates for ~ 2ns before 1its expanslion reaches a

ateady velocity of 6.1 x [07 cms-l a8 calculated from the 2-D code
oubtputs. The variation in Al-dot position with time is plokted in Fig
Al.27 for two flux limits: f = 0.03 and f = 0.1, glving blow-off
velocity of up = 6,25 x 107 cma_l and vp =-6,10 x 107 cms-1
respectively.

The blow-off velocity was measured by measuring the time and positon
corresponding to an intensity ratio of Lyu/Heu = .9 from both
time-resolved and space-resclved data. The measured velocity was 6.44

x 107 cms_l-
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FIG.A1 25 Time resolved atuminium lines and Continuum

dominated by the mylar substrate.
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Measured aluminium line intensities
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Al.6.7 Conclusion

1.

2.

Measurement of the Te from the slope of the Al recombination

continuum was made. The emall emitting volume of the Al eliminated

gradient effects.

The particle velocity was measured from time and space resolved

datae.

Measured Te from line ratics gave higher values than the above

nentioned wethod.

The temperature histoty of the Al-dot is consistent with
calculations from & 2-D Lagranglan simulation code with Elux limits
in the region of (.03 to O.l.

Calculated and measured particle velocity.

Vp = 6.25x10cms
D03

V, = 6.10=10"cms™"
Plo1

V =6 4oxt0ems
F*nnusu!d

100 200 300 400
Z {um)

Al.27 Calculated and measured particle velocities.
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A2.1  INTRODNGTION
A J Cole (RAL), T A ¥all (Essex)

The oxperimente performed during this past year under the auspices of
this group highlight several major themes of research in the area of
laser driven co-presalén.

With the commissioning of the new twelve beam target area a major
effort has been applied, both experimentally and theoretically, to
eneure the achievement of maximum uniformity of illumination, and alsc

to understand the factors which etill limit us in thie area.

Alpo, several exciting new developments In experimental techniques heve
been tried out during the reporting perfod. Sections A2.2.6 and AZ.4
describe a novel and potentially very powerful technique for diagnosing
the structural Integrity and stability of laser accelerated targets,

both in planar and spherical geometry.
The point-projection X-ray backlighting technique first, reported last
year, has been extended to planar target measurements Iin a rewarding

collaboration between Imperial College, RAL and the Naval Research

Laboratory.

A2.2 TWELVE BEAM IMPLOSION EXPERIMENTS

A2.2.1 Uniformity and target coupling meagurements

CL S Lewis, M J Lamb, P McCavana, J McGlinchey, S Saadat (QUB),
M H Rey, WT Toner, A J Cole (RAL), T Barbee {Stanford Univeraity)

Preliminary experiments have been carried out to characterize and
optimize target Iirradiation conditiona for the new twelve beam
geometry. In particular beam timing, beam pointing, beam balance and
focussing conditions have been investigated. An 800psec 0.53 um pulse
was used with up to 250J of energy in twelve beams. A thirteeath

100pa, 1.06 um beam was also available for use in backlighting
experiments with up to 35-40J of energy.

Pulse length and relative tiaing were measured using conventionszl
streak techeiques. The twelve driver beams derive from a single long
amplified oscillator pulse whose length 1n measured in the laser area
using an infra red 51 streak camera. This pulse is aplit into aix each
of which pass through a KDP frequency doubling crystal. The six beaums
are then split in two again pnd sent to the target chamber. The green
pulse length is messured using an optical 520 streak camera.

EBach palr of green beams were timed with reepect to each other by
recording the x-ray emission from a solid metal target on an x-ray
stresk camera with a caesium iodide photocathode. Then, keeping one
member of one pair fixed as a reference eéach pair was timed with
reapect to it. The twelve beams were timed to arrive at the centre of
the target chamber within about twenty picoseconds of each other. The
delay between the main driver pulge and the backlighting pulse was also
constantly monitored using the x—-ray streak camera as shown in Pig
A2.1.

To achieve uniform illumination conditions it is important that the
beam polntlng be accurate to within about 10X of the target ‘diameter.
This was checked by tight focussing onto the surface of a solid glass
sphere coated with about 1 pym of plastic. Loeal burn-through occurrred
resulting in bright emission epots and three orthogonally viewing x-ray
plohole cameras were used to simultaneously record the position of the
twelve bheams on the target surface. The appropriate adjustments to the
steering and alignment optics were made and the pointing in Fig A2.2
which ghows a 180 ym dismeter target is accurate to within 15 pm i.e.
<10%.

In compresslon experiments the driver beams are defocussed to improve
illumination uniformity. The defocussing may be either positive or
negative as shown in Fig A2.3.

A2.2



24/1/85%2

16/1/85#3
12 2:0.53um BEAMS
E=39 J

R=180 um

BRIGHT
O DIM :

—

400PS

Fig AZ.L Relative timing of long and short pulses

Fig AZ2.2 Pinnole images from 2 almost perpendicular vi i
ooty perpe views, for light



micrrobolloon

Fig A2.3 Focussing nomenclature

However while increasing the d/r ratio improves the illuaination
uniformity it reduces the fraction of laser radlation absorbed. Plasma
calorimetry was used to measure the absorbed fraction as a function of
dfr and the results are shown in Fig A2.5. The plasma calorinmeters
were placed in random positiona in the target chamber since the plasma
blow-off from a uniformly irradiated spherical target is believed to be
aymmetrical.

The 1llumination uniforaity was estimsted indirectly from the
uniformity of self emission from the plastlc shells (Fig A2.4). the
more sensitive method of ueing plastic coated glass targets to observe
loeal burn through at high irradiance points was mot used aimply due to
lack of time. Uniformity was found to be satisfactory for d/r ratios
greater than about B, and 10 was ultimately chosen. It 1s worth noting
that the optious d/r 1s expected, frow simple geometrical

A2.3
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ABSORBED ENERGCY FRACTION

considerations to scale linearly with the f number of the lenses.

Hence for 6 beam geometry with f = 1.0 the optiwum d/r was around 4.0.
The d/r value of + 10.0 for 12 beam goemetry with f = 2.5 is consistent
with this.

oa

90y

704

=104 ¢

sot

40t
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201

~20 c1s -10 5 o 5 10 1S 20

Figy Al.5 Absorbed energy fraction VS /R for twelve beam irradiation

Finally the energy In each of the twelve beama should be as near aa
possible equal and this was achleved by a suitable cholce of beam
splitter and by ueing the half-wave plates before the frequency
doubling crystals to tune the effective conversion effeciency down to
that of the poorest crystal. A diatribution of energles with a

standard deviation of 6% was typlcal.

AZ.4
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A2.2.2 Extended Source Backlighting Meagurements

The first phase of the x-radlography exeriments involved conventlonaol
extended source backlighting. The backlighting sources were either
copper or gold foils 7 pm thick and 500 or 350 pm diameter. these
'lollipop' type targets were used rather than large folls because they
gave more uniform emisslon when irradiated by a non-uniform
backlighting beam presumably due to the absence of a lateral energy
transport loss channel. A pinhole, usually of 6 or 12um diameter was
used to lmage the backlit microballoon on to the active x-ray detector

- a P11l phosphor plus image intenaifier.

Hicrodensitometry of the recorded radiograph images ylelded optical
density profiles which were converted into tranamisgion profiles uaing
a calibration density step wedge printed on each plece of film. This
was compared to theoretically ealculated transmission profiles
generated by converting the mass density profiles from the medusa code
into transmission profiles taking Lnte account the recorded apectal
distribution in the backlighting source, the filters and the pinhole
size uged. The data analysis techniques have been previously described
in reference A2.1 and yield the esgentfal parameter rh which defines
the target radius at which 50T transmission of the backlight 1s
obaserved. Figuree A2.6 and A2.7 show typical radiographs with the wall
position indicated.

A2.2.3 Point projection radiography using Bragg crystals and

multi-layer x-ray mirrors

The standard extended gource type of backlighting suffers from the
digadvantage that the analysis of results is complicated by the
polychromatictty of the backlighting spectrum. A new technique of
quasimonochreomatic podnt projection radiography has alsc been used to
diagnose the compressed targets and is described in section A6.7.3 and
discussed in reference A2.2. The backlighting point asurces were
generated by tight focussing the iafra-red beam onto the tip of a 10um
wire, which for this experiment was efther gold or gold coated with 1
hm of bismuth. A system magnification of 90 was used with the point

source 5mm from the targer. Figs A2.8 and A2.9 show typical reaults.
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TRANSMISSION

In Fig A2.8 the disperaing element was a single PET crystal. The
resolutfon of this crystal, as determined from the narrowest- gpectral
feature observed on a recorded Cl spectrum at around 4.4 was >~ L000.
In Fig A2.9 the digpersing element was a multllayer x-ray mirror (Ref
AZ.3). Thie conslats of layers of W and C with a perlodicity of 20.6A
(effective 2d = 41.2A0. This was calibrated as described in section

A.7.2 and showed a resolution > 50.

EXPT
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Fiy A2.10 Experimental and theoretical transmission profiles

Fig A2.10 ghows the experimental and theoretical transmisalon profiles
for shot 3 on 25/1/85. 1In this caae the theoretical profile waa
caleulated directly from the mass density proflle generated by the
Medusa code assuming a single probe wavelength and does not take inte

account the backlighting source glze or any refraccive effects.
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Table A2.1 sunmarizes some of the shots analyzed to date. Fig A2.11
shows the Meduea generated implosion trajectory which should he a good
approximation to the trajectories for all the points shown. The
experimental points are alao indicated. Fig A2.12 gummarizes the shots
in Table (A2.1). It can be seen that at early times the compresaions
appear to be better than predicted by the Meduga code. By peak
conpression however they are significantly worse. The most likely
explanation for this can be found in the driver pulse temporal profile
which in the code was assumed geaupsian. Flg A2.13 shows the sssumed
and actual pulse shapes. If more energy is being absorbed at early
times than the code assumes then one expects the type of discrepancy
obeserved. The target s driven harder at early rimes with the time to
peak implosion Tlnp reduced. This will have the effect of making
rk(exp)/rs(ned) < 1 before compression, > 1 after compression and =

1 at some time between the real implosion time and the gausslan pulse
predicted implosion time, as observed experimeantally. Further analysins
with more realistic pulae profiles ia currently being carried out.
However at this stage a preliminary conclugsion which is independant of
the exact r—t trajectory simulations is that the overall degree aof
epherical symmetry in the imploding targets is better than cbserved

under aix beam irradiatlon conditions as discussed in reference (A2.1)

o ] 1 »L R
wer  (m D::.:’ 2100 e e PR omar "?::;ED) I:H!DJ .I:“n
() 4-1)] ] a
1371788 12 .7 .0 [R]} ™ - -3 1300 0.632 0,001
13/1188 11 1.1 1.2 0.9 Au - -3 1500 o 0.53%
™78 N .t 1.4 o.% Au - +400 1400 o.210 a.238
/1108 99 (18 ] 8.7 1.04 M - «370 1300 0.324 o.307
/178913 [T} ) (X} o ™ - 0 1600 0.402 0.4)3
2)/L/89 92 43,43 [B] 0.8 ™ - 10 1500 0,635 D.4BL
1218300 Q.2 7.0 0.0 ™ - 10 1400 0813 0,183
n/12i8008 (18 [ 0.7 n - +1000 1150 o.407 043
/12/8018 87.0 [ ] 0.3 Au 1.0 +100 1700 .60 0,333
6/12/84913 [TE} b3 1.3 ™ r.o +300 1300 0.255 o.1h4
19/9/8 13 2.9 [N ] 0.92 ™ 10.0 +900 1950 0.239 0.140
1979784012 €638 [X] 056 Ay 12.0 «toc Lo 0.113 0,648
12/9/04 3 78,33 1.4 o1 Au 10,0 300 115 0.5%0 0,591
/88 1) 10.00 5.0 0.12 A 1.0 1500 1400 ©.20) ©.I02
TABLE  AZ.)
A2.7



g8
o
Y
8
x
)
Dn .1 .2 .3 .4 .5 .6 .7 .8 .9 1 1.1 1.21,31.41.51.6 1.7 1.8 1.9
TIME (NS}
Fig AZ.11 Implosiou trajectory for shots 22/1/85 2, 23/1/85 2, 25/1/85 3,
2471785 9
RIY;IEXP
RI'LIMED
1
|
24 1
1
1
1
201 *,
1.6 1
Lo
\ -
12¢ ]
(]
______________________ i
i
1.3} H
).
]
1
o} i
1
i
b 1
D i ] 1 1 —_— 't 1 i 't 1 Il 1
1 2 3 & 5 6 2 .1 9 1.0 11 12

Fig A2.12 Summary of some 12 beam compression shots
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A2.2.4 Target emisglon measurments

Both the radiogfaphlc techniques descrlbed Iin preceding sectlona
ideally result in abeorption features in & uniformly exposed background
which in one case has spectral dispersion In one direction and ln the
other case Is ppectrally integrated. However the denslty recorded on
fllm at any peint in the radiegraphy may have contributlons from nolse
at high gafn, fluorescence from crystals, flltets -and surfaces, and
direct exposure to faet electrons or hard x-rays. "Most of these
effecta are believed to SeAlnalgnlflcan: or else aay be minimized or
eliminated by various experimental precautione. However there 1ls alsao
the genuiqg imoge density contribution due to self emisston from the
irradiated CH target which is obviously worse in the point projection
than in the plnhole.;maglng cage. Self emipsicen lmages of plastic

balloons were shown earlier ‘in Flg. A2.4, and Fig. A2.14 shows a

A2.B
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brightly emitting core feature in a compresed microballoon. the
absorbed irradiance in this shot was 1.8 x L0 W cw™2 which was
unueuaily high for this experimental tun. Unfortunately no space

resolving spectrometer was used on this shot but the core emission ls

7/12/85#5

probably dominated by Cl emission lines arising from target

lmpurities.

The emission from the plastic plasma has two main components -~
continuum in the spectral 'window' of the detector and line emisaion
due to impurities in the plastic, and the glue with which the
aicroballoon is mounted onto its support stalk. For low irradiance the
continuum emission is negligible compared to the backlighting
brightness at around the probe wavelength. However for absorbed

irradiances between 0.5 x 10!3 and 1.0 = 10! W em? this starts to

become significant.

TARGET CH | - 22/1/85+8

| E(0.53):176.5J
R=153.3 um e b E(B/L):36.1J
TonE ' !
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Fig nZ.14 Compressed (H shell showing bright core emission



Fig A2.15 shows a gold backlight and a plastic target emlssion spectrum
recorded on a minicrystal spectrometer. The sulphur lines arise from
gulphur present In the glue and the chlorine linea are at least
partially due to chlorine in the plastic of the target. Improved
purity in the manufacturing process and the use of unmounted targets

(see section A6.7.1) would eliminate this problem.

A2.2.5 Harmonic Imaging Studies of Illumination for twelve laser

beams

V Abolites, 5 M L Sim, E McGoldrick (Essgex)
D Bassett, I Ross, A Bell (RAL)

Introduction

Previous work on harmonic imaging atudiea of illumination uniformity
for 0.53um ablative compresslons using the six beams of the RAL.

Vulcan laser (A2.4) (A2.5), have shown, in agreement with computer
calculations (A2.6), that the best degree of uniformity of i1llumination
is obtalned for a D/R focuselng parameter of D/R=5 (D is the distance
of the focal point beyond the target centre and R is the target

radius).

These computer calculationa show that the percentage non—uniformity of
laser irradiance {defined as (Imax/Imin~1)*100Z where Imax and Imin are
the meximum and minimum irradiances on the target surface) for a
gynmetric twelve beam irradfation laser system 1s approximately 3% {for
a aix beam system it is ~12%).

In this experiment a study of the uniformity of 1llumination of
imploded microballoons was made when they were irradiated by the twelve
beams of the RAL. Vulcan laser under different focusasing conditions.

Thies experiment is therefore a continuation of previous work.
Several linear and non-linear proceases in the interaction of intense

electyromagnetic radiation with plasmas provide us with information

about very apecific regions of a plasma. Numerous studies (e.g.

A2.10

(A2.7),{A2.8)) have shown that the crlitical density tegion of a plasma
n_ can be identified with the reglon of generatlon of Zno radiation.
Similarly, it has been shown (e.g. (A2.9),(A2.10) that generation of
odd-integer half harmonic emission such as 3»0/2, 1s due to procesaes

occurring at or near the quarter critical ncld reglon of the plagma.

For this experfment, in order to study the smoothneass of the ecxritical
(nc) and quarter critical (nclﬁ) surfaces of the plasma produced by
different irradlaticon conditlons, oheervations were made of the Zno and
3»0/2 radiation emitted by the imploded mictoballoous.

Exgeriment

Glass microballoons of diameter 170um to 185im were irradiated at
intensities of 1013 to 10!% Wem2 by using twelve lager beams (Ao-
0.53um) in a dodecahedral syumetry. The pulse length was Ina and the

beams were focusgsed using £/2.5 lenses.

The focussing of the twelve lager beams on the microballoon as well as
the collection of the harmonic emiession emitted and the alignment of
the microballoon was identical to that described previously (A2.4)
(A2.5).

During this experiment care was taken to fire the laser at time
intervals not less than 45 minutes to ensure best possible laser beams
profiles (A2.5). '

For our experimental conditions the computer simulations show that Zno
light which ie specularly reflected by an ideal spherical target

surface would be observed as shown in Fig A2.16.
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fig A2.16  Computer simulation of 2Wo emission and experimental result for an
inner triangle snot

The three symmetric central spots correspond to light specularly
reflected from the three aymmetric front laser beama. These three
spots are congidered the vertices of a triangle which we called 'inner
triangle’. In analogous way the next three symjmetric spots consitute
the 'external triangle'. Finally, the last set of three laser beams
correspond to light specularly reflected from the back laser beams.
Theae gpots constitute the 'outer triangle'. When a microballoon is
irradiated, irregularities on the critical surface occur due to
variations of irradiation uniformity o¢n the microballoon surface. The
degree of non-uniformity of illumination is reflected in the deviation
of the emission pattern from the ideal shown in Fig A2.16.

Therefore, itrvegularities on the critical aurface are manifest by

obeervation of 2mo radiation coming from regions of the target not
corresponding to thege twelve 'ideal' apors.

A2.12

nesuLLS

In order to check the pointing accuracy of the laser beams, surface
focussed shots were obtained for the beams corresponding to the
vertices of the 'inner', 'middle', and 'external' triangle. (For a
surface focussed ghot the beams corresponding to the vertices of the
‘outer' triangle are not-observable since they are out of our
collection optics). The results for an fnmer triengle are shown in Fig
AZ.16.

The computer simulationa show that an optimum improvement on the
uniformity of irradiation should occur for a D/R parameter of D/R > ~8.
Fig A2.17 show the observed pattern for D/R=3, D/R=5 and D/R=8. It can
be seen how a significant improvement occurs as the parameter D/R is

increased.

FPig A2.17(a) and (c) show a very irregular 2»0 emission pattern which
reflects the poor uniformity of fllumination. Pig A2.17(e) shows the
expected point-like emission structure characteristic of better
uniformity of illumination. In this cage the resemblance between the
observed Zno emission pattern of Fig A2.17(e) and the computer
calculated pattern shown in Fig A2.16 agree in the strucure but differs
in the relative positions of the emissfons spote. Thia is probably
related to the modifications which atmospheric turbulence introduces in
the lager beams on their way to the target chamber. Nevertheless, Fig
A2,17(e) shows a clear improvement in the uniformity of illumination as

expected from the information provided by the computer simulatioens.

Conclusions

The optimal condition for uniformity of 1llumination of imploded
microballoons wih twelve laser beams was found for a D/R=8., This is in
agreement with computer simulations which predict optimal {lluminatien

for D/R>~8.

These results are preliminary and it has not yet been pogsible to

achieve the ideal conditfon under which 3% uniformity can be obtained
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with 12 beam irradiation. Section A2.3 discusses the criteria which

are necegeary to achleve this.

A2.2.6 Measurements of target pR with CR39 plastic

A P Pews, P M Evans Bristol Univeraity

An experiment was conducted in November 1984, during the TAW target
area conmissioning, to measure thermonuclear product disributions from
DT filled glass microballoons, which had undergone 12 beam ablative
implosions at 0.53um. The experiment concentrated onm thin walled

balloona producing "hot ablative™ compression and higher thermonuclear

yleld. The techniques involved have been summarised in earlier annual
reports (A2.11). Direct measurements were made of particle energy
losses and hence the disribution of (pR) for particles escaping from
the target. The CR-39 was positioned ~30mm from the target with its
surface at an angle of ~60° to the line-of-flight. Figure A2.18 shows
the measured mean pR at the time of thermonuclear reaction plotted
agalost the initial pR {(le target wall rhickneos). Each point

(d ) corresponda to a different shot: the crosses show data gathered during
1983 in the 6 beam TAl target chamber and the two solid pointa are from
this experiment. The final pR of the target can be seen to vary
between ~6 and 10 times the initial wall thickness for measured pR

values of between 2 and 9 x lo-ag.cn—z.

(e)

A2.14

Fig A2.17 Hannonic images for D/R : 3 ((&) and (b)) D/R : 5 ((c) and (d))
and D/R : 8 (({e) and (f)})
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In order to study the uniforwity of compression the available solid
angle has been used to surround the imploding target with CR-39. As an
example of the results obtained Fig A2.19 shows two measured a-particle
spectra for shot 04/8/11/84 tsken at two positions, 120° apart. The
data are plotted in terms of raoge loss in the target (1 pm in CR39 is
equivalent to 1.3 x 10-3 3.cn—2). Two features emerge. The means of
the distributions differ by ~5I, illustrating a slight non-uniformity
of compression. However both distributions show some 34 tracks with
small range losms, < 4um. Thls provides evidence of local break up of
the {mploding shell. Thia run was carried out at an early stage in the
optimieation of the 12-beam 11lumination eystem and the data may
illustrate the consequences of non-uniform irradation due to beam
overlap. This 18 an lmportant dlrect observatfon of the ahell

condition at the time of thermonuclear reaction. Further shots for
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this run are currently being analysed and there is clearly scope for
continued study of uniformity of implosion using this technique, under
optimised illumination conditions.

A2.3 EXPERIMENTAL FACTORS AFFECTING UNIFORMITY OF ILLUMINATION

A R Bell, D J Nicholaa, W T Toner (RAL)

In the CLF annual reports of 1982 (A2.12) and 1983,(A2.13) we reported
on the analysis of the uniformity of 1llumination of spherical targete
by a limited number (i.e. 6 or 12) laser beams under ideal

conditfona. We demomstrated the advantages of a 12 beam system under &
vatiety of conditions. The 12 beam system is now in operation and we
need to consider the optimisaion of ita performance, as regards
uniformity of 1llumination, as influenced by the various experimental
and technological constraints which degrade its performance from the
ideal. We need to ascertain the dominant factor determining the
uniformity of illumination in the practical system, and therefore the
polnt at which improvement should be sought. We have examined
deviations from the ideal case of a 12-beam system in which each beam
is focussed by £/2.5 lenses, and has an intensity profile which 1s a
fourth-power super-Gaussian dropping to 1l/e of its peak at 0.7 times
the radius of the focusaing lena. We do not take account of the
variation of energy absorption as a function of angle of incidence, or
of smoothing by redistribution of energy by transport processes In the
target. The beams are focussed at a distance beyond the centre of a
spherical target with radius R, and D/R 18 allowed to take one of three
values, 8, 10 or 12. The three possible valuea of D/R are examined
because a high value of D/R generally gilves better uniformity but gives
poor energy coupling to the target because a proportion of the beam
misses the target. The choice of B/R is thus determined by balancing
high energy absorption againat good uniformity. If D/R«=8, 76 percent
of the energy intercepts the target. D/R=10 gives 54 percent, and
D/R=12 only 40 percent intercepting the target.

The errors we consider are treated aes being non-systematic. We aggume

that the errors have a Gaussian distribution with a standard deviation

A2.16

which 1a the same for all beams even though the actual errors are
uncorrelated between each beam {except in the case of the rat-trap
calculation where the error is im the target position). Because the
caleulations contain a random element we repeat each calculation five
times and than calculate the average of the five calculated
non-unlformities. We always quote the calculated non-uniformity as
Imax/Imin, where ITmax is the maximum irradiance on the target, and
Inin is the minimum. In one sense, this ies a little unfalr since the
non-uniformities would appear smaller 1f we quoted the RMS variation
in the irradiance over the whole surface of the target. We quote the
non-uniformnity ag a 'maximum over minfmum' because target implosion is
probably limited by the extremes in the irradiance, rather than the

general level of non-uniformity.
We examline each of five types of error separately, as a means of
comparing them one with another, although in practice they are present

together and add to each other.

a) Errors in the Aligmment of the besms on tarpet.

In this case the distance (D) of each beam focus beyond the target
centre is correct, but the direction of each beam is incotrect such
that the beam axis misses the target centre. The alignment errors of
each beam, although uncorrelated, are taken to have the same RMS values
of either 10, 20 or 40 micron.
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Table A2.2: Beam misalignment, Imax/Imin

D/R
8 10 12
RMS @LLOT = = — = = = = = = = = %~ m " = = === = = = = =
(micron)
0 1.03 1.08 1.10
10 1.17 1.13 1.13
20 1.52 1.27 1.20
40 2.19 1,52 1.33
b)  Focussing errors leading to errors im D/R

In this case it ia assumed that each beam 18 aligned correctly puch
that the beam axis passes through the centre of the target, but that
there iz a random error In the focussing of each beam leading to

errora in the actual D/R of each beam centred about the intended D/R.
The RM5 value of the error 1s quoted as a percentage of the intended
b/R. For example, a 10 percent RMS ervor when the intended D/R=8 means
that D/R for each beam has a Gaussian distribution with & mean of 8 and
a standard deviation of C.8

Table A2.3: Focussing errors, Imax/Imin

intended B/R

8 10 12
RMS @LLOT — — — = = = = = = = = = = = = = = = = = = = = —
{percent)
0 1.03 1.08 1.10
2.5 1.07 1.12 1.14
5 1.16 1.19 1.17
10 1.36 1.39 1.43

A2.18

c) Errors in beam energy

In this case the energy in each beam has a Gaussian distribution with
a astandard deviation which ie either 35, 10, or 20 percent of the mean

energy In the beam.

Table A2.4: Errora in the energy balance between beams, Imax/Imin

D/R

8 10 12

RMS error — — = = = = = = = = = & = - m - .- - - — - - -
{percent)

0 1.03 1.08 1.10

2.5 1.09 1.13 1.15

5 1.15 1.19 1.21

10 1.38 1.40 1.42

d) Beams which are non-circular

Some optical aberrations can result in beamws which do not come to a
circular focus in the far field. A small aspherical target can be close
enough to the far field for the noan-circularity to become ilmportant
and we model this by assuming that the beams have a profile which is

elliptical instead of circular. The ratfoe =r of the

/r

ma jor' minor
major to minor radius for each beam is taken randomly from a
distribution of the form f(e) = € exp (- constant x €2), which is the
distribution funetion of the magnitude of a two-dimengional vector
which has a Gaussian distribution in each dimension. The angular
orientation of the major axis is randomly distributed in 2n on the
surface of the target. The non-uniformity is calculated for

distributions £(e) with the mean value or r / equal to 1.1,

ma jor rminor
1.2 and 1.4. The beam size ie normalised such that the area of the

elliptical beam is the same as the undistorted circular beam.
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Table A2.5: Non-circular beams, Imax/Imin

b/R
8 10 12
RHS ¢ T~~~ "~ " - T - m - mm e mm——— -
1.0 1.03 1.08 1.10
1.1 1.07 1.09 1.10
1.2 1.12 1.11 1.11
1.4 1.16 1.13 1.12

e) Target movement in a rat—trap system

The main problem with the rat-trap as a means of suspending a target is
adhesion between the target and its support. This results in a
displacement of the target away from the point for which the beams

are aligned. The beams are then effectively misaligned but in a
aystematic manner inatead of randomly as assumed in calculation a).

The target displacement is assumed to have a Gaussian distribution with
a standard deviation of 10, 20 or 40 micron.

Table A2.6: Rat-trap errors, Imax/Imin

D/R

8 10 12

RMS target
displacement =- = - ~ = = = = = = = & &~ & & D . . DD oo - -

(micron)

0 1.03 1.08 1.10

10 1.19 1.12 1.11

20 1.19 1.18 1.12

40 2.14 1.42 1.20

One of the main problems to be overcome would appear to be the errors
in focusging (calculation b)) giving rise to varlation In D/R between
each beam. A fractional error of ¢ in D/R produces a fractional error

of approximtely 2§ in the irradiance on target because the energy per
unit area in the laser beam decreases aa D2 away from the beam focus.
Errors in D/R are therefore equivalent to errors in the energy balance
between beama. However, It should be noted that the primary parameter
is the amount of laser energy intersecting the target, rather than D/R
{tgelf, and it may be posaible to design alignment procedures which

take account of thise.

A2.4 MEASUREMENT OF THE RAYLEIGH TAYLOR INSTABILITY USING ALPHA
PARTICLE BACKLIGHTING AND CR-39 SPECTROSCOPY

P M Evans, A P Fews (Bristol University), A Cole, C Edwards, C J
Hooker, D Pepler and W T Tomer (RAL), J Wark (Imperial College)

We have developed & technlque to measure the growth of Iinstabilitiea in
laser accelerated targets which has a sensitivity independent of the
transverse scale of the mass perturbations, down to ttansverse scales
below 1 pm. Previous measurements of the Rayleigh Tayor instability at
the CLF {A2.14) and elsewhere (A2.15) have used back-lighting
techniques limited by X-ray diffraction to the measutement of
structures with transverse scales > Spm. Although this is well matched
to the acceleration phase Rayleigh Taylor instability, much finer
structures have been observed (A2.16) in the corona of lasetr irradiated
targets. Strong local variations in irradiation are inevitable in
direct drive experiments using coherent illumination or can be produced
by self focusing and may drive these and other instabilities.
Measurements sensitive. to small transverse scales would be of great
value in showing whether or not euch fine ascale phenomena influence the

mass distribution.

The technique is a combination of the method used to study implosion
uniformity and that used to meaure the stopping power of hot plasmas.
(Sections A2.2.6 and A2.4).

The short pulse (0.lns) oscillator of the VULCAN laser was used to

drive three of 1ts six disc amplifiers to generate an exploding pusher
implosion of a D-T filled glase microballoon. The long pulse (1.5ns}
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oscillator was used to drive the other three discs whose output was
focusaed on a lollipop target placed 1 mm from the exploding pusher so
ag to accelerate the lollipop towards the implosion. The relative
tioming of short pulse and long pulse beams could be set to any desired
valuea. Alpha particles passing through the accelerated foll were
recorded in a CR-39 detector placed a few cm away. Etching the CR-39
Teveals etch pits whose dimensions give an accurate measure of the masa
digtribution of the foll since the frection of all alpha particles
having any particular reasidual energy ls equal to the fractionm of the
area of the foll having the corresponding thickness. Since the
c-particles travel normal to the foll, changes in the energy
distribution can be produced by mass re-dietribution on any traunsverse

scale down to subrmicron values.

In a short trial experiment, two measurements were made. Fig A2.20
ghowe the thickness disribution of an Al foil irradiated with 1.05 ym
light at an intensity of ~101k W cnﬁz. with the timing set so that the
a-particles passad through the foll l.9na after the start of the
accelerating pulse. The foil was corrugated on a transverse scale of
10im. The presence of some tracks having essentially no energy loss
suggests that the foil had burnt through in places. Fig A2.21 ahowa
the mass distribution of an inltlally flat, but otherwise similar foil
at l.4ne after the beginning of acceleration. The thicknesa

distribution ranges from amost zero to over % pm.

A further series of experiments in which the conditions are better
.optimiged for the mtudy of the Rayleigh Taylor instability (0.53m

radiation at ~1013 W cu-z with plastic folls) is in progress.

1t should be noted that the mass distribution does not contain any
tnformation sbout the actual scale-length. Multliple Coulomb scattering
in the foils limits the spatial mapping capability of parcicle
ghadowgraphy te > 40um (though it does not destroy semsitivity of this
method to small transverse scales). Auxilliary techaniques will be
necessary to correlate anomalous behaviour of the mass distribution

with perturbation scale-length.
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A2.5 X-RAY POINT PROJECTION RADIOGRAPHY OF ABOLATIVELY ACCEELERATED
FOILS

J Wark J D Kilkenny (Imperial College)} A J Cole (RAL) R R Whitlock
(Naval Researach Lab. Washington)}

This aim of this experiment was Lo observe laser accelerated foils by
point projection radiography; measure the apatlal resolution and

determine how much of a problem self emission from the target posed.

The point source of X-Rays was produced by focusaing 30 J of 0.52 ym
light onto the tip of a 10 ym diameter Bismuth wire (see Fig A2.22),

Csl CATHODE

SHORT PULSE DIRECT X-RAY STOP
STREAK

CAMERA

—_— 90 -———
BISMUTH WIRE TLAP CRYSTAL

TARGET ACCELERATED
INTO PLANE OF PAPER

Fig A2.22 Experimental arrangement

The focal spot eélze was 30 pa and the pulse length 200 ps. The X-Rays
produced were apectrally dispersed by a TLAP crystal onto the Csl

photocathode of a streak camera in focus wode. The cryatal was set

A2.23

halfway between the point source and the cathode {5 ¢m from both) at
an angle of 90 go that the M band of Bismuth (4.6A) was recorded with a
disperslon of 2 A co~!, A lead plate was placed 2 mm above the surface
of the crystal to block the path of direct X-Rays.

The targets were positioned on a line from the point source to the
crystal and were accelerated perpendicular to that line and parallel

to the plane of the crystal. The drive beam was a 5ns pulse of 50 J of
1.05um lighe.

To measure the resolution of the polnt source a mesh of 10 pm wires and
15 ym gpaces was placed between the polnt source and the detector at
the object position, the result is shown {n Fig A2.23.

Fig A2.23 Raaiograph of mesh
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From this we can see that the resolution 1s certalnly better tham 10
pm. However, from densltometer trhclnga it is seen that light does
reach the part of the shadow corresponding to the centre of the wire;

i.e. part of the source must extend further out than a radius of 5 pm.

Knowing the film respounse we can convert the density plot to relative
intensity above background . Now the opaque wire can be represented as
an inverted top hat function in transmission. If we deconvolve the
observed Intensity distribution with the transmission function of the
wire we obtain the relative intensity of the point source as a functieon
of distance, as shown in Fig A2.24. We can quickly check the accuracy
of the deconvoluton by calculating the relative intensity at the centre
of the ghadow. FPrem Pig AZ2.24 this should eimply be the ratlo of the

areas

A. 0.19
A+B

compared to the 0.18 observed.

A2.25
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Fig A2.24 Backlighter intensity profile

Also, using Plg A2.24 we can make a formal definition of the resoluton
as the width of an opaque wire such that the relative intensity at the
centre of the shadow is 0.5 times that far from the shadow. This again
can be simply measured from Fig AZ.24, it occurs when the two areas C
and D are equal. With thie definitfion we find the resolution to be

Spm.

An unirradiated plastic (CH)n foil vas lmaged side on as shown in Fig
A2.25, there are two things to note. First the transmission of the
foll to the 4.4A x~ryas is 40X, compared to the 25% calculated from the
mass attenuation coefficient of the plastic; this is in reasonable
agreement with the data found from the resoluton rgﬂulta, fe. gome of
the gource extends beyond a dimater of 10um. Secondly we sBee that the

shadow of the foll L& narrower at 4.4% than at 3.6A (where the
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resolution was determined). This Iindicates that the effective source

gize varles with energy. This 1s not surprising as the temperature of 0.4 +5 = 0.50 ie, 5§ = 0.2
the source will fall off with radiues, and different atomic transitions 1+5

‘will have different lifetimes.

1.e. the backlight is 5 times brighter than the self emlsslon under

thege conditions.

Target

Fig A2.2% Radiograph of unirradiated target

Target

Fig A2.26 shows the {mage of a plastic (CH)n foil irradfated with 50 J Fig A2.26 Radiograph of accelerated foil

and probed at 5 ns after the atart of the drive pulse. From this

plcture we can gain some information about the relative magnitude of

the self emission from the target. A densitometer tracing through the However, the main problem encountered looking aide on to a foll is
shadow of the foll {n the centre of the Bi m band shows that the that buckling of the foll may obscure what ls happening at the ablation
transmission is 50X. MNow the self emissfon from the tavget will surface. One way of attempting to overcome this was to use a different
contribute a uniform background of light over the whole of the film. target design. Here a 10 pm reglon of KCL absorbe B3% of the light

Let this background intensity be S, and the intensity of the backlight (the toral absorption is 95%7) just above the Cl K edge at 4.4A. Thus
at 4.4%4 be 1; then we have the equation over half of the m band of Bl the dominant contribution to the shadow

will come from the thin KCI reglon, overcoming the difficulties

mentioned above.
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However, 1f guch s target {s irradlated there 1s & lot of emlssion from
the Cl He like ions, totally wiping out the shadow of the target, as
shown in Fig A2.27. The golution to thip may be to cover the front
surface of the Chlorine doped target with a layer of (CH)ncype plastic,
thus keeping the self emission low but maintaining the thin

absorbing region.

A

Target

Fig A2.27 Raaiograph of KCI doped accelerated foil
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AZ.6 AN INVESTIGATION OF THERMAL SMOOTHING AT 0.35 um BY X-RAY
SHADOWGRAPHY

A.J. Rankin , J D Kilkenny (lmperial College)
A J Cole, M H Key {RAL)

Thermal smoothing measurements have been made at this lab. using short
pulae x-ray backlighting at 1.06 and 0.53 pm (AZ2.17 (A2,18) and also
ueing a modulated shock transit time technique at 1.06 and 0.35 pm
(A2.19). 1t waa intended to extend this study with a combined
expeciment at 0.35 ym ueing both approaches simultaneously to
accurately compare both sets of data. Due to laser difficulties this
was not posaible, but new data using shadowgraphy , with a reduced
modulation perfod has been obtained showing some evidence of enhanced

smoothing.

The basic experimental arrangement was the same as earller experiments
{A2.17). Shadowgrams were obtalned for a drive pulse of 500 paec FWHM
duration at 0.35 um and a fized delay l0Opsec FWHM 1.06 um backlighting
pulee. The recording pinhole camera contained a 10 pm platinum pPinhole
with 3 um aluminised mylar filtering. This resulted in a l/e cut off
of ~1.,2 kev. The targets were 25 and 12.5 pm thick plastic lollipops.
The laser beam modulation was strips of neutral density filter.
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Fig A2.28 Target equivalent plane showing 50um Ap

A typlcal equivalent plane photograph is shown in Fig A2.28 with
microdensitometer tracing showing an Intensity modulation ratio of
Imax/Imin of 3.0:1 and period of 50 pm. The backlighting pulse was
delayed by 200 psec Erom the peak of the main pulse so that the targets
were phadowed at approximately the end of the drive pulse. This
inpured that the observation was made durlng the ateady state phase and

before the end of irradiation while the target was still being driven.

RESULTS

Twe of the ghadowgrams obtafined are shown in Fig A2.29 as in previous
experiments the degree of smoothing ls inferred from microdensitometry

acrogs the high and low drive regions. The distance modulation
parameter s defined as :

A2.31

Fig Af.29  Siodowy, rans of 20um avcelerated foil at 0.35um for a modulation
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of bk / Imin = 3:1 and ) = 50im

Table A2.7

X-ray shaaowgraphy results at 0.35 wm




A = paximum distance travelled -1

minimum distance travelled

The resulta are tabulated in table A2.7, the energy values have been
corrected to compensate for beam modulation absorption, so the
caleulated frradiances are for the peak drlve regions. Absorption

fractions were used as Evans et al (A2.20)

The saoothing parameter is plotted as a function of absorbed
irradiances in Fig A2.30.

007
x 12-5 ym Torgets
P 25 pm Torgels
[a} Simulation

A

10" w0 0
Tabs Iwem™ ¥}

ki, Az 0 Grpn of & aghinst absorbed irradiance for operimmtal results
ana scajed simulation

The wide acatter in the data 1s probably caused by significant
uncertainties in the exact focussing conditions used in the experiment.
Axial positioning of the target with reepect to the lens focal plane
was not known to better than + 50 ym. This positioning error varied
from ehot to shot.

A2.32

This results in the calcualted irradlances being In error by as much as
a factor of two. A second consequence ig a varlation in the exact bean

modulation wavelangth ip, imposed on the target.

Also shown in Fig A2.30 18 an analytical scaling of the 2-D simulations
performed at L.05 pw and 0.53 um (A2.18B), correcting for the different
lL' Ap and Imsax/Inin used in this experiment from those used
previously. As can be gseen, the irradiance regime Lnveatigated in this
experiment for AL= 0.35 um ig exactly where significant smoothing
effectn can be expected to start to occur. Therefore the obgerved
smoothing parameter A4 will be sensitive to the exact lager irradiance
and bean wodulation wavelength experieaced by the target.

The fact that some ghota do show a algnificant reduction in & from that
expected for an unsmoothed drive pressure (39.7-1 = 1.2) indicates that
the experiment was euccessful in demonstrating thermal smoothing for
0.35 ym laser light at asorbed irradlances above approximately 5x10l3

¥ ca? for a besm modulation wavelength of approximately 50 ym. This
reault supports a laser wavelength 8caling for thermal smoothing of
AIF.O - ALZ.S. in reasonable agreement with previous reaults for AL -
1.05 pm and 0.52 pm.
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Al.1 INTRODUCTION
J Barea (Imperial College)

During the last year, we have seen two new University groups perform
experiments on the glass lager in the area of dense plasmas and
radfation physics. The First of these i the group from the
Spectroscopy Department at Imperial College who investigated the change
in X-ray line energy (plasma polarization shift) in plasmas formed 1in
exploding pusher microballocn implosiona. The second 18 the group from
Queen's University, Belfast who have performed X-ray brightness
measurements from a varlety of laser plasma sources. The analysis of
these experiments promises to be of great interest from both a

theoretical and practical standpoint.

In addition to these experiments, a set of measurements of the chlorine
K-edge shift in a dense plasma was performed which showed improved

accuracy over previous measurements.

The widening range of experiments performed by the Dense Plasmas and
Radiation Phyeics Group shows increased lnterest In this new area of
physice which has become experimentally accessible with the advent of

high-power lasers.

A3.2 COLLIDING-SROCK EXPERIMENTS IN TAW

J RHares, D K Bradley, A Rankin and § D Tabetabael (Imperial College)
In this period the colliding shock technique (see CLF annual report
1984) was again used to produce the high I' conditions required for a

K-edge shift measurement. The experiment was improved by:

i) using the full output oﬁ the six discs in a double three
beam overlep coafiguration,
i1} 1increasing the spectral dispersion,
and 111) careful target design.

In all experiments the K-edge of chlorine in C-type parylene was chosen
for study, with bipmuth providing a bright quasi-continuum backlighting

A3.1

source. The Incident laser wavelength was 0.53um at an intensity of a
few x 10* W co™2.

The experimental layout and target design are shown in Figs A3.l and
A3.2 respectively. The experlmental design 1s similar to that
described in the CLF Annual Report 1984 except that the beaw splitters
in TAW were removed, giving the total energy in aix beams. These were

overlapped in two groups of three, the two groups being opposed on the

two faces of the target.

The streak spectrograph was slightly withdrawn to give an enhanced
dispereion of approximately 8eV/mm at the cathode.

The optimum target design was obtained by trading off backlighting
intensity against radiative preheat. The Bl backlighting spectrum
represents a significant heating source. The brightness was reduced
via an overcoat of LIF. The optimum layer thickness was found to be

approximately lum.

Time resolved absorption apectra of c¢olliding shock compressed C-type
parylene were obtained for a variety of irradiation and target
conditions. Two of the best shots (1i.e. biggest shift)} and a
calibration shot are ghown in Figs A3.3, A3.4 and A3.5.

Fig A3.3 shows a shot with a remote (cold) absorber, the K edge
position showing no time dependence. Fig A3.4 ghows a shot with no LiF
overlay on the Bi backlighting layer. Note the small ghift and
broadening during the pulse. Fig A3.5 shows a shot with a lpm LiF
overlay. The shift is large (> 10eV) resulting from the reduced
radiative preheat from the Bi emission. This 18 apparent in the

reduced continuum intensity on the streak record.

The significant result from these experiments ig that the shift is to
lower energy. As will be digcussed in the theoretical Interpretation
this helps to check the validity of the various models proposed for

continuum depression effects.

The authors would like to thank AWRE for their help with the

digitization and colour enhancement of the experimental data.

A3.2
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Fig A3.1 lxperimental layout of colliding-shock experiment
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Fig A>.2 Target design for collidiny,-shock experiment
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Figy A3.4 Broadening but no shift of chlorine K-edge with strong radiative preheat

b1y A3.3 Static chlorine K-edge with cold absorber
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Fig A3.5 Large red-shift of chlorine K-edge with low radiative preheat.

{(Note the low backlighting intensity)

A3.3 ANALYSLS OF COLLIDING AND SINGLE-S!IOCK EXPERIMENTS

5 J Rose {RAL)

A3.3.1 Colliding-shock experiments

In last year's CLF annual report, experiments were described 1in which
time-resclved X-ray radiographic and photoabsorption measurements were
made of foll targets under two-sided laser (rradiation. The
radiographic experiments involved following the compression using
streaked radlography of two buried bismuth tracer layers. For the
clearest ghot (11 14/12/83) a maximum compression of > 6 was measured,
the lower limit being set by resolution. The photoabsorption
experiments were the precursors of those described in Section A3.2 of
this year’'s CLF annual report and involved taking time-resolved
photoabsorption epectra of the chlorine K-edge, the chlorine being
Incorporated into the target in a central layer of C-type parylene.
For the clearest photoabsorption shot (13 21/12/83) a maximum shift ig
the position of the K-edge of 10eV was observed.

In the year since those experiments were performed, extenaive
calculations have been carried out to model both the hydrodynamic
behaviour and the atomic physics involved.

The one-dimensional hydredynamic code MEDUSA (A3.1) was used to
simulate the experiments. The calculations did not include the effect
of the bismuth backlighter on either the hydrodynamics or the radiative
heating of the foil. The calculated time dependence of the average
compression for the region between the tracer atrips in the
radiographic shot 11 14/12/83 is shown in Fig A3.6 and Fig A3.7 shows
the average temperature and compression of the C-type parylene region
in the photoabsorption shot 13 21/12/83. For the radiographle shot,
MEDUSA predicts a maximum average compression of approximately 6,
conglatent with the experiment. For the absorption experiment a
maximum average compression of about 6 is also predicted, together with

a peak average temperature of approximatly 15eV.

The Thomas-Fermi method is used to predict the degree of fonization of

each of the elements of the C-type parylene plasma (carbon, hydrogen

A3.3
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and chlorine). Thomas—Ferml calculations are performed for each
element and the radius of each lon—sphere is adjusted untll the
electrenic pressure at the fon—aphere radius of each element is equal.
This procedure ensures that there is a eingle degeneracy parameter i

for the plasma-.

* "
The plasma parameters ZCI(the average chlorine fonizatien), zmix

(the sverage ionization for the mixture), rii and ree (the ion-ion and

electron-electron strong-coupling parameters) are shown for different

temperatures and densities in Figs A3.8 and A3.9.

The shift in the energy of the chlorine K-edge in C-type parylene 18
given by

BE (P, T)=E, (P , TIE (0T ) (1)

vhere EK(D,T) is the energy of the chlorine photoabsorptlion K-edge at
temperature T and density p, aud where Tb and p, are the normal
temperature and density of C-type parylene (2.6x1075 eV and

1.29g/cc respectively). EK(p,T) is calculated as the pum of three

terma:

E (0, T)=1 (o .T)‘H\Edes(D .T)'H\Ecl(n iT)e 2}

The first tera (IK) represents the K-shell ionization energy of a free

chlorine ion averaged over the different chlorine ions found in the

*
plasaa. For integer ZCL' IK is approximated as the K—shill lonization 1] , 5 5 ; g g % é ; Aib
energy of the ground-state chlorine ion with the outer ZCl electrons COMPRESSION [P/

removed. Calculations are required to obtain the lonization energies

as experimental values are not available. Because electronic Fig As.8 Ionization states in C-parylene
transitions from the K-ghell are involved, relativistic effects must be

tncluded for accuracy and the multiconfiguration Dirac—Fock (MCDF)

programs of Grant et al (A3.2) and McKenzle et al (A3.3) are used. For

non-integer Z;z, IK is obtafned by linear interpolation between the

values for integer Z Degeneracy In the free electron aystem

ce”
increases the photoabaorption edge energy and this is represented by



the second term in equation (2) (AEdeg). The probabllity, p, that a

free electron state of energy € 1s filled is given by 60

- {€E—n)/kT 1 3
p=1l/(e +1) .

where p comes from the Thomas-Ferml calculations. For p< 0

{non-degenerate electrons), p<l/2, whilst for p>0 (degenerate 40
[eV]
electrona) P
30
p <l/2 for e>p
p =1/2 for €=n (4) 20
p >1/2 for <y
howing that 10
shovine w0 (5)
ag, = |

deg 0 u<0.

0

Values of pu at different temperatures and densitles are shown in Fig
Al.10. 10
-20
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Fig A3.9 Strong coupling parameters in C-parylene
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Fiy A3.10 Degeneracy paraneters in C-parylene

The effect of the plasma neighbours is to reduce the photoabsorption
edge energy and this change 1s represented by the third term in
equation 2 (AECE). In this work three different models of continuum
lowering have been considered.

Model 1 - Ion—-aphere

The lon-sephere model in its aimplest form has a uniform distribution of
free electrons which neutralise the fonic charge and neighbouring
plasma particles do not penctrate inside the ion-gphere volume.
Continuum lowering arises from a change in the energy of a bound
electronic level by the interaction with the free electrons in the

lon-sphere. In the model the expression for the continuum lowering 1is



Uslng thesec models estimates of the position of the chlorine K~edge

zc:ez Ar(zc:)z (6) In celd C-type parylene at normal density (EK(p-pO.T=T°)] can be made.
AEC; - "iﬁE; ‘ﬁgz' - -3 Continuum lowering models 1,2 and 3 predict 2.853, 2.849 and 2.835 ke¥

reapectively, in comparison with an experimental value 2.826 keV.
where the gecond term in the brackets has the largest contribution.

The First term represents the effect of orbital relaxation on K-ghell

lonization.
Model 2 ~ Augmented ion-sphere. 25  SHIFT fev
The second model uses equation (6) with a correction for the 20t

interaction energy of the fonised electron with the plasma. The

correction is evaluated assuming a uniform ionised electron density 0ev
3

10 ev

interacting with the plasma, described by an ion-sphere model of

*
radiua*Rmix {the average fion-sphere radius) and ion charge zmix and 15 ev
with 2 uniformally distributed free electrons. The modifled
mix 20 e¥
expression for the continuum lowering is then
n * *
2 2
Zoge® [ a2y ) 3zmue2
BBy ™ m ® =3 (7
CL ce mix

Mcdel 3 - Neighbouring-ions medel.

¥ip A3.11 K-edge shift calculated using continuum-lowering model 1

The modification of the potentisl experienced by an lonizing electron
due to the presence of neighbouring ione allows a difEferent description
of the contlouum lowering te that in an lon-sphete model; the value of

the correction is given by

Fige A3.11, A3.12 and A3.13 show the values of the shift Ln position of

z * +1 Z* the K-edge with increasing density and temperature. Nelther of the
AEcg - - [ ci + zgmix- r}ez (8) lon-sphere models produce a red-shift under the peak temperature and
mix density conditions predicted to occur in the photoabsorption
experiment, whereae model 3 predicte a red-ghift of approximately 15 eV
evaluated at the turning point BAECLIBr-O. In falrly good agreement with the 10 eV observed experimentally.

One of the major uncertainties in the modelling of the photoabsorption
experiment is the Thomas-Ferml calculation of the lonization balance.
Finite ionization is predicted at zero temperature and normal density.
The Thomas-Fermi model does not include chemlcal effects and

calculations have been performed which adjust the Thomas-Fermi

A3.7 Al.8



iontzation to predict at T=To and P, the existence of CL™ 1lons In

C-type parylene:

SHIET lev) * *

15r ZCE + -1 zc£ + 17

* *
10} zc»”“]'r'-o and zc+6]T+-

* a0 R

+ >
s | z, z,
DeV 1
""’,,—""’——'_-—d—_‘___—_-—-hﬁﬁ‘““‘-h_‘h‘h‘h‘:h 10eV It I8 believed that this probably gives a more realistic description of
0
T T the state of lonlzation. However, although thie improves the
T 15ev ’ & P

predicted value of EK (p-DO,T-To) (2.819 keV from models 1,2 and 3),
COMPRESSION (PIf) 208V model 3 18 still in substantially better agreement with experiment

than models 1 or 2 (at a temperature of 15 eV and a compression of &,
10k models 1,2 and 3 predict shifts of +19.2, +11.8 and -11.7 eV

respectively).

Fig A3.12 K-edge shift calculated using continuum-lowering model 2 A calculation of the observed width of the K-edge has not been
attempted. Several mechanisms will contribute, including

non-uniformities of temperature and density, and electron degeneracy.

It has been shown that two-sided laser irradiation of a planar target
5 SHIFT (ev) can produce a plasma which is calculated to be both degenerate and
atrongly-coupled. Ion-sphere models of continuum-lowering do not give

good agreement with experiment, whereas this 1s achieved using a

0 ¥ T v T y -~

2 3 4L 5 ) 7
© COMPRESSION [P/Fq} calculations repotted here, that the experimental data favours one

neighbouring-ions model. It appears therefote, on the baals of the

[ X
o
-
=]

particular formulation of the continuum lowering.

Al3.3.2 Single-shock experiments

Experiments involving single-sided Lrradiation of foll targets were

{Bz‘ also described in last year's CLF annual report. Using the same
aev radiographic techniques as were employed for the two-sided
20ev experiments, both particle~ and shock-velocity measurements could be
25k made. A comparison of the experimental vegsults with a theoretical
Fig A3.13 K-edge shift calculated using contimrm-lowering model 3 equation of state from the 'SESAME' library has now been attempted.

A3.9



Unfortunately, the library doea not hold data for mylar (the materflal
between the tracer strips in the experiment) and comparison 13 made
inetead with the theoretical Hugonlot for polystyrene (A}.4) which is
expected to be very similar. The ideal gas Hugonfot {s also shown Ln
Fig A3.14 for comparison. Both assume that the materlal ahead of the
shock has not been preheated. With the errors quoted the theoretical
values are not In disagreement with the experlment. However the error
bars are sufficienctly large that the experiment must be consldered
preliminary and further experiments are planned tn which the error in
the values of va and vp {s reduced. Methods of reducing and eatimating

the preheat in the material are also being considered.

Shock velocity (kmys)
60r

experiment
p~15 Mbar

50 I~ 31x10%Jig
Py o
f/pl 23

SESAME

T

40

30t

207}
IDEAL GAS

0 : - - ' Particle
0 10 20 30 40 velooty (kmis)

Fig A3.14 Comparison of experimental and theoretical equation of state data
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A4 NEON LINE SHLFT MEASUREMENTS IN DENSE, LASER-COMPRESSED
PLASHAS

K G N Baldwin, J R Llu, J D Kllkenny and D D Burgean (Imperial
College)

AJ.4.1 Introduction

Shitts in the wavelength of lines emitted from dense, laser—produced
plasmas have been the subject of a number of studies in recent years
{A3.5-A3.9), vhich have concentrated in particular on the relative
shift of the energy levels of ilonlsed emltters due to polatisation of
the surrounding plagma by the emitter (the so called plasma
polarisatien shift). However, recent experimental observations of
carbon, nitrogen and oxygen lines in dense (102! < n, < 1022 .:ll"3
plasmas (A3.11) have failed to confirm the presence of the predicted
line ghlfts, in keeping with the measurement of negligible or very
small experimentally observed shifts at lower densities (A3.12, A3.13
and A3.14). In cthe preeent experiments we report on the observatien of
weagurable line shifta in hydrogen- and helium-like lines of neon. The
lines were observed in denee, laser compressed plasmas produced using

YULCAN at the CLF.

A3.4.2 Experiment

Four beams of 0.53ua radiation were tightly focussed onto neon-filled
aicroballoon targers. The total beam energy was 140J and the lager
pulae duratfon lns. The microballoons were made of glass (0.75 um
wall thickness and 110 pm dfameter) and were filled with neon to a

preasure of 2 bar.

The X-ray spectrum from 9 to 14A was recorded using a flat crystal
spectrometer and a mica cryetal. The spectra were recorded on DEP Film
and were integrated borh temporally and epatially. To allow a high
dispersion and at the same time provide a sufficiently high X-vay
intensity, the film plane waa located 98 mm from the target at the neon
Ly—a wavelength of 12.134A. The approximate dispersion in the film
plane was 0.134 A/mwm, which together with the crystal resolving power

Ad.11



of ~ 1370 (~%mA) meant that the spectral resolution was crystal limited
for source objlects of size < 50 um. However, careful analysise of the
1ine profiles measured by the crystal spectrometer enabled
identification of the line peaks to within several mh.

A3.4.3 Results

Two neon spectra were obtained which contained the Lyman series lines
(a,p and Y) of hydrogen-like neon as well as the neon He-a line. Also
present were a number of lines from silicon {from the microballoon
glass shell), as well as impurity lines of sodium and calcium. The
non-neon lines were present in first (Na), second (51} and third (Ca)
order. (To enable ready identification of the non-neon lines a further
spectrum was taken of a glase microballoon implosion using a
desterium/tritium mixture as the filling gas). The lineshapes of both
the 51 and Ne lines were used to dlagnose the compressed glass and
compreeged gas plaema conditions regppectively. Due to the high
gpectrometer dispersion the continuum emission spectrum wae too weak to

provide diagnostic Information.

The compressed glass plasma density was determined from the linewidths
of the 5i Lyman-series lines. For a rigorous and unambiguous
determination of the electron density the effects of opacity on the
linewlidths must be conasldered (A3.15). However, in experiments {A3.15
and A3.16) ueing similar laser powers (1.6 x 1011 W), microballoon
plzes and neon filling pressures, only the Ly-a line was found to be
algnificantly affected by opacity. Hence the Ly$ line width was used
for diagnostic purposes, the Ly-6 line being much weaker and subject to
greater measurement errors. When correction was made for the
spectrometer resolution, the linewidth A was uged to determine the

electron density using (A3.15):

, B m, €+ (z-12)D
agev) = A (33} (1pz2) e

where Z 1a the number charge, o, the electron density in cw™, and A,
B, C and D ate temperature dependent constants. For temperatures of
250-1000 eV equation (1) ylelded electron densities of 7.1 - 2.3 x 1022

em 3.

A3.12

An estimate of the 51 temperature can be obtained (A3.17) from the
intensity ratlo of the 54 Ly-a dlelectronlc satellite (2p2 (lD) - 1s2p)
to the He-like laép - 1s? traunsition. Assuming an electron density of
~ 1023 co~3, the intensity ratio ylelds a temperature of 300 + 100 eV,
and confirms a self consilstent value of the compressed glass electrom
density of ~ 7 x 1022 cp73,

Similar diagnostics were used to determine the compresgsed gas electron
density, but due to the absence of a well defined Ly-a dlelectronic
satellite feature, no reliable temperature diagnostic was avallable.
However, values of Te = 300 * 50 and Te = 370 * 30 were obtained by
two measurements under similar conditions to these obtalned in

(A3.10). The Ne Ly—f width in the present experiment yielded

electron densities of 3.7 - 2.5 x 1022 cg3 in the range Te = 250 — 500
eV tespectively, and a deneity of ~ 3 x 10?2 co 3 was therefore
inferred in the present experiment. This was comparable to the
compressed pas density obtained in reference (A3.15) (2.8 * 0.5 x 1022

cm_a) under similar conditions.

A3.4.4 Line shift meapurements

The positions of the peaks of the spectral lines as a function of
distance along the film plane were measured using both a
microdensitometer and a Abbe comparator, both yielding similar values

within a meagurement uncectainty of better than 5 mh.

Before the positicns of the spectral lines could be fitted to a
dispersion curve, the effect of the crystal refractive index on the
spectral line positions in the different orders was calculated. The
correction to Bragg's law, allowing for refraction of X-rays on entry
and exit from the crystal, is given by (A3.18 and A3.19)

m = 2d (1 - § sin 8
( gin<8 (2)

where n 18 the order number, 8 the obeerved glancing angle and § the
unit decrement of the index of refraction [calculated using the
Kramers-Kallmann-Matk (A3.18) theory). The angular correction (A3.18)
to the observed angle of diffraction is then
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8 - BD = 6 gech cosech (3)

The wavelengths for all the lines {(A3.20) were corrected for refractive
index effects in this manner, and the non-neon llines then used as
calibration wavelengths to fit a dispersion cucrve (A3.21). Due te the
Zz=2 gcaling of the line wavelengthe, there was a close colncidence
between the silicon lines in second order wlth the firat order neon
lines (as 2251/ZZNe = 1.96). Hence the gilicon lines Ln particular
could be uged ag a reference point for the neon line shifts, and
thereby reduced the sensitivity of the weasured ahifc to small

lnaccuracies in the determination of the local cryatal disperslon.

The deviation of the measured wavelengths from the fitted dispersion

curve is shown in Fig A3.15.
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y ° x x , , .
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Ne1S21S2P
=241 []
Fix A3,15

vavelengtn aifference ax berween the observed and tabulated (A3.20) wavelengths (both corrected
for refractive index cffects) as a function of distance along the film plane
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In gplte of the random errors in the averaging of the line positien
measurements, Fig A3.15 indicates that there ls a trend towards a
greater red shift for the lower neon Lyman-serles members, and a much
larger blue ghift for the neon He—a line (these trends are apparent
even when the refractive index corrections are neglected). The net
effect of the refractive index corrections is merely to blue shift all
the neon line wavelengths by ~ 9 wd on average, and there 13 a
noticeable improvement 1in the fitting accuracy once the corrections
are included (from * 5 mA to + 3 md). Henece the observed trends In the
shift of the neon wavelengths appear not to be a result of I{nstrumental

effects arising from measurements Ln different orders.
A3}.4.5 Discussion

The neon line shifte shown in Fig A3.15 do not necessarily represent a
wmeasurement of the absolute line shift, since the neon linea are
calibrated relative to other lines which may themselves be perturbed.
Hechanisms other than enitter-plasma interactions and Instrumental
effects could also cause a systematic difference in the wavelengths of

the neon and non-neon linea.

Spatial separations between the two emitting reglons {compressed glass
and compressed gas) may produce an apparent shift in the transition
wavelengths, although the spherical symmetry of compression experiments
vdually minimizes auch spatial effects. Assuning, however, that the
separation of the glass shell and gas core emlssion regions produced
an asymmetry of the order of a typfcal compressed core diameter (~ 20
um (A3.15), then under the present geometry the net shift 1s equivalent
to only ~ 3mA.

Differentifal Doppler shifting of the abserved lines may have resulted
from emission at different stages of the microballoon compression
(8ince the X-ray spectra were not time resolved). In particular, Ly-§
emigoion 18 likely to occur at the higher temperatures present in the
comprésased core when the plasma is statlionary, while Ly-¢ and He-a
eminaion occur over much longer timescales during plasma compresaion
and expansion. Assuming particle velocities (A3.15} of the order of

1°7°N3'1, this corresponds to a shift of 4n* at Ne Ly-® wavelengtha.
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1f it is assumed that only the emission from the lmploding shell
nearest to the spectrometer is observed while emission from the far
gide of the plasma is absorbed, the glass shell emission lines will be
blue ehifted. Assuming then that the neon lons are statlonary or are
moving towards the spectrometer during the emigsion process, an
apparent red shift of the neon lines will result. However this would
not account for the large observed blue shift of the neon He-a line.
The He—o line would be expected to be emitted under conditions closer
to those for the emigsion of the more strongly red shifted Ly-a line
than for the slightly blue shifted Ly-§ 1line. Hence it 18 unlikely
that either spatial inhomogeneities or differential Doppler effects can

explain the observed line shifts.
A3.4.6 Conclusion

Current theoretical prediections for plasma polarization shifts indicate
that the shifts observed are almwost an order of magnitude greater than
expected. Extrapolation frem calculations given in (A3.5) and (A3.7)
vleld Ly—a red shifts ranging from a lower limit of 0.7 m for the
uniform electron model to an upper limit of 1.7 wh given by the
linearized Debye-Huckel model. By comparison, the observed shift fa of
the order of + 10 sA 1o the present experiment.

Although calculatione for the effect of electron collisions on line
shifts (A3.9) have not been performed for hydrogem-like neon lines, the
calculations for hydrogen and hydrogen—-like helium (43.9) indicate
progreasively larger (1) red shifts for higher Lyman series members
(blue ehift contribuations from Lon quadrupole effects are im general
negligible). This trend is in contrast to the observed smaller (AX)
red ghifte for higher Lyman series membera (changing to blue shifts in

gome cases) which were observed in the present experiments.

A3.16

A3.5 CHARACTERISATION OF X-RAY SOURCE BRIGHTNESS

M J Lamb, P McCavana, R Corbett, C L S Lewls (Queen's), G Kiehn
(Oxford) and M H Key (RAL)

A3.5.1 Introduction

We present here a brief preliminary report of a recent experiment aimed
at characterising the X-ray source brightness which can be obtained
from a variety of tarpets irradiated by the WULCAN laser. Such
meagurements have immediate relevance to other areas of laser plasma
studies e.g, in the optimisation of backlighting sources for
radiography experiments, and gources for photopumped X-ray laser
schemes. They will also be of Interest to workers in other areas who

may have a requirement for a bright source of X-rays.

Al.5.2 Experiment

We have recorded X-ray spectra in the range 3.5 to 13A from targets of
Cu, Al, Au, Mo, Bi and Cl (saran) for a varlety of irradiation
conditions uaing both 1.06um and 0.53um laser light.

The experimental arrangement is shown {n Fig A3.16 which for clarity
shows just ome spectrograph. On each shot VULCAN delivered two
simultaneous output beams, at wavelengths of 1.06ym and 0.53um, which
were separately focussed on two identical targets positlioned adjacent
to one anothér as shown. Except in the case of Mo, when ribbon shaped
targets were used, the targets were in the form of 270 um discs each
supported by a thin fibre. Two apace-resclving wminl crystal
spectrographe and X-ray pinhole cameras recorded the X-ray emission
from both targets. Each specttograph recorded spatially separated
spectra of the two sources thereby providing a direct comparison

between infrared and green {rradiation on a single plece of film.

For each of the targets mentioned above a series of shots were taken

varying the following irradiation parameters;
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Pinhole camera

Film plane

Crystal

Lollipop S
targets K‘Qae\rl beam

Fig A5.16 Experinental arrangements

(1) lager pulse length - lne and 100ps,

(2) Eocal spot slze - tight focus and obecuration EFocus (all of 270um
disc irradiated},

{3} incldent laser energy - high and low.

High laser energles corresponded to 100J (1.06um, lns), 30J {1.06pm,
100pse}, 30J (0.53pm, Ins), and 10J (0.53pam, 100ps). The low energles
were typlcally a factor of 5 to 10 less than the corresponding high

energy values.

A complete acan of the above parameters therefore required 8 shots for

each target materfal.

A3.5.3 Repults and Concluslions

The choice of targets gave a selection of K,L, and M-ghell gpectra In
the wavelength range 3.5 - 1JA. The dominant spectral features
consiated of

(a) Cu L-shell line emission from 10 to 1M,

(v Al H-like and He-like resonance lines around 7A,
(c) Au M-band continuum emission from 4.8 to 5.44,
(d) Cl He-like resonance lines around 4A,

{e} Bi M-band continuum emission from 4.4 to 4.8A,
(£) Mo L-shell line emisslon from 3.5 to 5.5A.

Over 120 gpectra were recorded and the results of a detaltled analysis
will be published later. The following observations may be made after

a preliminary analysia.

Table A3.l summarises some preliminary estimates of the time integrated
X-ray emission for a selection of the high energy shots. Thege refer
to the brightest line recorded for Mo, Cl and Al, and the peak of the

M-band continuum for Bl and Au.

In all cases X-ray converslon efficliency was larger for green
irradiation than for infrared. Hence brighter X-ray sources c¢ould be
obtained by first coverting the primary laser wavelength to the second

harmonic before target irradiation despite the losses involved in the
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frequency-doubling procesa. The increased effectiveness of green

irradiation was more noticeable at shorter X-ray wavelengths.

For the laser energies used the time integrated X-ray emission appears
relatively insensitive to the laser pulselength, although the
Instantaneous X-ray power would be greater (up to 10x) for the shorter
pulse.

A significant parameter is the focua condition which determines the
source size. In the case of obscuration focus (270um source) the X-ray
yield is typically 10x greater than for tight focus (~80um source).
This is consistent with having a larger area source of similar surface
brightness, and implies a rather weak scaling of source brightness with
incident laser Intensity, a coneclusion also Indicated by the data from
the low laser energy shots.

A fuller analyeis of all the data obtained fa required to confirm and
further quantify the trends indicated above. It is hoped to carry out
measurements on other target materlals and over a wider wavelength
range in order to esatablish a comprehensive database of absolute X-ray
yields, and to understand more fully the physice of X-ray production in
laser produced plasmas.

A3.19

X-tay emlssion/1075 J ster™

(laser energy/J)

1

X~ray emiesfon/107?
J ster~lkev-!

{laser energy/J)

Mo 14 AL Bi Au
G 2.3 (26) 3.1 (33) 2.2 (31) 1.5 (30)] 1.2 (47}
tight lns
IR 2.1 (108) 1.7 (94) 1.8 (57) 0.8(105)| 0.3(123)
focus
G 1.9 (%) 3.2 (D 1.8 {10) 1.6 (9)] 1.0 (la}
100ps
IR 0.9 (25) 2.2 (25) 1.3 (18) 0.5 (27)] 0.5 (30)
G - 17.0 (22) 26.0 (45) 2.0 (20)]17.8 (48)
obgcuration 1lns
IR - 14.0 (86) 24.,0(105) 6.1 (95)113.0(123)
focus G - 8.4 (%) - 3.2(8.5)] 9.2 (14}
' 100ps
IR - 6.2 (24) 17.0 (34) 2.6 (273 5.3 (30)

Figure Al3.1

Experimental Results
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Ab XUV Lasers and Application of Laser Produced Plasmas

A4d.1 Introduction
C L S Lewis {Queen's) and O Willi (Imperial College)

In the paét year a clear break — through has been achieved in producing
a high quality long line focus vital for x-ray laser research. The
capability of producing laser heated plasmas with the scale length of
centimeters and uniformly heated along the entire length is
fundamentally jmportant for any x-ray laser achemes which will show
high gain. Experiments with the newly developed aberration free line
focus using a lens and off-axis mirror combination proved to be
extremely successful., This new configuration 1s particularly suited to
the recombination schemes when thin carbon fibres are ueed since the
narrow dimension in the line focus can approach the diffraction limited

spot slze of the heating laser beam.

Various measurements of plasma parameters, such as sodium brightness
and hydrodypamics, relevant to the sodium-neon photopumped laser acheme

ylelded extremely valuable information For code developments.

The second major area of activity of the group has been the development
of new applications of intense X-rays emitted from hot laser—produced

plasmas.

High resolutlon (better than 200A) contact micrographs have been
produced with exposure times of about a nanosecond. Images of
diatoms, muacle and blood cells have been recorded on x-ray resists
showing features down to the limit of the SEM used to view the

developed reasist.

Initial experiments have been carried out to inveatlgate the
feasibility of laser reflexafs for studies of metal-silicide formation.
An annealing laser beam was used to form specific compounds in the
eilicide film whereas the reflection EXAFS techalque using x-rays
produced by a second laser beam examined the temporal evolution of the

silicide formation.

A4.1

Finally an ablating plasma was used to study the behaviour of

collisionless shocks created by placing an obstacle in the streaming
plasma. Optical probing technlques clearly showed the

formation of a bow shock around the aspherical obstacle in the absence
of magnetic filelds.

A4.2  Experimental Assessment of Line Focus Opticas for X—ray‘Laser

Eerriments

I‘N Rosa, D Bassett (RAL), G Kiehn (Oxford)

0 Willi (Imperial College), C Lewis, R Corbett {Queen's)
L Shorrock (Hull)

A4.2.1 Introduction

To achleve considerable gain in X-ray laser experiments, a long line
focus with good optical quality is essential. Recently an optical
system has been developed to produce a long high quality line focus
uaing a lens and off-axis mirror combination. This system is described
in Sectlon A6.6.1. We report here on experimental results of hot
uniform cylindrical plasmas obtained with this scheme by irradiating
fibre or thin foil targets.

A4.2.2 Experimental Arrangement

Fig. A4.l shows a achematic of the optical components. Ar f 2.5
aspheric doubled lens and a spherical mirror are used to generate a lcm

long line focus.
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Parameters such as fibre length, diameter, prepulse levels and total
Incident energy were varied. The effects of small varlations in

alignment and focusing were also studied.

X-ray pinhole photography

X-ray pinhole photographe were recorded to monitor the distribution of

emission along the fibre Iin the lKev energy band. The diameter of the
pinhole was 100um. Fig. A4.2 shows an x-ray pinhole camera image
taken on a fibre target which was irradiated with a 100ps, 10J green
lager pulse. As can be clearly seen in Flg. 44.2 no globel

non-uniformities were observed.

Fig A4.1 Schematic of the optical components to produce an aberration free
line focus

The length and the intensity distribution of the line focus are
controlled using a shaped aperture in front of the input lens. The
width of the line focus was limited by the laser divergence to about
15um. The plasma was investigated by a)an X-ray pinhole camera to
study the uniformity of the emigsion along the fibre or foil target, b)
ion-calorimeters to measure the energy coupled into the plasma and the

angular distribution of the plasma blow-off, c) a spectrograph to
obeerve the spectrum in the axial direction and d) a camera to detect

the transmitted leser beam through the plagma.

44.2.3 Experimental Results Fij; Ad.Zz X-vay piniole camera image of an aberration free line focus taken
’ on 4 6 um fibre target

The experiments were primarfly carried out to investigate the
performance of the described line focus scheme. A large number of
shots were taken using carbom fibres and thin (1000A) foil targets.
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Fig A4.3 Plasma distributi

Calorimetry

Three strip calorimeters were used to gtudy the total energy absorption
and the plasma angular distribution on fibre targets. According to the
quality of the alignment a fraction between 5 to 202 of the incident
energy was absorbed resulting in an energy depositifon of up to 2j/cm.
Thie is about a factor of two larger than previously achieved with
cylindrical optics (Ref. A4.1}. Fig A4.3 shows the angular
digtribution of the plasma blow-off measured on Fibre targeta. A clear
lobed-sided distribution is observed due to the laser beam, sfngle beam

irradiation.
-
LASER
BEAM
TARGET
POSITION

on of a single sided irradiated fibre target
measurea With a series of ion calorimeters

A4S

Axial spectrometry

Time integrated spectra were taken along the axis of the fibre and foil
targeta in the wavelength range from 50 to 200A. A spectral anomely
was observed consisting of a small rectangular intense spot
auperimposed on the background of the He-like 4~2 carbon transition
(see Fig.A4.4). This observation might be an indication of
superfluorescent emission with a pain length product of 7. We have
however not been able to verify this observation ag x-ray laeing beyond
any doubt nor have we found any experimental inconsistencies which
indicate that this epot is produced by anything else than x-ray

lasing.

N

Hye (182A) (186.7A)

Fig Ad.4 Spectrum taken on a carbon fibre showing a small rectangular

feature superimposed on the CV (2-4) transition
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Small-scale non-unifermity studies

A £/2 lens opposite to the off-axis mirror was used to image the target
plane onto burn paper collecting the incident laser light passing
through the plagma. As can be seen in Fig. A4.5a small scale
non—uniformities with a scale length of 20 to 30 ym were observed

along the line foucs in the transmitted laser beam. The small scale
break-up might be caused by laser beam filamentation. Since a uniform
image wap obtained (see Fig. A4.5b) when no target was in place proving
that the structure was not generated by the off-axis mirror
configuration. Further experiments will be carried out to investigate

these observations.
44.2.4 Conclusions

Experlments have ghown that, usihg a8 new line foucs geometry,'thin
fibres of up to l0mm long can be {lluminated efficiently and uniformly.
Good coupling of laser energy Into plasma energy can be achieved
producing a uniformly expanding plasma. Axial gpectrometry showa that
conditions of X-ray laser action should be achievable with modest laser

Input energy.

ASL3 Meapurements of Plasmae Parameters Relevant to the Sodium-Neon

Photopumped l-aser Scheme

R E Corbett, C L S Lewis, H J Lamb, P McCavana, S Saadat (QUB},
C Deeny, O Wilii (ICL}), B Fill {(Max-Planck Garching), J Lunney (TCD},
D Baasett {RAL)

A4.3.1 Introduction

The sodium-neon scheme involves the pumping of the 1s2 1§ - lgbp lp
tranaition at 11.0027A in Ne IX by radiation from the 1g? ls - 182p fp
transition at 11.003A in Ra X, ut!ilising the close wavelength match
between the two vransitions to give population inversion on the 2-4,
3-4, and 2-3 singlet transitions of Ne IX at 58, 230 and 8§2A

respectively.

Caleulations have predicted that a gain of 100cm~! on the Ne IX

la2p 'P-1s3d D traneltion could be achieved for a neon plasma with an
electron density of 1021 em™3 and electron temperature of 65 eV pumped
by & sodium plasma with a photon flux in the 11A line equivalent to a
227 eV blackbody (A4.2).

The aim of the experiment was tov investigate the coaditions under which
these plasma parameters might be realised, to measure the absolute pump
brightness of the sodium, and to provide a set of data for comparison

with hydroedynamic and atomic codes.

A4.3.2 Targets

The targets used were 550 micron diameter, 3 micron thick aluminium
lollipops. Neon had been introduced {nto one side of the folls by 1on
implantation. Some of the targets had neon implanted at 65 keV,
giving neon at a depth of 0.1l microns, while the rest had been
implanted at 80 keV, giving neon at a depth of 0.14-m1crons. The
surface dose of neon was 6 x 10!'® fons cw 2 in both cases. The other
sldes of the targets were coated with a 0.1 micron thick layer of

godium flueride.

The essential idea was to irradiate the nesn gide, allow the neon
containing plasma to expand until It had attained the required values
of density and temperature, and then to irradiate the side of the foll
coated with sodium fluoride to give a bright, optically thick pump
plasma (A4.3).

Typical irradiances used were 1013 ro 10!% Wem 2 at a wavelength of
0.53 microns, with 100ps pulses being used throughout. Focal spot

sizens were about 200 to 400 microns.
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Position of
the fibre

target.

(b)

Fig A4.5 Spatial laser beam profile transmitted through the plasma of an
irradiated fibre target



Ab4.3.3 Measurement of Sodium Brightness

To calculate an equivalent blackbody temperature for the 1l1A sodium

line it was required to know

(1) the total emission in the line
(ii) the duration of the emission
(111) the size of the emitting region
(1v) the linewidth.

The time-integrated emlsaslon from the socdlum was recorded using a
mini-crygtal aspectrometer with a TIAP crystal, and an active
gpectrometer consisting of an image Lntensifier coupled to a
phosphor-coated fibre optic screen on the target chamber wall, with a
flat TIAP crystal mounted midway between the target and the phosphor
screen, and satisfying the Bragg condition for 11A radiaticm.

Another TIAP crystal waa used in conjunction with the QUB streak camera
to bime;resolve the emission. The spectral coverage of both the active
devices was about 1.5A, so that emissfon from the Na XI

1s 28 - 2p 2P line at 10.03A could also be monitored. A streak camera
plcture of the two sodium lines 18 shown in Fig A4.6

Focal spot slzes were measured with a standard pinhole camera. The

arrangement of the diagnostics was as shown in Figs A4.7 and A4.8.

The total emisaion at l1A was measured from the spectrum recorded on
the mini-crystal spectrometer, aassuming a value of 2.5 x 10~"% for the
rocking curve integral for the TIAP crystal at 11A. The source was
assumed to be a plane gurface whose area was determined from the
pinhole camera measurement, and the duration of the emisaion was taken
as the FWHM of the streak camera output, the streak speed having been
measured as 77 ps per millimetre. The resolution of the active
spectrometer was limited to about A/AA = 450 by the source size and the
crystal rocking angle. This was not sufficlent to provide a
neasurement of the time-integrated linewidth, but allowed an upper
limit of 25 @A ro be placed on it.

From these values, the emission from the source in watts per square

metre per unit frequency interval was calculated, and this in turn

was used to give a value for the number of photons per mode n_, where
np = (exp(hvlkTB) --1]“i

with 'l‘B being the equivalent blackbody temperature for the source.

The results obtained for six shots are given in Table A4, Fipures in
brackets are estimates, and it i{s assumed that 60Z of the green energy

entering the target chamber was incident on the target.

The calculated optimum pump brightness of TB = 227 eV corresponds to np
= 6.9 x 1073,

It is to be noted from these results that the brightness of the Na X
1a2 lg - 1e2p 1P line 1s not strongly dependent on the irradiance. 1In
contrast, the brightness of the Na XI 1s 2§ - 2p 2P transition was
observed to Lnerease with irradiance, being less bright than the
He-1like line on 18.10.84 shot 2 and 19.10.84 shot 4, of comparable
brightness on the remaining three shots.

A4.3.4 Aydrodynamice of Targets — Interferometry

In order to allow the neon—containing zone to attain the required
values of electron temperature and density, it is necessary to delay
the laser pulee irradiating the sodium gide of the target with

respect to the pulse irradiating the neon side. Chooasing an
appropriate time delay involves the use of hydrodynamic models to
simulate the behaviour of the neon-containing side of the target under
the given irradiance conditions. Time delays between 300 and 500 ps
were chosen 1n this experiment, on the basis of simulations performed
with an average~atom ionisation code rum in tandem with HMEDUSA, which
predicted that the neon ions would be mainly helium-like and that the
neon-containing zone would have suitable values of electron temperature

and electron demsity for times in this range.

To provide direct comparison between code predictions and the actual
behaviour of the targets, a Nomarski-type interferometer (A%4.4) we used
with a red (622 nm) probe beam to probe the plasma expanding from omne
side of an aluminium target lollipop, at times up to 1 ne after the
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target had been irradiated.

The fringe patternsa generated were Abel-inverted to give electron
denaity profiles for the plasma. The interferogram from shot 1 of
5.11.84 is shown in Fig A4.9. The probe delay time on thia shot waa
500 ps. The electron density profiles at varfous distances From the
target surface, as derived from the interferogram, are shown in Fig
A4.10. The axial density profile is compared with that predicted by
the 2-D hydro-code POLLUX in Fig A4.11, where there ig seen to be

reasonable agreement between the two.

44.3.5 Photopunping of Neon

A streak from a photopumped neon target fs shown in Pig A4.12. The
T1AP crystal reflecting the lines onto the streak canera photocathode
was on the sodium side of the target; so that the radiation from the
oeon was being viewed through the 3 micron thick aluminium target (3
microne of aluminium 1s 503 transmitting at L1A). The picture is
complicated by the Fact that some of the sodium fluoride had found its
way onto the neon side of the target during the coating process as
evidenced by the presence of emission from the NaXl lg 2§ - 2p 2P 1ine
befsore the main pumping pulse. This mesans that the radiation at 11A
from the neon side of the target is due to both the Ne IX 182 15 - 1a
4p P and the Ma X 182 15 - 1a2p !P 1inea. However, the presence of
the neon 18 clearly indicated by the Ne X 12 l§ — laép !P Line with no
contribution from sedfum (Fig A4.13.)

Emission from each gide of the target was monitored using two
apace~resolving mini-spectrometers, with apatial resolutione of 10 to
25 microna. Spectra were also recorded on a 1000 1ines per millimetre
transmigsion grating spectrograph, which recorded emission at
wavelengths up to 100A with a spectral resolution of 2A. By comparing
spectra obtained from neon-containing targets with those obtained from
the aluminium targets used for the interferometry which did not contain
neon, it was posalble to identify the neon lines at 584 and B2A (Fig
A4.14). However, on comparing epectra from pumped and unpumped neon,
it did not prove posasible to detect any enhancement of the neon lines

resulting from photepumping by the sodium.

Ab.11

Fig A4.9
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A4.3.6 Concluding Remarks

The results of the interferometry give reasonable grounda for
confidence in the codee being used to simulate the behaviout of the
targets, and the viability of creating pumped and pumping plasmas on
opposite sides of a thin aluminiuvm foil 1s demonstrated by the streak

camera pictures of targets under double-sided irradiation.

? However, the results of the pump brightness measurements show that the

Nex 15_3p Ne[x 15_15[‘p brightness attained by the 11A madium line was lower than the
calculated optimum, and illustrate the problem of using a He-like ion
species as a source of pump radiation. A detailed analysis of the

apectra obtained in the course of the x-ray source brightness

experiment (reported im Section A3.5), in which the emisslon from

various x-ray sources as a function of irradiance, laser wavelength and
() pulse length was wmeasured, should given an indication of the best means
[ of achieving a brighter sodium pump.

A4.4 BSoft X-ray contact microscopy using a laser—produced plasma

x—raz gource

L R J Roseer, K G Baldwin (Imperial College)
R Feder (IBM, USA)
D Bassett, A Cole, R Eagon (RAL)

Ah.4.1 Summary

High resolution (better than 200&) contact micrographe have been
produced with exposure times of about a nanosecond. The 1lluminating

Fi, Ad4.13 Streak camera picture of Ne X 1s ZS - 3p ZP (10.24 R) and Ne IX soutrce was a ghort-lived carbon plasma produced by focussing a single

152 15 - 1sdp 1P (11.00 EJ short (~1 nsec) 100 Joule pulse from Vulcan to a 300pm spot on a

graphite target. This plasma emits strongly in the soft ®-ray region,
particularly at the CVI (33.7A) and CV (40.3A) lines. The specimens
were behind a 1000A thick Sl3“a window, at atmospheric pressure in an
environmental cell. The images of diatoms recorded on x-ray resist
showed features down to the limit of the SEM used to view the developed
resist, which was about 2004,
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Fig A4.14 Transmission grating spectrum of neon-containing target




A4.4,2 Introduction

High resolutlon soft x-ray contact micrescopy was developed by Feder et
al (1977) A4.5, in an sttempt to realize the potential advantages of
soft (10 to 100A) x-rays, for imaging biological specimena, namely
lover damage and more penetration than electrong and higher regolution
than visible light, without the need for difficult to manufacture
optica. The technique is analagous to contact printing, congisting of
placing the object to be viewed as close as possible to a recording
medium (x-ray photo-resist), then making a transmissfon exposure. The
sample is removed from the relief pattern corresponding to the x-ray
opacity of the original specimen. This surface can then be viewed by a
Nomarkai optical microscope or at higher resolution in an electren
microscope. The technique has been gradually refined through better
photoresists and epecimen preparation and helped considerably by
increased availability of synchrotron light, as reported by Sayre and
Feder (198l) A4.6.

Recently, Feder et al (1984} A4.7 announced the first suboptical
resolution images of a living cell. Using a gapg-puff z-pinch as the
source of soft x-rays, they took & 100 ngec exposure of a human blood

platelet with & resolution of better than 100A.

In July of 1984, Vulcan was uged to produce a soft x-ray source
enabling even shorter (~lusec) exposure time images of specimens in an
envircamental chamber. This considerably shorter exposure time may be
of significance in looking at unfixed biological samples, or im

obtaining still pictures of active systems such as muscle.

The lager-plasma source is about a factor of ten brigher than the
gas—puff (Rosser, 1984) A4.8, and allows specimens to be placed very
near (~10mm) whereas the gas—puff usually has about 50mm eource to
sanple separation. These factors are lmportant as the gas puff source
1a only just powerful enough for single shot exposure of currently
available resists (Feder et al, 1984)A4.7, l.e. it has to be working
well.

A4.13

The laser produced plasma source also allows multiple exposures,

elther simultaneously but spatially separated or temporally separated
by anything from nanc-seconds to minutes. Neither of these options are
feasible on a gas-puff.

A4.5.3 Experimental Arrangement

The experiments were performed in the target chamber of TA2. The laser
was focused onto a graphite target, producing a short lived carbon
plasma. This plasma emits a line apectrum, with particularly strong
CVI (33.7R) and CV(40.3A) featurea. For absolute calibration, and
shot-to-ghot comparison purposes, spectra were recorded on Kodak 101-01

film in a Rocket grazing-incidence grating - spectrograph.

1 ns. 100J infra-red {1.06p) pulses were frequency doubled to give
about 30J of green (0.53u)light, for better conversion to Boft X~Tays.
The beam was focussed to a spot size of about 300um diameter on the
graphite target producing a similarly sized X~Tay source.

The specimen, sandwiched between g 513N4 window and a resist coated

silicon wafer, was placed about 54 mm from the source, ag shown in
figures A4.15 and A4.16. The 514N, window was 1.0mm by 1.0mm and 1000A
thick, which is sufficient to withstand an atmosphere pressure
difference. It had a 40um period grid of 1.5u thick Shipley AZ 1350
photoresist on it, to act as wella for the specimens to reside in. The
windovw vas destroyed some time after the exposure. Thermal shock waves
are sugspected, and the time scale involved may be aa shart as 30 ngec.
The resist was a 0.5p coating of Terpolymer, spun on to a silicon
wafer. (Haelbich et al, 1984} A4.9.

After exposure, the tesist on the wafer was cleaned for two minutes in
an ultra~gonic bath of ethyl alcohol. This removed the shattered
window and gspecimen very effectively. The latent Image was then
developed for between five and ten minutes in a bath of ethyl
cellusolve. Washing in ethyl alcohol completed the preparation for
viewing In a Nowarkel microscope. For viewing in a scanning electrom

microscope, the samples were gold coated.
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bly As.17 A Nomarski micrograpii of the developed resist surfoce. The
prid period is 40 un. The object recorded was a diatom.

890080

Fig A4.18 A scwming clectron microscope view of the resist surface.
The object was a diatom



The results of exposing diatoms, muscle and blood ¢ells, and subsequent

resiat development, can be seen in flgureas A4.17 to A4.21.

The highest resolutlion would be obtalned 1f a transmission electron
microscope could be used to look at the developed resist. This can in
principle be done by floating off the resist layer, as demonstrated by
Cheng et al (1982) A4.10. However, it requires a carbon underccating
fFor the resfet, which had not been put on the wafers used in this

experiment. Puture work will no doubt use this technique.

Ad.4.4 Sterea Images

By splitting the original laser beam Iinto two parts, and focusing them
onto different areas of the rarget, as shown in figure A4.22, a

stereo picture can be produced.

Such an {mage of the grid on the 514N, windows iz shown in Figures
Fi, A4.19 A scaming electron microscope view of the resist surface. A4.23 and A4.24, and conslats of two overlapping gride recorded in a
The object was a diatom single reaist. Knowilng that the sources were separated by 9 mm and the
specimen was 54 mm away, It is possible to calculate the window to
resist distance. A8 can be seen from the pleture, this Iincreases from
l4pm at the edge to 30.5 pym at the ceantre, showing the window to be

bowed out under preassure.

Having both etereo images recorded overlapping is obviously a severe
limitation, but with care {and, one suspects, a great deal of
computing) it may be possible to develop this technique to extract

gectlona of thick specimensa.

AG.15
Fi, A4.20 A scanning electron microscope view of the resist surface.
The obyect was a diatom
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Fig Ad.£2 Tne experimental arrangement for recording sterec-micrographs

Fig Ad.21 A Nonurski micrograph of the resist surface. The grid period
is 40 pn. The object was freshly extracted Inman blood

Fig Ad.2» A Nouarski micrograph of the resist surface ol a sterco-



Fig A4.24 A Nomarski micrograph of the stereo-micrograph showing greater
detail

AG.4.5 Conclusiona

Nano—-second exposure soft x-ray comtact microscopy of specimens in an

environmental chamber has been demonstrated to be practical. The
success of these trial experiments has led to & second round of

experiments using both the Vulecan (glass) and Sprite (ges) lasers,

scheduled for this April/May. The intention is firstly to undertake a
‘survey of materials familiar to people working in the field of electron

microscopy, to see haw similar or different things look with x-ray
microscopy, secondly to use the stereoscoplc image technique, and

thirdly to fmage 'live' as opposed to merely hydrated specimens.

Ab.16

A4.5 Laser reflexafs of metal-sillicide formatlon

R W Eason (Essex}, D K Bradley, J Hares, A Rankin and S Tabatabaei
{Imperlal College)

A4.5.1 Introduction

The feasibility of recording extended X-ray absorption fine structure
spectra by grazing incidence reflection from flat surfaces has been
demonstrated using conventional sources such as synchrotron tadlation
[Aﬁ.ll, Aﬁ.lz] and aleso recently using laser-produced plasma X-ray
sources (A413, A4.14). The intention behind this experiment was to use
the reflection EXAFS (reflexafs) technique ko examine the temporal
evolution of a dynamic process, using a 2-beam configuration. The
first beam (annealing beam) would Initiate an event, and the second
beam (reflexafs beam) would be used to probe the surface structure at
various time delays in the range 0-300 nsec after the event. Such a
pump-and-probe technlque has already been used to look at
crystallographic changes occurring to laser annealed crystalline
silicon (A4.15). The reflexafs technique however is surface sensitive,
as the X-rays only penetrate some tens of A into the surface, whereaa

X-ray diffraction reported in A4.15 has a sample depth of ~um.

The formation of metal silicides was chosen as a sultable study, as the
substrate material, silicon, is readily available in large highly
polished glices, and experiments on laser-assisted silicide formation
have already been successfully performed [A4.16, Aﬁ.l?]. One advantage
in laser—asgisted gurface processing is that alloys and compounds can
be formed that are non-gtolchiometric, f.e. contain elements in ratios
not normally obtaimable. The fast quench rates involved can freeze in

unugual compounds.

A4.5.2 Experimental

The experimental scenario that was envisaged for the silicide process
is shown in figure A4.25. A polished silicon wafer, overcoated with a
thin metal overlayer is experimentally determined such that the
K-rays are totally reflected from within this overlzyer, and do not

A4.17



penetrate the silicon beneath. A spectrometer set to look at the
silicon K-edge spectral region would not therefore show the
characteristic absorption edge feature when X-rays of the appropriate
energy are reflected from this layer. 1If an annealing beam 1is incident
on the Ni surface at time t = 0, however, with an energy density
sufficient to melt the overlayer, and alao gome silicon underneath then
diffusion, intermixing and subsequent resolidification can occur. For
times t>0, if X-rays are reflected from this heated region, then the
diffusion process will have brought some silicon atoms to the surface
and hence an absorption edge will be seen in the reflected spectrum.
The height of the edge i3 a measure of the amount of silicon present in
the gurface, and its appearance as a function of time yields
informatfion on the dynamics of the process. Finally, analyeis of the
EXAFS region for shots taken at different time delays will yield
details of the specific compounds formed in the silicide film, e.g. for
N1 on 51, NiSi,, NiSi, Ni,51 etc:

While this may sound relatively straightforward, there are several

practical constraints which may cause problems.

The critical angle, Bc, below which X-rays are reflected, is ~0.9° for

ailicon at the K-edge. This means that firstly everything must be

very flat and accurately constructed, and also that the area from which
X-rays are reflected has to be large to accommodate a puitable angular

range of, fotr example, 0.2° - 1.1°. If thie area 1s to be annealed, or
lager proceassed then it ie very important that the beam uniformity is

good over all thila area.

In practice the raw output beams from the glass laser show considerable
intenaity non-unifarmity, so that some smoothing must be achieved. The
method used is shown in figure A4.26. A 3 x 3 array of 25 mm x 25 mm
dquare mirrors was used to gselect portions of the orf{ginal 108 mm
diameter beam, for subsequent redirection and spatial overlap on the
ellicon sample. A 100 ps. 0.53ym pulse was used for the annealing
beam and the temporal separatfon between each mirror was set at > 200pa
to avold interference effects on recombination at the silicon. In
practice, a smoother profile was obtained by steering the individual
mirrors to achieve overlap on & diffuser, placed in front of the
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Fig A4.25 Schematic experimental arrangement for time resolved metal
silicide formation



silicon.

The overall effect was a conslderable smoothing of the intensity
profile. Using film to record the apatial distribution, the residual
integrated non-uniformity was found to be <10%. The resultant square
distribution was alsc much more suitable for the experimental

arrangement, which 1s detalled in figure A4.27.
44.5.3 Repults

One difficulty in using silicon is the natural surface oxide layer that
18 pregent. Before coating with various thickneases of Ni, the wafers
were dipped in HF for ~1 min., to remove the oxide, and then stored in

anaeroblc conditlons, under ethanol, prior to coating.

The thickness of Ni that was just sufficient to suppress the appearance
of a 51 K-edge wag experfimentally determined to be 30 A. Por 25 A, for
example, the edge was still faintly apparent in the recorded

gpectrum.

The results are best summarised with reference to figure A4.28 which

showg the various reflexafs spectra recorded.

Shot A was obtained from bare silicon. The curved K-edge, which ia
characteristic of reflection EXAFS which shows a range of incident
angles (Aﬁ.l&], can be geen, together with the sharp 'white line’
absorption feature just after the edge. Also seen Is a spectrum of
direct X-rays which were incident on the apectrometer without being
reflected from the silicon surface. It is desirable to have a
simultaneous direct gpectrum on each shot for comparigon and background

gubtractlon purposes.

Shot B shows the spectrum recorded from a 51 wafer ﬁhich had a 30 A
overcoating of Ni. The 51 K-edge is not seen here, Iindicating the
sampling depth for reflection to be <30 A. The width of the spectrum
in the spatial direction is less than in shot A, and the direct X-ray
spectrum 18 only just visible. This 1ls because of spatial cut-off due

to the non-reproducibllity of repositioning different silicon wafers,
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from shot to shot.

Shot C was tecorded from a nickel silicide which was thermally
produced, that is baked in an oven for ~1 hr. (A#-IS), at a temperature
well below the melting point of either Ni or Si. The edge is clearly
seen here, and at the temperature used (~300°C), and for a thin Ni
over—layer, a Ni rich silicide should have formed, i.e. Ni,81. The
intermediate NiSi, and final Ni8i, disilicide phase require
temperatures of ~350° and 750°C respectively to form. The defect in
thia shot in the pre-edge reglon was due to a hair adhering to the
surface, and illustrates some of the problems of grazing incidence
geometry. A direct comparison is possible between shots B and G, as
they are from the same batch of coated gilicon, hence have been

prepared in an identical fashlon.

Shot D shows the corresponding spectrum from a laser-irradiated sample.
A spatially smoothed, diffused, aunnealing beam was incident on the Ni
overlayed silicon slice at & fluence of <1J cn 2, and ~180 namec later
the reflexafs spectrum was recorded. Again the absorption edge is
clearly aseen, but some structure 18 alao seen running in the apectral
direction. This probably corresponds to an area of the sample on which
the irradiation conditions were not sultably uniform. It is clearly
important to operate within the irradiation window bounded on the low
side by insufficlent energy deneity, and on the high side by surface

damage.

There is the possibility that the appearance of a K-edge could be
explained by merely stripping the surface Ni off the silicon, rather
than ttue compound formation. A K-edge is therefore necessary but not
sufficlent for realising silicide formation. Electron microscope
plctures of surfaces ghow that for a fluence which is higher than
optimum, surface damage occurs, resulting in cratering, and pitting.
This cac be geen in figure A4.29, which is typical of the cases in
which the annealing beam fluence was toc high. For shot D, which was
laser annealed and showed a K-edge, electron microscope plctures
revealed no surface damage at all. A subsequent X-ray fluorescence
micro—analysis scan of the area from which the epectrum in shot D was

obtained showed the presence of Ni in the surface, in clear coatrast to
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the result from the middle of the damage spot in figure A4.29, which

showed no trace of Ni.

SHOT 12121284 —
12008 Ni on Si  4pm

Fig A4.29 Scanning electron microscope picture of damaged Ni on Si surface

A4.5.4 Conclusions

The experiment was a partial success, In that it has been demonstrated
that the laser-reflexafs technique can be used to examine surface
layers at depth of = 30 A. It ie unfortunate that only the first
part of the experiment was performed, and that a time scan was not
poasible. The difficulties involved in the grazing incidence geometry
were not anticlapted, but it is clear that at ~ 0.5°, ainor
misalignments can prove disastrous, as it is vital that the region
being probed by reflected X-rays and the annealing beam are

superimposed exactly.

For future experinents, some Factors which must be conaidered are

A4.21

whether Nif or $i 13 the most suitable system to study, how to further
improve the annealing beam spatial uniformity, what the optimum pulae

length 18, and whether temporal pulse shaping is deslrable.
The EXAFS spectra will be analysed using available EXAFS programs at
Daresbury to see if quantitative measurements can be made on the

spectra obtained at the + 180 ns time delay.

4%.6 Collisionless shocks in a laser—produced plasma

P Choi, A E Dangor, A K L Dymoke-Bradshaw, M Lewis, O Will{ (Imperial
College); D J Bassett, A R Bell, C J Hooker (RAL)

A collisionless shock is 'magnetic' when the energy density of the
magnetic field 1s comparable with the kinetic and thermal energy
densities. Magnetic shocks are reasonably well undératood through
laboratory experiments and satellite measurements of the Earth's bow
shock. TIn contrast, the magnetic Fleld 1s oftem very weak in
astrophysical shocks outside the solar system (A4.19). There is no
aatipgfactory theory of shocks in weakly magnetic plasmas. Such shocks
occur only very rarely in the solar wind, and have only been seen in
the laboratory at low Mach number (A4.20).

A number of experiments have tried unsuccessfully to create
colligionlese shocks In the low density plasma ablating from a
laser-irradiated target (e.g. A4.21). Although non-magnetic¢ plasmas
Interstreaming at a high Mach number are atable to small perturbations,
there are theoretical indications that a nou-linear interaction, once
establighed, is self-sustaining. It {8 possible that previous
experiments have not penerated shocks because the integﬁction would
have had to grow from a small linear perturbation In g}relatively shore
time. We have conducted an experiment at the CLF to examine
colliptonless shocks in a geometry which initlates a shoek non-linearly
and allows a steady state which lasts longer, by two orders of
magnitude, than the characteristic times associlated with a shock.
Between 100 and 200 J of one micron lager light were deposited in tight
focus on the surface of a carbon elab producing a low density, high

velocity, ablating plasma which persists For the laser pulgelength of
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20 nsec. A 250 mlcron diameter carbon sphere (s placed a dlstance of
arcund lom away from the laser spot iIn the path of the ablatling plasma
which acte as a wind tunnel. The plasma wind tunnel {s probed by
Raman-shifted green light for the formation of a bow shock around the
spherical obstacle. Flgure A4.30 shows an example of & Schlleren image
of the plasma flow. A knife-edge Schlieren stop Ls orientated such
that density gradients are only seen if the density rises ag it flows
away from the laser spot. A shock I8 clearly seen extending away from
the obstacle. The angle made by the wings of the shock 1s determlned
by the Mach number of the plasma flow {nto the ghock, but ita
Interpretatien 1s complicated by the non-parallel nature of the Flow
away fFrom the tight focus laser spot. Fluld caleulations show that the
angle made by the shock wings in flgure A4.30 1s indicative of a Mach
number of around 2.5 at the obstacle. An ablation velocity of around 5
x 107 cm 572 {g measured with a Faraday cup placed at the wall of the
target chamber. An electron density of around 10!% cqg~3 1z measured by
Interferometcy and confirmed by numerical simulation. The ablation
velocity, the Mach number and the electron density together determine
the various mesn free paths In the plasma. The lon mean free paths are
of the order of tens of millimetreas. The smallest mean free path is
the electron mean free path which s around Jmm. In comparison, the
apparent sheck thickness in Eigure | is only 530 micron, indicating that
the shock mechanism is collisionlenas, especlally as regards the all
important ion momentum change. The magnetic field was measured by
magnetic probes consisting of a single coll, lum or less in diameter,
placed to intersect a toroldal field lmm off-axis. The average

magnetic fleld through the coil 1s always less than 10 KG at the time

of optical probing, indicating that the magnetic pressure at the shock

Fig Ad.30 Scilieren umage of tue bow shock around an obstacle placed in
plasma avlating from a source at the top right. The stalk
and therefore dynamically unimportant. The shock shown in figure A&.30 supporting the obstacle is also visible

is more than two orders of magnitude gmaller than the kinetiec pressures

1s not seen to be detached from the abstacle at its leading edge where
the shock ie at {ts strongest. This point was ilnvestipgated by also
lrradiating the obstacle with laser light such that the obstacle was
sutrounded by a low dengity plasma which then providesa an effectively
larger cross-sectional ares to the ablating plasma. A clear separatlon
of the shock from the obstacle was then visible. A variety of
Schlieren stops were tried, and the presence of density gradients in

the opposite direction, consistent with rarefaction waves behind the
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shock, was geen. Perhaps the most surprising result, was the occurence
of two apparently different types of shock as regards the thickness of
the density tranaition. Figure A4.30 ehowa a 'thick' shock with an
apparent thickness of around 50 microms. In contraet, 'thin' shocks
were seen with apparent thicknesses of around 10 micron. Analysis of
these thicknessea iz complicated by the cylindrical aymmetry of the
plasma structure and by the nature of Schlieren probing. These
complications are in principle removed when the plasma is probed
interfercmetrically and analysed by means of an Abel inversion. Figure
A4.3]1 shows an interferogram, made with a Wollaston priem, of a shock.
The interferometer data is not yet analysed, but the shock in figure
A%4.31 appears to have a thickness between 10 and 20 microns. Other
interferograms show much gentler gradients in the fringe shift. The
shoek thickness 18 an important parameter which is indicative of the
physical processes maintaining the shock. The fmportant scalelength
for a purely electrostatic shock iz the Debye length which in our
experiment is only 0.2 micron. A shock relying upon ion gyratlion
effects would be expected to be many millimetres mauny thick. A
magnetic shock, such ae the Earth's bow shock, has a thickness of
around ten times the collisionless skin depth, which is 50 amicron in
our experiment. Interpretation of the observed shock thicknesses must
awalt further analysis of the data. '

A4.24

Fig A4.31 Interferometry of a shock in an ablating plasma. A Wollaston
prism is used resulting in a double image. The dominant
features of the picture is the double image of the stalk
supporting the obstacle. The shock can be seen spreading

in gkbroad angle away from the obstacle at the head of the
sta
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A5.1  Introduction

R A Cairne (St Andrews)

The contributiona to this year's report bear witness to the fact that a
substantial effort on theory continues to be made, both at the
Rutherford Appleton Laboratory and at a number of Unlversities. As hae
been the case for the past few years transport theory attracts a lot of
attention, with a number of groups tackling different aspects. Work
continues on such long-standing interests as Raman and fllamentation
instabilities and hydrodynamic codes, while the more recently

fashionable subject of beat wave accelerators also makes an

appearance.

In addition to the work on classical plasma physics and hydrodynamice
there i a growing interest in atomic physics processes and dense
plasma theory. Section A5.3 presents a number of reports on these

toples, together with some work on ion beam fusion.

AS.1

ad.l CLASS1CAL PLASMA PHYSICS AND MYDRODYNAMICS

A5.2.1 Correction of Brapginskii's transport coefficients

E M Epperlein and H G Haines (Imperial College)

Signtficant departures from standard transport coefficients a“ ’ B nd
have been found for the electron Ohm's law (AS5.1, A5.2).

enE = -Vp + jxB/c + m EFJ/E - qic. T,

and heat flux
q=- (nTT/m)ff. ¥y1 -~ EF.JF/e,

in a fully ionized plasma (all symbols have their usual meaning}.
These have been discovered by carrying out a direct and accurate
nurerical solution of the linearized Fokker—Planck equation using a
Cartesian tensor expansion of the distribution function and a finite
difference representation of the velocity variable. The results, which
were carried out for plasmas of various atomic numbers, show the
presence of major inaccuracies (errors of up to 65%) in Braginskii

(AS. 3) coefficients BA' KA and K for Hall parameters wt ia the range
0.3 341 3 30. Surprisingly, Aand Bl are found to depend on

(wt) 2/:‘,and (mr) , and not on (wr) and (m) » respectively, as w1
* ®, An analytic expansion for large wt verifies this result, showing
that the relatively cold unmagnetised electrons in the distribution

function play a dominant role in the cross—field trangport.

We have fitted our numerical results to polynomial coefficlents in x
(=0T} by the method of least squares. These are identifled by:

a: = ay (=l-aj/al),
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In tables A5.1 ~ A5.3 we tabulate the polynomial coefficients for 15
values of Z. Sufficient numbers of coefficlents are used so as to

ensure a maximum relative error of less than 15% for any value of Z and
wr.

This new set of transpert coefficlents is particularly suitable for
computer simulatlon of transport in laser produced plasmas.

A5.2,2 The collieional Weibel instability

E M Epperlein and M G Haines (Imperial College)

There have been several recent experimental reports on the occurrence
of filamentary structures coupled with strong magnetic fielde in the
ablation of laser driven targets {A5.4-A5.6)}. The possibility that
they originate at densities higher than critical may have serious
consequences on target implosion symmetry by inhibiting lateral

ransport and inducing pressure perturbations at the ablation front.

It has been suggested that the origin of these structures can only be
explained in terms of an instablility mechanism, (AS.4 — A5.6) of which
a strong candidate is the one first praposed by Weibel (A5.7) for a
collisionless plasma. Experimentally, however, the time and spatial
acales of the observed filaments are more appropriately characterized

by a collisional type process.

Mochizuki et al (AS5.4) developed a collisional verslon of the Weibel
instability by applying perturbation analysis to a quasi-neutral plasma
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couposed of hot and cold electron fluids. The pressure anlsotropy
necessary to drive the instability is provided by postulating an
artifical equilibrivm whereby the hot electrons carry the inward heat
flux from the critical surface and the cold electrons carry the

neutralising retucn current.

A more realistic theotry has been subsequently developed by employing a
Carteslan tensor description for the electron distribution function In
the Fokker—Planck equation (A5.8). 1Its results were presented in the
1984 Rutherford Report (AS5.9), where the predictions of growth rate ¥
for a given perturbation wavelength A were shown to be significantly
different to that of the 2-fluld theory of Mochizuki et al.
Particularly it is found that in the long wavelength limit Y

@
kinetic

1/22 yhereas Y <1/x Also in this same limit, kinetic theory

2-fluld
predicts a maxlmum ratio of colligionless skin depth to electron mean

free path above which no unstable Welbel wodes occur.

Here we report on the progress beilng made towards a more full
understanding of the physical processes governing the colliasional
Weibel instability. We also discuss the possibllity of including ite
effects on the conventional fluid description of the plasma.

In order to investigate the instability we conslder the response of an
electron travelling in the z direction with a speed v, when a

© B-field is applied in the y direction. After & time interval &t the
electron acquires an x component of velocity vx- Gtvz(eﬂlmc), via the
Lorentz force. Momentum conservation in the z direction then gives

rise to (A5.11).
my = — §t{nm 3_ <v v >-enE )
z X xz z

= - 5t(nm 3 <v?» SteB/mc-enkE ),
x 2z z
where n 1s the electron number denaity, m is the electron mass, ¢ ia
the magnitude of the electronlc charge and E is the induced electric
field. The operator <> denotes an average over the electron
distribution function. Rearranging the above expression and
substituting it into Faraday's and Ampere's laws,

3 B=c 3 E_ and
t X'z

AS.5

axB = —nec<vz>/4ﬂ,
we obtain (using 3x=ik and 3t=T_1)

yekZylsy - k21§/6t, I3

where v2-<v§> and 13=(mc2/!n'rnez)ir Ls the collisionless skin depth.

Equation (1) defines an approxicate dispersion relation for the Weibel
instability. 1If one {s interested in the collisional regime, the
characteristic ¢t for the momentum exchange is assigned to be the mean
electron—-ion colligion time T and hence

Y = k2vir - kZI:/r.

This expression confirms the growth rate dependence on k2 predicted by
the kinetic analysis. It also predicts a critical value of 1 above
which ¥ becomes negative, a phenomenon that is explained by t:e
presence of magnetic diffusion.

It is interesting to note that dispersion relation (I} may also be used
to estimate the growth rate of the collisionless Weibel instability.
In this case 3t=y"},and we have (A5.7, A5.11)

Y = kv(1+k21§)*.

An essential criterion for describing the Weibel instability 1lies in an
adequate formulation of the electron stress tengor nm<vy> .,

Braginskii's (A5.3) equations fall to provide such a formulation as
they only specify nw<¥v> in terms of gradlents in the centre-of—mass
velocity. An appropriate expregssion for no yv» should entall gradients
in the hgat flow, a work which is currently in progress. A new
formulation of the electron stress tensor should enable an approximate

description of the Weibel lnstability by means of one-fluid equations.

A5.6



45.,2.3 Nernst convection of magnetic field

M G Haines and T H Kho (Imperial College)

One effect of a magnetic field in a heat-carrylng plasma is the
ptoduction of a thermo-electric field in the direction of B x ¥T. This
is known as the Nernst effect and arises from the dependence on
velocity of the electron collision frequency. This thermo-electric
field in turn coavects E down VT through Faraday's law. From linear
transport theory, the convectlion velocity of B by the Nerngt effect, v
= -Te(fo2+B"°)VTl(med) (in Braginskil's notatiouns), turns out to be

almost the same as that assoclated with the heat flow perpendicular to

E.;T-ZallneTei.e-, vﬂlvT~1. Thus, the magnetic fleld appears to be
"frozen~in" to the heat-carrying electrons, making the transport of
heat and E inseparable. This is of particular significance to laser
fusion. Here, since (restricting ourselves to a 1-D system with i
perpendicular to ¥T) the heat flow drives the ablation, ;T must be
greater than the ablation velocity (except in the ifmmediate
neighbourhood of the ablation surface}. Therefore, should any magnetilc
field be created in the overdense plasma, it will be convected towards

the solid target instead of being swept out with the plasma.

A 1-D MHD simulation has been performed by ILE Osaka with collaborators
from Imperial College (A5.12}. A 30-um thick CH; or 1l5-um thick 510,
foll was irradiated by 1.06 or 0.5m laser light. A constant source
of magnetic field Bo was assumed at the critical point. The laser
intensities ranged from 1013 to 10!5 W em2

It was found that B could be amplified by 10-102 times as it was
convected inward with the heat flow because V-;N<0- In the
quasi-steady state, B peaked at a point near the ablat%on surfa;e where
vy wae balanced by the ablation velocity vy and vD-V(c GLIAWnee )
assoclated with a gradient in resistivity. The amplification factor
increased with intensity {becauese of greater heat flow) but was
insensitive to laser wavelength and target material. While the

saturated value of the peak magnetic field Bm, depended on the

A5.7

competing effects of heat flow, ablation and resistivity, and has to
be evaluated through a simulation, B near the critical surface where

A fp>>c/w e, G0 be predicted. In the quasi-steady state, an
approximate solution of the induction equation glves B/n constant. A
result of the spatially extended and amplified B would be to inhibic
hot-electron transport thereby reducing preheat. It was also found
that for wTe>>1, the eritical and ablation surfaces were brought closer
together, improving hydrodynamic coupling.

Recently, we have investigated the Nernst convection with a kinetic
(Fokker-FPlanck) description of electron transport. We considered a 1-p
overdense plasma 20um thick with & fixed source of B at one end.
Hydrodynamice was ignored and a fixed exponential density profile with
a scalelength of 4um assumed. The plasma was irradiated by l.06pm

laser light at 10'%W/cm?. The code is described in A5.2.7 1in thig
report.

Fig AS.]1 shows the convection and amplification of B over 130ps. The
lager energy is deposited in the first spatial cell on the left. Fig
A5.2 shows the inward heat flux q, and Vy across the plasma. At the
heat front q is about 0.06 of the free streaming heat flux qf and

beth g and vy are an order of magnitude smaller than the linear
transport (Braginskii 8) values.
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Fig A5.5 Local values of VN/VT across the plasma at 5 and 130 psec.

This is due to the depletion of the local Haxwelllan tail at the heat
front. Fig AS.3 ghows vHIvT acrogs the plasms at two different times.
Thie ratio Ls conslstently close to unity at all times and over the
whole length of the plasma. It confirms the close coupling between B
and q, even when the latter is nonlinear (flux-limited). Also shown in
Fig 45.2 1o & related B X VT effect, the Righi-Leduc heat flux. More
gevere "inhibition" 1s seen to occur for the Righi-Leduc heat flux than
for the inward heat flux (parallel to ¥T).

A5.9

A5.2.4 Relativigtic saturation of plasma beat waves

R G Evans and R Bingham (RAL), R A Cairns (St Andrews )

In the beat wave accelerator (A5.13) two parallel propagating laser

waves at frequencies W) ,0; beat together to drive a resonant plasma
wave at w = w,-w,. The phase velocity of the beat wave g vph =

én
ge osc/vph - In we see that In
the saturated limte ( ln ~1) both nonlinear plasma effects and

relativistic corrections must be considered together.

wplkp=c and from the general relation V

Taking the relativistic plasma fluld equations.

e+ V.(n ¥V)=0 ]
4
@ _ +vy .M ry= e(E+vxB)a 2)
at
YV.E=e(n -n) 3)

and expanding to second order in vlc we obtain the equation for the
elowly varying amplitude N of the density Eluctuation

3
w _ . k2 2 I '2 n elk 2 *
1+ p__ Q-17pc)|N["n ° E\E, 4)
2212 16 2 w 4mew ywow
It nokpc P p

This {8 a driven non-linear Schrodinger equation with two contributions
to the non-linearity. The first term — %‘, is due to the

relativistic mass increase of the oscillating electrons, while the
second term, ia a Doppler shift induced by the plasma drift in the
preseace of a large amplitude wave. This term has not appeared in

previous calculations (AS.l4, A5.15) and for vph- c results in a
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non-linear frequency shift of opposite sign to that due to the

relativistic effects alone.

The origin of thls drifr is simply explained and for sound waves 1s a
well known, giving the flow behind a shock wave in the large ampiltude

limit. If we linearise equation {1} and assume solutions of the forn

~  {{wt-kz)
n"n +n e
e [¢]
v = "‘-"' ei(mt—kz)
then E =k ; - E
v
no “ phs

-~

Thus n and ¥ are in phase and the mass Elux (no+;) V does not average

to zero but gives an effective drift veloelity.

v

VT <o (92

A
] oh
This is exactly the second non-linear term appearing in Eq.(4). The
inirizl establishment of this drift velocity is due to the tramnsilent
ponderomotive force as the driving term 1s applied.

The reason for the non-appsarance of this term in earlier work and in
some simulations 13 quite interesting. Poleson's equation (3) is
frequently written in terms of the Lagranglan displacement of each
electron E = masﬁle. This result is originally due to Dawson (A3.16)
and 18 rigorously corcvect only Lf the plasma under consideration is
bounded by undisturbed regions with zero field. In an infinite plasma,
or in a eimulation with periodic boundaries a uniform translation of
each plasma electron through a displacement £ obviously produces no
additional electric field. In a simulation with fixed boundarles, or a
real plasma of limited extent then any attempt of the plasma to drift
in the direction of the wave will set up a sheath at each boundary, and
the resulting DC electric field will prevent further drift.

A5.11

Bumerical simulations have been performed (AS.17) with a 1D
relativistic particle in cell code and have confirmed the sign of the
frequency shifr givea by Eq.(4). Fig A5.4 shows a particle phase Bpace
plot calculated by the PIC code showing the strong anharmonlc nature of
the large amplitude wave and the average velocity In the directlon of
wave propagation (Vph >0 : VD >0).
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Fig As.4 Electron phase space plot from the ID relativistic PIC code.

45.2.5 Efficiency facrors in the beat wave accelerator

R G Evans (RAL)

The plasma beat wave accelerator as proposed by Tajima and Dawson
(A5.13) offers the pogsibility of producing accelerating fields of many
GeV wls Ite ultimate usefulness as a practical particle accelerator

will depend on the efficiency of the overall process including the
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lager efficiency, the coupling of laser energy to the beat wave, aad

the extraction of energy from the beat wave by the particle beam.

The fundamental patrameters of the beat wave accelerator are: laser
frequencies ¥, ,w,, wavevectorsa k;,k, plasma frequency mp Wy,
plasma wavevector kp-kl—kz, laser pump strengths a-= eE/mvc. The

plasma wave is driven up to some fraction € = dn/n of the wavebreaking

1imit giving an electrostatic field
eE = mcw £
P P

The phase velocity of the beat wave is vph - mp/kp corresponding to a
Lorentz factor ¥ = ml/mp. This phase velocity is generally less than
the velocity of GeV electrons so that the length of one stage 1s
limited by phase slip to L = 2 ¥2 cﬂnp glving an energy galn per astage
of &y = 2 ¢ Y2,

The simplest estimate of the efficiency of emergy transfer between the
lapers and the plasma wave 18 given by Ruth and Chao (A5.18). The
growth rate of the beat wave 1s & /dt = wp ay u2/4 = } a? mp for equal
intensity pumps. If the laser pump duration is T then the final beat
wave amplitude is & = o2 T w_. The total beat energy ln stage length
L 1s then Uave =2 mczneAL, where A 18 the cross—sectional area of
the beat wave and the laser beams (assumed equal). The energy in the

laser heams is ulight - %: cT A

glving an efficlency u /

-c/2
wave ulight /

If the laser frequencies can be “chirped” to avold detuning the plasma
resonance at latge amplitude then at first sight it appears posaible to
couple up to 251 of the laser energy into the plasma before exceeding

the cold plasma trapping limit e = $.

If however the beat wave is viewed as composed of elementary scattering

events o
photon (ml ) + photon (mz) + [:alasmon(mp )

then the Manley Rowe relations show that the energy transfer efficlency

is mplml. A full treatment of the non-linear plasma equations shows

A5.13

that as the beat wave is generated there 1s a second scattering
process

hoton {w,)+ photon (w,= w, —w ) + pl m
P 22* P g™ Uy p) plasmon ( P)

giving rise to a new electromagnetic wave at ws. Ag the pump at wy

diminlshes, W, grows, and the process repeats giving rige to W, = Wy =
mp etc. This "Raman cascade™ is limited in ultimate efficlency for the

following reasons.

a) The phase velocities of the pumps at mz, w3, wa are not equal
glving rise to a dephasing of the pump waves.

b) If the pump waves w, and W, have a diffraction limited Rayleigh
wailst then because of the non-linearity of the generation
nechanisms wa etc will be spatially narrower. They will have a
larger diffraction angle and will propagate out of the beat wave

volume.

Both of these processes need to be analysed in detail because of the

‘phase locking® inherent in all coupled wave interactions. Normally
only the driven mode is phase locked but in the case of strong pump

depletion the phase of the pump waves is also modified. Depending on
the sign of the phase pulling this may give rise to self-focussing or
defocussing. Also the phase of the beat wave will drift as the pumps
cascade to lower frequencies and this will modify the effective phase

velocity of the beat wave.

In a conventional RF cavity a beam of vanishingly swall cross-section
is able to extract energy from a large volume by virtue of its wake
fleld partially cancelling the RF field in the cavity. In the same way
the wake field of a small beam of particles in a plasma extends out to
radll of. at least c/wP by virtue of the frionge flelds from the
perturbed charge density in the plasma (A5.19, A5.20). We thus obtain
the extremely important result that an arbitrarily narrow beam is able
to extract a large fraction of the beat wave energy over an area of

order (c/mp)z.

The energy pet unit length in the beat wave is u = € 2n mczA .
e wave

A5.14



The energy gain per unit length by a beam containing Nb particles is

Ay = ¢EN = emew N, . If the beam area is A and occuples a length

b pb beam
iﬂﬁﬂc/wp then the extraction efficiency is
= ge-l ] in th
n (nb/ne) (Abeam/Awﬂve } 88e~! where ny is the number demsity in the

beam. ILf 1t is argued that “b <<ne to avold instabilitlies such as the
Weibel instability, and 68<<1 to give a small energy spread then the
extraction efficlency is obviously very poor. However we can have nb
*» a, 80 that the plasma becomes a weak perturbation on the beam
particles. The growth rate of the Weibel instability is then more
usefully thought of in terms of the plasma density of the beam
particles w 2 = ﬁwnbezlm- In the rest frame of the beam the

pb
instabliity has a growth rate which is some fraction of wpb but in the
r
laboratory frame this is reduced by a factor of Y,, which is 2 x 108

for 2 1TeV beam.

In this case it is more useful to express the beam loading as the
number of beam particles that extract all the beat wave energy from an
area A =1 (CINP)Z
- 3

Nb L= n, (cﬁup)
We note that since mp¢ n:, "b o n;*. le lower deneities accelerate more
particles. TFor a typlcal density n, = 1017 eq? and c/mp- 2.1073; Nb -
2 x 109 €.

If the emlttance requirements of the accelerated beam force the beam
radius in the beat wave reglon to be much less than ¢/w then the
effective radius of the beat wave is about Zcﬁn and wave energy
outside this region cannot be extracted by the sarticle beam. If the
laser beams are focussed by diffraction limited optics to a Gaussian
walst then the Rayleigh length R = 21 a?/A where a 18 the waist radlus
and A the laser wavelength. If we put a = Zcﬂnp then R = Yc/mp, but
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the optimum stage length for energy coupling 15 L = 2y2 cfw . If the
Rayleigh length is matched to the depletion length then the beat wave
is too large in cross-section for efffcleat extraction while if matched
to the optimum beam walst the stage length 1s too short for efficlent
coupling of the laser energy to the beat wave. If v > 1 then Rayleigh
optics are inevitably limited to a maximum efficlency <1/v.

In conclusion, the efficiency of the beat wave accelerator 1s probably
limited to 10% = 20X in coupling laser energy to the beat wave, and a
high efficiency of extractlon of beat wave energy to particle beam
energy would occur with 10° particles per bunch. The behaviour of
wake fields and Weibel instabilities in this limit is unknown and needs
to be calculated.

A5.2.6 Simulations of Raman Scatter in a Rippled Density Profile

H C Barr and G A Gardner (Bangor)

Experiments in which stimulated Raman scattering (SRS) is observed
uau§lly also exhibit stimulated Brillouln scattering (SBS). Particle
simulations show how the presence of SBS generated Lon waves inhibit
the growth of the Raman instability while glving rise to added

structure in the emission spectrum.

A geries of particle simulations, using a ! 1/2D fully relativistic
electromagnetic particle code, were performed in which a2 lagser beam was
launched inte a plasma homogeneous but for an luposed fixed fon density

ripple of wavenumber an appropriate to 5BS:

ni(x) = 0, (1+¢ cos Zk, x) (1)
ky 1s the local laser wavenumber. The parameters for the runs were
vofc = 0.1, Velc = 0,035, L = 57cﬁnu and, for the figures shown below,

n, = 0.15nc where n, 18 the laser critical density. The ripple
amplitude € varled from 0 to 15%.

The effect of the ripple is primarily on the electron plasma waves

which are no longer sinuscidal but composed of linear combinations of
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the Fourier modes k ¥ 2nk; (AS5.21). Landau damping 1s increased by
coupling into higher k modes. Independent of this, Raman growth is
reduced since energy is distributed between the driven k and undriven
quasiresonant idlers at k * anu. In addition, the possibility of new
decay instabilities arise. By frequency matching with any normal mode
which contains the driven Fourler mode at a finite amplitude, {t is
possible that a whole hierarchy of plasma waves may be driven unstable

and appear as sildebanda in the Raman emission spectrum.

A simple fluild theory 1llustrates the main effects. Plasma wave
propagation in a sinusolidal density profile 1s described by the Mathieu
equation (A5.22). A mode coupling approach yields

(a - %) y(k) = qly(x + 2) + y(k - 2)) (2)

where wl = m: + 3k§V§a, K = k/ku, y(x) = ne(k)fn0 and q = E/ﬁkﬁkg- The
parameter q quantifieg the coupling efficliency between modes. The
frequency being fixed, emall q means that electron ptessure can
compensate density changes due to the ripple allowing the plasma wave,
although nonsinusoidal to exist everywhere. Then (2) may be truncated,
keeplng only modes k, Kk £ 2 to give the normal mode frequency correct

to order q2:

2

ate) = k2 + g 3

Thus, if mode Kk 18 directly driven by the laser and Raman scattered
wave, then to order qz, three normal modes contain thie driven mode K.
The first is given by (3) with the driven mode K as its main component
(uy say) and two other modes (uy ys, say) obtained from (3) by letting
K+ x t 2 in which the driven mode is one of the idlers of the normal
mode. When q is large, electron pressure can no longer compensate the
change in density and the wave is increasingly trapped in the ripple
troughs. Then the normal modes are made up of many Fourler modes k *
2Zn and a numerical solution of (2) is required. In practice, only a
few wodes have kAD < 1 the others being heavily damped as 1s apparent
in the simulations where q lies between 0 and 3.53 (e = 15%).

AS.17

The laser coupling requires the Llaclusion of the term - szovs/3vg on
the right of equation (2) but only for that k directly driven by the
laser and scattered light waves. vS 1e the osclllatory veloclty of

electrons in the scattered wave given as usual by

2 . y2 -2 2 a w2
(m5 wp k2 c )vs wl Vo yx) (4}
where ms = mo -uw, ks = ko = k. Solving between (2) and (4) to order

q2 determines the growth rates corresponding to Wys wy tig?

2

vy (1 - s 7 ) (5}
and
03,2 = qvofﬁlx + l| (6)

where “0 is the homogeneous growth rate. As q increases, W, has its
growth reduced while @, and W, emerge more stromngly. In the
simulations where k ~ 1.5 we have v >v_>v

1”72 73
Fig A5.5 shows the time evolution of the total electrostatic enexgy in
the simulation plasma for three ripple amplitudes. The 5% (g = 1.2)
ripple shows little change from the homogeneous case with the scattered
spectrum showing a single peak at w = w, with no evidence of sidebands
(see Fig A5.6). At 10% (q = 2.53) there is a substantial reduction in
growth with the appearance of a peak corresponding to w ~ @, With the
L5Z ripple (q = 3.53) the waves barely emerge from noise in the time
span of the run {chosen to be the time to saturation by wavebreaking in
the unrippled case) although there 1s now evidence of four peaks in the
enission spectrum. It {s not feasible to meske a precise comparison
between this simple theory and the simulation spectra. The simulations
are a time dependent problem which includes sloshing of energy back and
forth between modes leading to modulational frequency shifts as well as
shifts due to electron trapping. These effects were minimised by

analysing signale for times before they came into play.

The main conclusion of these simulations is clear, that the presence of

ion waves leads to a substantial reduction {n Raman emission.
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A5.2.7 Non-linear heat flow with magnetic field

100
T H Kho {Imperial)
A 1-D kinetic code Eor electron transport with self-consistent E and B

fields has been developed. Inverse bremsstrahlung absorprion is

included. The governing equations are

ELECTROSTATIC ENERGY (ARB. UNITS)

* > E + H
10 g-% o - % &+ va)'vvf-cFokker—Planck Inverse bremsstrahlung
e = 10% ﬁ - -VKE
at
£ = 15%
+ +
VxH = }
The inclusion of a magnetic fleld {s a new development in electron
1 kinetic codes. To satisfy Faraday's and Ampere's laws, the {~D problem
0 wot 375 i.e., where spatial variation 1s allowed Ln one direction only, in Fact

requires E and the particle flux to be two-dimensional. The electron

Fig A>.5 Time evolution of the total electrostatic energy for three distr{bution Function 18 epproximated by a first order expansion in

ripple amptitudes. Cartesian tensors,

+
f(r,;,t) - t'o(r,v,t) +(v/v)-‘:‘.l.
e = 15%
~
g This expansion provides a afmple expression for the multi-dimensional
E nature of the flux (El)- Substitution of this expansion inte the
= kinetic equation ylelds a coupled set of equations for EO and fl,
-
»>
e e = 10% 1+ v v e 3 (PREHY -4 w0
— It 3 Imv? Bv
>
E gil + vV - ¢ E.a_f" - 5‘1’3)&1 -El
28] t m v ]
=
= £ = 5% +1 i
In the second equation 3f /3t 1s neglected as It is small compared with
the rest of the terms for the bulk of the electron population.
w 0.7
0.5 wg /g

A finite difference scheme which preserves conservation of energy and

Fig A5.6 Scattered light spectrum. |
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number density (A5.24) is applied to the e equation. Testing of
this scheme on the problem of thermalisation of a system of charged
particles has led to the discovery that some classic features of the

thermalisation process are in fact, numerical artefacts (A5.25).

Implicit time integration in previous kinetic codes (A5.26,A5.27)
involved the uge of fractional time steps ("time-splitting”) to avoid
large matrices. This could lead to difficulties in some

circumstances (A5.24). By eliminating f! from the Bfolat equation, it
is found that the resulting large, sparse (non-diagonal) matrix can be
golved very vapidly by the IDCG method (A5.28). The E and B fields are

obtained by an iteratlve scheme.

Some of the results Erom this code are described in A3.2.3.

AS5.2.8 Calculations with a fully implicit Fokker—Planck Code
5 Jorna and L Wood (St Andrews)

We have developed a differencing scheme, which can be rendered fully
implicit, for selving the Fokker—Planck equation for anisotropic
systems of spherical geometry. The angle-dependent part of the
distribution function 18 solved by diffetencing rather than by assuming
an expansion in Legendre polynomials. We can therefore assess directly
the accuracy of the frequently made assumption that the distribution
function varies linearly with the expansion parameter (u). A further
advantage of this approach 15 that extension to higher spatlal

dimensions 1s stralghtforward.

The scheme selected ig three-level in which optimum compromise between
stability and asccuracy Is achieved by varying a parameter, which
adjusts the admixture of terms at each time level in the Fokker—Planck
equation (a la Douglas-Rachford). The scattering and diffusion terms
are obtained from the most recently available distribution function.
The electric fleld is obtalned from Polssoun's equation also using the
updated distribution function. Faeility for allowing lon motion is
incorporated, but in all calculations to date the lon deasity has been

kept fixed. There is also a facility for including a particle
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conserving scheme (a la Chang and Cooper (A5.29)) in the veloeity
dependent level, but for diagnostic reasons this has not been
implemented. We have found so far that imposing a neutrality eondition
on the plasma 1s sufficient with an 80 point velocity mesh extending to
12 thermal speeds.

At the radial boundaries the distribution function is made to conserve
current at each time step in a manner similar to that employed by Matre
and Virmont (A5.30).

Cubic spline fits are used where they improve particle and energy
conservation. In particular, it has proved necessary to use a spline
fit in the calculation of the heat flow to produce zero heat flow in a

gingle~temperature system.

Initial calibration tests were similar to those adopted by Bell, Evans
and Nicholas (A5.26). First, the code was run without colligion terms
to repreduce Landau damping. Accuracy on both the plasma perlod and
the damping decrement was adequate (Fig A5.7). Second, relaxation of a
Gaussian hump on a Maxwellian background was studied (Fig AS5.8) and
ylelded relaxatiocn times In agreement with those obtained by Dolinsky
(Fig AS5.8). Thicd, the full code was run for a spherical system with
the boundaries kept at equal temperature. The original Maxwellian was
maintained throughout the regiom to an accuracy better than 0.1% after

100 time steps, corresponding to 2000/r plasma periods.

The problem studied was that of heat conduction between two spherical
shells, one kept at a fixed temperature, T, say, the other ramped up

over 20 time-steps to 2T;.

Flg A5.9 shows the radial temperature varifation for a system with inner
radius 20pm and outer radius 24um. This is to be compared (Fig A5.10)
uith the planar case. It will be noted that the temperature in the
cagse with curvature rises less rapldly than in the planar case. Bell
has suggested that this way be a geometrical effect in which the higher
temperature electrons have mean free paths sufficiently long to miss

the eore. For the present case this would apply to electrons with a
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velocity exceeding flve tImes the thermal speed, emltted from the

boundary outslde a cone or aplcal half-angle 5A9.

In Fig A5.11 we show the dependence near the cold boundary of the
diastribution Function ony (5 cos B) at a velocity three times the
thermal speed at different times. There Ls signiflcant eurvature in
the distributlon function at thirty time steps, which seems to indlcate
that a linear approximation for £ fn u 1s Inaccurate especlally near

the hot boundary (where thils effect is even more pronounced) at Speeds
exceeding several thermal speeds.

Fig A5.12 shows the dependence of the dlstribution Function en velociey
rear the cold boundary for y=—1, ‘The Maxwellian distribution develops

a two-temperature preofile.

Caleulations are presently underway to compare heat flows at various
thermal gradients with the Spitzer—Harm results. We will then
investigate the efFect of transverse conduction on the smoothing and of
initial temperature {and density) ripples as the conduction front moves
fn. This will necessitate extending the code to two spatial dimensions

which i{s straightforward with the differencing method adopted here.

A5.2.9 Thermal Smoothing of Non-Uniform Laser Illwmination of a
Planar Target

A R Bell (RAL) and E M Epperlein {Imperial)

We examine the thermal smoothing of pressure non-uniformities produced
by nom-uniform laser energy deposition. 1In the ¢alculation, a massive
planar target is driven by a temporally uniform laser beam for a time
which 1g much longer than the hydrodynamic flow time between the solid
and critical surfaces. It 1 assumed that the laser energy is dumped
at the crirical surface and has a gmall time-independent variation
about the mean which varies sinusotdally in one directien while being
conatant in the other. The equations are linearised in the small
perturbation, and two-dimensional steady-state ablation etructurea are
calculated. These calculations are similar to those published by
Manheimer, Columbant and Gardner (A5.32) but differ in the following
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ways: 1} the zeroth order uniform ablation structure is calculated
without their neglect of the kinetic energy of bulk plesma flow In the
energy equation, 2) the ablation structures are calculated here in the
underdense (density less than critical) plasma, 3) we include the
magnetic field generated by the grad(n)xgréd(T) terms The first of
these differences is probably not particularly important, only making a
small numerical difference to the results, but the lack of treatment of
the underdense plasma In A5.32 leads to a false boundary conditien at
the critical surface which omits an important part of the smoothing
process. Thelr equations 30 and 3! state that an excess of laser
energy deposited at a certain point on the critical surface and
traneported to higher density is then convected out as plasma enthalpy
flow through that same polnt, whereas in actuality the enerpgy
transported inwards is spread laterally by thermal conduction and is
subsequently convected out over a surface area of the critical surface
surrounding that peint, thereby contributing to the smoothing process.
A further effect neglected by their choice of boundary condition is
that excess laser energy deposited at one point not only results in
increased energy flow towards higher density but alsc leads to an
energy flow into the underdense plasma where thermal conduction can add
to the smoothing. The Braginekiil transport coefflicients are used
throughout this calculation. It has been shown (A5.33) that for
steady—state planar ablation the temwperature gradients are relatively
gentle and that the Braginskil conductivity is a good approximation at
least for the zeroth order uniform ablation. The assumption of planar
geometry Is a more serious approximation since it 1s only realiatic at

low irradiance and short laser wavelength.

The boundary conditions at the critical surface are that the mass flow,
momentum flow, lateral velocity, and temperature are continuwous. The
energy flow is diecontinuous gince energy is injected at this surface.
The position of the critical density can be perturbed away from its

zeroth order position.

Curve (a) of Fig A5.13 18 a plaot of the mass flow perturbation at the
critical surface as a functlon of perturbation wavelength for a given
amplitude in the perturbation of the laser energy input. It shows that
smoothing becomes fwportant at relatively long wavelengths, kD=0.03
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where D is the distance between the critical and solid sutrfaces, and k
ie the spatial frequency of the perturbation. Excess energy deposited
at one point on the critical surface 18 transported laterally, thus
spreading it over a larger area and reducing the amplitude of the
perturbation flowing through the critical surface. At long
wavelengths, kD<1, most of the excess energy is conducted outwards into
the underdense plasma, where smoothing occurs reducing its effect on
the mass flow. Curve (b) of Fig A5.13 plots the amplitude of the
perturbation at a point close to the base of the temperature front as a
function of kD. The perturbation is more strongly smoothed at the
golid surface then at the eritical surface showing that the Eransport
of the non-uniformities from the critical to the solid surface is
veduced by smoothing procesgses, but the effect is not as large ag the
reduction in the non-uniformities already present at the critical
surface. The difference between the comparable curves for momentum
flow, instead of mass flow, 1s not as marked (Fig A5.14). The

perturbed momentum flow 1s less strongly smoothed than the mass Flow at
long wavelengths.

The 2-D profiles described above have density and ;emperature gradlents -~
which are perpendicular to the zeroth order density and temperature
gtadients. Consequently, grad(n) x grad{T) is non-zero and magnetic
fleld is generated. The magnetic Field produces transverse Righi-Leduc
heat flow which feede back onto the temperature and pressure thereby
influencing the hydrodynamics. The magnetic field is therefore an
integral part of the hydrodynamics and should be included in the
calculation. Beside the grad{n)xgrad(T)} source term and the
Righi-Leduc heat flow it 13 also necesgary to include transport of the
magnetic field by the Nernst effect and collisional damping of the
magnetic field. The Nernst term is important because it transports
magnetic fleld against the bulk plasma flow towards the solid surface
(A5.12). Collisional dissipation is lmportant where the plasma 1is
dense and cold, and dominates very close to the solid surface. We make
the approximation that dissipation takes place only at the solid
surface and need not be included in the equations for the plasma
between the critical and solid surfaces. We use the Braginskii
coafficlents for Z=3.
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A plot of amplitude of the mass flow perturbation for a given
fixed amplitude sinusoidal perturbation in laser irradiance.

The amplitude is plotted as a function of kD whre k is the spatial
frequency of the perturbation and D is the zeroth order distance
between the critical and solid surfaces. Curves (a) and (b) are
the results for calculations which neglect the magnetic field.
Curves (¢) and (d) include the effect of the magnetic field.
Curves (a) and (c) give the perturbation amplitude at the
critical surface, curves (b} and (d) at a point close to the
solid surface
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Curves (c) and (d) of Figs A5.13 and A5.l4 show the magnitude of the
perturbatlons at the eritlcal and solid surface respectively when the
magnetic fleld 1s included in the calculation. The magnetic fleld
preduces an increase in smocthing which 15 conslstent with the positive
gtabilicy of these equations at densities greater than cricical

(A5.34, A5.35). Smoothing of the momentum flow takes place at
wavelengthe which are approximately twice as long when the magnetic
field is included.

A5.2.10 Hydro-Code Development

G J Pert, J D Croseland, M J Henshaw (Hull Unlversity)

The detall which can be resolved in a finire difference calculation, is
obvicusly limited by the mesh spacing. In the course of a typical
laser-plasma interaction the mesh spacing in a lagranglan code varies
markedly throughout different regions of the problem, on the other hand
in an Eulerian grid the spacing le roughly constant and determined by
the overall dimeneions of the problem. Non-uniform meshes in Eulerian
schemea can be used to give improved resolution over fixed reglons in
gpace, and Lagranglan ones to a specific zone of fluid. HNelther
approach in this simple form can cope with a moving zone requiring high
resotution. Thile difficulty 1s inherent in wmodelling laser—plasma
interaction, particularly Lf detailed study of the ablarion zone 1is
required, for example, in an analysis of Rayleigh-Taylor Llnstability.
To thie end effort has been made to use the quasl-Lagranglan rezoning

techniques in POLLUX as adaptive grid generators.

The specific problems for which these methods have been developed have
been thermal smoothing and the development of Rayleigh-Taylor
instability. In these we have been able to ldentify an "ideal”™ set of
mesh points to which we require the mpesh to conform. In the case of
thermal smoothing this is based on the average ablation surface defined
by the change in sign of the flow velocity averaged acress the mesh.
Parallel to the axis from this polnt to & polnt downstream of the
average critical surface a grid with linearly increasing cell s&ize 1s

used. For the reglons upstream of the ablarlon surface and downstream
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of the critical surface a coarse uniform mesh suffices. A uniform mesh

is used transverse to the asymmetry axls.

The Rayleigh-Taylor studies are examining the flow in spherical
geometry. For this a simple von Neumann-Richtmyer one dimensional code
is used to generate the ideal mesh points and the mesh boundaries: the

normal quasi-Lagrangian mesh boundary conditions (A5.36) are relaxed.

The "ideal™ mesh 13 imposed on the actual mesh by means of the slip

device previously used (A5.37) to maintain a well-structured mesh in
rezoning. Thus, considering one dimension, Lf xi {8 the "ideal™ mesh
and zi the actual mesh the quasi-Lagrangian mesh velocity, Vi, hag an

additional component to glve a total:
1
vy =8 V. + (1-8) Min [0, (=2 )/ (2.2 )] Sign (V))/De (1)

where zb and zf are the mesh boundaries. In normal applications we

set
B = Min [1, 10(dz/dx) ] {2)
which keeps the mesh well ordered. More generally if we set:

B = Min [1, a(dz/dx) a (dx/dx), (3)

i?
the mesh pulling term in (1) will operate as soon as the mesh cells are
> a dx, or 8z ,<1l/a Ax,. Thus as

i i i 1
a + 0, the mesh pulling term dominates the quasi-Lagrangian movement.

either too large or too small, ie Az

In order to allow some slippage we have found it advantageous Lo set &

to about 1.

In these calculations we have found it necessary to either relax the
quasi-Lagrangian mesh boundary conditions, or to ensure that the
"ideal"” mesh alsc maintalns these same conditlons, preferably with the

"ideal” and actual meshes having the same boundary velocity.
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A5.3 ATOMIC AND RADIATION PHYSICS

A45.3.1 The calculation of line ceincidences in heliumlike ions:

The sodiumrneon and strontiumbromine line coincldences

S J Rose (RAL)

The poesibility of using resonant photopumping to achieve far-UV laser
action has been considered by many authors (A5.3B-A5.41). Recently
Alley et al (A5.42) consldered using line coincidences between ions of
higher Z to produce laser action in the X-ray region. It is the
pucpose of thies work to assess the importance of the different

contributions to line coincidences im both high~ and low-Z schemes.

Two proposed photoun—pumped laser systems are considered. The first
scheme involves the NaX ls® 150 - lal2p 1P1 line pumping the

NelX lg? 1S° - lsbp 1Pl transition. The two line positions have been
measured experimentally (A5.43) to lie at 11.0027 A and 11.0003 A
respectively and the scheme 1s designed to produce laser action in the
NelX 3-2, 4-2 and 4-3 singlet lines lying In the far-UV. The second
scheme involves one of the coincidences listed by Alley et al (A5.42);
the sc 1s? 15 - ls2p 391
1line, resulting in laser action 1n the ls3s 1So- 1s2plP, and

1
1s3d 1Dz - 1ls2p 1Pl, trangitions which lie In the X-ray range.

transition pumps the Br 152 150 - 1s3p 1Pl

In this work, these coincidences have been studied theoretically by
calculating the electronic structure uslng the multiconfiguratien
Dirac-Fock programs of Grant et al (A5.44) and McKenzie et al(A5.45).

Table A5.4 phows the calculated and experimental energles of the NaX
1g2 ls0 - 1s2p 1P1 and NelX 1g? lsO - ls4p 1P1 linez. Although the
inclusion of the dynamlc parrt of the interelectron interaction and of
quantumr-electrodynamic effects are found Lo worsen the agreement with
experiment, resulting in a diserepancy for each line of Just over leV,
for the difference in energy between the two transitions (the
important quantity in resonant photopumping) the inclusion of these
effects i3 found to improve agreement bringing the calculated energy
diffecence between the two lines to within 0.2eV {less than 2mA) of
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Tawle Ad.4
E(N-;l-z ls0 ~ls2p 'pl)
Hotes Emite? I -tatp 1p)) Ein;ls’ Ys,lazp lrlJ -E(Ne; 182 130-1.4p lpl)
{a) 1126.29 1126.40 0.11
) 1125.96 1125.95 -0.01
) 1125.85 1125.79 ~0,06
iy 1122.11 1126.86 -0.25
{a) HCDF single-manifold calculacions,
(b) As (&) but including dynamic part of electron-alectron inteéraction.
(c) 4As (b) bur including quantum-electrodynamic corrections.
{d) Experimental daca.
Table AS.S
etsrite? Tsm1ezp Ypp
Hoces ecor;e? U5 mla3p Y2)) etsrle® Yspmlazp ) ~erite? sl Tp))
(a) 14584.5 14591.5 9.0
) 14369.3 14574 .4 5.1
(e) 14559.6 14561.5 1.9
ta) 16559.4 14561, 1 1.7
(a) MCDF gingle manifold point=-nucleus calculations.
(b) 4s (a) but including dynamic part of electron—electron interaction.
{¢) As (b) but including quantum—electrodynamic corrections.
{d} As (c) but using finite nucleus.

experiment. The remaining discrepancy between theory and experiment
Ls thought Lo arise mainly because single~manifold calculatlons do not
completely include the effects of electron correlation. For each ion
the ground state ie expected to be least well described resulting fn
the larger experimental than theoretical transition energy. However,
the energy difference between the two lines Ls more accurately
predicted because the nuclear charge of each ion 1s very similar and
each transition i between a 1a® ground and a lgnp excited state
resulting in eome cancellation of error.

Table AS.5 shows the energy of the Sr ls? 1So - lsZpsPl and Br 1s2
1So-lsfap 1P1 lines together with the energy difference between them.
The effects of the dynamic part of the interelectron interactiom and of
quantumr-electrodynamic effects are much larger for the
atrontiuvmbremine than the sodium-neon system and each effect alters
the energy difference by several eV¥. The effect of uesing a finite
nuclear chacge distribution in place of a poiat nucleus is also not
negligible.

Neither line pesition has been measured experimentally. However for
the same reasons as in the sodlum—neon case it 18 expected that the
calculated energies will lie somewhat below the true values but that
the error in the energy difference between the lines will be smaller.
Because multimanifold calculations to include the remaining
contribution from electron correlarion would Lnvolve substantial

computational work, these have not been attempted here.

The efficilency of resonant photopumping La critically dependent on the
energy difference between the lines. Single-manifold
multiconfiguration Dirac-Fock calculations, including the effects of
the dynamic part of the interelectron interaction and
quantumelectrodynamic effects, are able to predict the line energles
in the sodium-neon scheme to within 2eV and the line energy difference
to within 0.2eV. The discrepancles are thought to arise mainly from an

inadequate description of electron corcelation.

Calculations of the higher-Z strontiumbromine system (for which there

Ls no experimental information on line positions) show that the effects
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of the dynamic part of the interelectron interactiom,
quantum—electrodynamic effects and the finite nuclear charge
distribution each make a significant contribution to the difference in
energy between the lines. Each of these effects needs to be Included
for reliable predictions of line colncidences for such ions.

AS5.3.2 Modelling of single pass ase XUV laser beam characteristies

M H Key (RAL)

The development of XUV lasers has progressed rapidly via spectroscopic
evidence for population inversion eg (A5.46), measurement of high gain
coefficient 'g' in small plasma length 'l' (l < g < lﬂcm-l, 1~ O.lem),
eg (A5.47) to most recently demonstration of high single pass
exponential amplification exp (gl) with gl ~ 6, exp (gl) ~ 500

(A5.48).

The final step on the road te a single pass amplified spontaneous
emission laser will be to produce sufficient values of gl to reach the
saturated output condition where, at the ends of the plasma column (Fig
A5.15), excited ions are de~excited predominantly by stimulated
emission and the laser produces its most collimated output beam and
maximum beam brightness. (The output increases only linearly with 'gl'
beyond the saturation limit, which is insignificant relative to the
dramatic exponential increase In output with gl, below the limit).

In this report we discuss how the near field and far field
characteristics of such lasers depend on gl for gl values leas than the
saturation limit, motivated by the need to diagnose and interpret

experiments such as those reported la Section Ab4.2.

Saturated ASE Laser Characteristics

A simple two—level model suffices to show the main features of the
paturated laser characteristics. The upper and lower levels have

population density Nu and N. and degeneracy B, and g the transition

1
photon energy is hv the wave length is A, the radiative lifetime of the

and the stimulated emigsion cross section is Gu

upper state is,Ah 1

1
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The gain coefficient in the wmedium, for line width 4v is,

& Al a2

u_
g = (n 8, ") a0 (n

and 1t is convenient to write this as

g=n nu c'ul (2)

where n is the inversion fraction.

In most cases of interest the transition is Doppler broadened and the

ion temperature 1s related to the transitfon photon energy so we can

write

LT, = & hv (3
and

Ay _i_v (2 ln}?_l 3 hv]i “4)

i

Finally in deducing the saturation limit it is necessary to knmow the
lifetime LR of the upper atate, which is typlcally less than Aul-l

because of collisional processes, so we can write

Ty "EA, (5)

1f we now consider a simple geometry with length L and square cross
- -1

section of width w, the flux density of photons (nv cm 2 sec ) at

either end is obtained by simple integration (assuming gL >> 1),
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n, = (1/4m){w/L)2 exp (gL) Aul/(naul) (6) "
other raclos are left as before, so assuming w ~ 10 cm we obraln a

total power output of 4 x 10" warts with a brightness of 3 x 1013
watts/steradian Ln the far fleld or 3 x 1013 yarcs crn_z steradwl in the

near Eield.

The saturation conditlon for (n“)s is,
Finally it 1is useful to note that {n the far field the ratio of Che
[n Ja >m A (N ampliflied spontaneous emission along the axis of the system to the
v ul ul spontaneous emlssion is [(exp(gL)—l)] /gL for any value of gL.

tly t
which leads directly to Numerical Modelling of the Near and Far Fleld Beam Characterisrics

1) 2 In [4n mn (Liw)? 8
(g )S n [4n mn (L7w) ] (8} Fig. 45.15 shows how a simple numerical model was used to calculate the

0 / 300 4§ distribution of emission ln the near and far fleld for values of gL
Typicall ~ 10 ~ 0.1 and Liw~ Lvi 1 > T
ypilcally m y» N an w » glving (g )s ° below the saturation limit.
saturation. Changing the assumed nuabers within a realistic cange

makes litrle difference to (gl)s.

The saturated output (r]"‘)Ei can be derived from the above equations iIn

the form,
nyJ, =4 (21112)ir 1 [__hJi ( 3 }i [gjz exp [ (gL) ] v”z
-7 5, by L & (9 m transverse elements T angle elements
where A is the atomic mass number and m l:hegr;ass of a proton. There | -l:: :i: T - . . T
is a strong frequency depeadence (which is v ‘2 (f expressed in rerms g*_ ”-- = -—I_.._.:: - L - & . W
of output power density Is). For a wavelength of 20am and assuming T rh"rﬂ»_"::_’:“ __:_:::—:—:::_____f__-_
parameters Cypical of the Se 3p-3s laser scheme (ref 3) [vlz £ =21, A= [T T l

80, Eq (4)] chen, with other parameters as before, Is = 4 x 108 wates l/:l.-ual eloments \\‘
’ f

em - showing the considerable near field power density of saturated Xuv

lasers. near field
- —_ L —

It is interesting to note that this result is insenslrtive to the atomle

physics parameters of partlcular laser schemes and depends malnly on Fig A5.15 Numerical model uses L X M source elaments and N rays fraw each
element to canpute amplified spontancous emission in far and near
field., The gain coefficient varies transversely bur is constant
the output is w/L and the brightness [n the far field, Bs' follows axially.

the frequency and the peometry. The geomeirical angular divergence of

ditectly [rom Eq (9). ‘The magnitude of B5 Is proportional to w2 Lf the
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gl Gain

The transverse spatlal distribucion of gain was assumed to be gausslan,
Distribution Flg A5.16a and all spontaneously emitted photons were assumed to
{aj experience the same amplification coefficlent [i.e spectral narrowing of
the output was neglected.
g6, 76
e’ 3 Intensity Ratio . I_ /1
| T I | WIWQ WHIIWQ B )
0 25 3 A 4 1000
30 Ir1; Far Field
(b} Intensity
91,2/99 2 F 160
e N S 71
[0 i
1 F 110
Near Field
Intensity
1] > 1
whrl,/wg Y s 10 15 gx b
Fig A5.17 Model results (a) far-field beam divergence (F¥M) intensity 0!)
WIiwW nommalised to the gemetrical angle @ = Hg/L, where h'g is the PWHM gain in Fig A5.16
[¥] 2-5 g and L is the length. {b) Near-field FWHM intensity W, nommalised to W_. {c) Ratio

Fig A5.16 (a) Gaussian transverse distribution of gain assumed in the model
with maximun gl « 8 in this example. I»v'g is the full width at
half maximum, and the plasma is assumed to extend te a maximum
width of 2.5 h'g with uniform source brighmess but variable gain.

{b) Caleulated far-field intensity distribution showing full width
at half moximum Bl normalised to the geametrical angle Wg/L. The
intensity I is nomatised to the spontaneous emission intensity

L.

(c) Near field intensity distribution showing full width at halfl
max imum wlrwg

of peak intensity in the far-field on axis i, to the spontaneous background Isp'

Its inclusion would reduce the calculated output somewhat but would not

significantly affect the maln conclusions presented belou].

The caleulation shows the distributlion of output in the near field,
Fig. 5.16c and far field, Fig A5.16 b, assuming srraight line
propagation. The results are expreased ia dimensionless fashion with
the output normalised to the spontaneous background and the spatial and
angular scales {n the near and far field being normalised to the width
of the gaussian distribution of gain wg and to the peometrical angle
wg/L respectively.
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The results are summarised in Fig AS.l7 which shows how the beam
narrows sharply in the near and far field as gl Increases and the ratio
of the output inteneity to the spontaneous background increases

exponentially.

Diagnostics based on direct observation of the laser "beam” become
possible for gL » 8. This model has been used to analyse the
experiment repotted in Section A4.2 leading to the conclusion that the
apparent output power and beam angle in the far field are consistent
with gL = 9 but would require a source size at the diffracticn limit

[w* <6 um], which is difficult to explain.

A5.3.3 The solution of Benchmark Problems for Radiative Transfer

Methods
J d Salter {Imperial College), R W Lee (Livermore)

The radiative properties of hot dense matter, eg. opaclties and
emlgsivities, are ceatral to the study of radiatlve transfer (RT)
(A5.49). Historically, astrophysicists have performed the most
sophisticated RT work: however, recent interest in the radiative
properties of hot dense matter has been spurred by work on laboratory
plasmas and thus, there is a mismatch between nunmerical developmeant
(astrophysical) and application (laboratory). For the purpose of
correcting this, data has been proposed which can be used to construct

a benchmark radiative transfer calculation for laboratory plasmas.

On the one hand, astrophysicists have developed techniques that will
gatisfy the requirements of laboratory systems but without necessarily
taking account of the egpeclal nature of laboratory plasmas. On the
other hand, the study of laboratory plasmas has moved toward ever more
detalled simulations, detalled in both the smount of data on radiative
propertiea included and in the hydrodynamic complexities; however, the
RT problem hae been treated approximately. Two questions arige:

l. Can one find, in the restricted reglme of hot dense plasmas, RT
techniques that are efficient and robust while producing sclutions

of the required accuracy?

2. Can one define a set of techniques which have predefined accuracy
for various laboratory sources?

In addition, a large number of groups work on the characterisation of
the radlatlon from different laboratory plasma sources and there has
been a tendency to have no cross-reference or cross-calibration for
various RT techniques. Therefore, it is of interest to provide a basis
for cross-comparison. To do this, we proposa a set of gimple

benchmarke.

To resolve the questions about relevant RT techniques and to provide a
basis for cross-referencing, we present two benchmark preblems which
are an outgrowth of work from a CECAM workshop. In each case, we have
chosen a laboratory asystem which i schematic im that it represents a
fletit{ous atom in a plasma, with atomic rate coefficlents, that can
reasonably be assumed to test the RT in the hot dense plasma regimes of
interest. The first difficulty is that the label “hot dense® is not
inclusive envugh but to overcome thig we have chosen two cases which we
believe will span the region. The cases are time independent and in
planar geometry. The characteristice of the solution which can be
compared are the spurce function and the intensity as functions of
frequency, together with the level populaticns which are self
consistently determined.

The benchmark is defined by a temperature and atomic number density,
ie. total density of all ion stages present, together with a geometric
slab thickness. Since we are interested in having everything defined
but the RT schemes which are to be tested, we have specified all the
variables necessary; rates for the rate equations and all the
crogs—sections for the free-free, bound-free and bound-bouad
transitions. Further, we suggest that the use of a published Vaoigt
profile generator will eliminate extraneous errors (A5.50).
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a. Hydrogea Slab

We take a hydrogen plasma in a steady state, which is attainable in the
recombination phase of a hydrogen fllled Z-pinch. The major problem
here 1s the relatively high optical depth, for a laboratory plasma,

in the Lyman alpha transition. Any linking of line transitions is
likely to happen in this case.

b« K=Bhell Argon Slab

To go to the other limit of hot dense plasmas, we treat a schematic
"Argon” ion with multiple ion stages, spin “allowed”™ and "forbidden”
transitions in the helium-like ion stage and sutolonising levels in the
lithiumr-1like ion stage. Thils should introduce in & schematic model

the added complexities found in highly stripped ions.

The derivation of a spatial distribution function for the radiation in
an optically deep medium 15 complicated by the fact that the source
function, from which all the parameters of the radiation fleld can be
obtalned, 1s dependent on the level populations which imn turn depend on
the radiation from other positions, and it 1s this non-locality that

necessitates the uwse of sophisticated methods of solution.

To provide an initial solutlon to the benchmark, we have formulated a
generalised RT model. The principle behind the solution is to solve
the rate equations connecting the atomic levels and the Radiation
Transfer Equation (RTE) self consistently so that changes in the one
are reflected in changes in the other. In practice, this means
iterating between the two halves of the problem until there is
convergence. The difficulties introduced by non-local contributlons to
the source function are dealt with in the solution of the RTE by using
a method related to the Feautrier method (A5.5l).

The model which has been built by the authors Ls based on the outline
described above. In detail, the atom being treated can contain up to
10 ion stages, each with up to 10 levels. The levels are comnected by
collisional and radiative transitions, and there are also hydrogen and
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heliumlike continua with collisional lonisation and recombination. Up

to 30 line and another 30 continuum transitiona can be dealt with.

Regults have been obtained in a fully self consistent manner and work
is continuing to establish the Feasibiliry of various approximate
methods of solution.

The benchmarks as described above are a first attempt to organise a set
of multi-level RT calculations which can answer the needs of

researchers inte the radiative properties of hot dense matter. The two
benchmarks are simple and should be considered a first step toward more

exciting tests.

Numerous difficulties, which face those researchers interested in
laboratory plasmas, have been Ignored. Firstly, there are gradients
which are present in most plasmas. The fact that these have been
ignored indicates that a BT method which praduces a solution to these
problems, though accurate, may suffer vhen gradients are introduced.
Secondly, there are the difficulties of time dependence which arise in
all dynamic systems. However, dynamic coupling of the RT and rate
equations to the hydrodynamic equations is outslde the scope of this
simple set of problems. Further investigation may be needed to
deteruine whether, in laboratory plasmas, detailed RT is necessary to
perform the correct hydrodynamics. It is conceivable that the
hydredynamic history can be obtained by recourse to simple RT models
which provide the correct energy transfer while the details of the

emigasion could be reconstructed afterward.

A5.3.4 Integral Transport of Radiation in Dense Plasmes

T D Beynon and A Djaoui (Birmingham)

The simulation of the hydrodynamlc and thermodynamic behaviour of a
fusion target can be very sensitive to the modelling of radiative
phenomena. Energy transfer by photone is generally more important '
than energy transfer by electrons in the range of temperature and

density of interest to fusion.
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In Fig A5.18 the ratlo of the radlation heat conductivity KR to the
electron heat conductivitcy Ke’ is shown where KR is calculated from the

Rosseland mean Eree path 1  as

R

16aT 3
[
3

K = ()

g

where ¢ {5 the Stefan-Boltzmann constant and Te is the electron
temperature. Ke is adapted from the Spitzer—form and is given by

- 5 - -
K =183 x 10710 1 2 og iyt 27 @

where Z = 82 is the number of electrons in lead and

3 - -
Anl.zt.xm?'r/zn*zl
e e

n, is the electron density.

The modelling of radiation transport in an ICF target is a difficult
problem; the presence of shock waves induces high discontinuities in
temperature and density, the state of the target varies considerably
during the heating, compression and burn phase. Methods based on the
diffusion approximation are only applicable if the target is fairly
thick to radiation. 1If the mean free path of radlation 1s of the order
of the mesh size used in the finite difference of the hydrodynamic
equations a transport treatment 1s necessary. In spherical geometry
however, even the discrete ordinate code ANISN (A5.52) leads to
incorrect results, especlally in the ceatral reglon. A ray-by-ray
solution of the rediative transfer equation 1s presented. This is to
be used as a standard calculation with which to compare less accurate

but faster calculations.

Assuming that the plasma 1s a purely absorbing medium, the general form
of the integral transport equation for photons of frequency v emerging
Erom a slab with a thickness Ax, in direction ¢ iIs

IU(K:¢)'IgXijv(x'.¢)exp[-uu(x')(x—x')]dx'+1v(O,w)exp[-?g/¢av(x')dx']
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(3)

where a, is the total absorption cross section. LIf LTE holds we have

3,(x%59) = & (x")B, [T(x")] (%)

where Bv 15 the Planckian function. From the solution of Eg 3 the net
energy absorption from radiation per umnit volume ER can be calculated

as
Ep(x) = ~V.Fp(x) (5)
where FR(x) =2n [ pdy [ v I‘J (%)

and the force per unit volume ER regulting from the absorption of

radiation is
£ 00 = E— [ yay [ @ o, (0 1, () (6

Equations 5 and 6 can be coupled to the hydrodynamic equations for a

simulation of targetrs.

For its solution Eq 3 1s integrated over discrete frequency intervals

[vs' Vgr1’
The group form of Eq 3 for the group intensity IS is

] g=1, «++, G where G 15 the number of Intervals or groups.

T Iy 1 -t [y
- Byl 1 T arl e g 7
I () = [oapteh) B [TGD] e arl + 1 o(0,0) (N

where d1l = a, (x1)dx! and BB is the fractiom of the black body
spectrum in group g, which is calculated using the tabulated Debye
function., The group cross sectiona a_are predetermined using a
suitable weighting scheme. The ray-by-ray sclution of Eq 7 in
gpherical geometry proceeds in the following way:
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(1) define a spherical mesh structure T» K=1,s0.,8 (cf Fig.A5.19)
and split the energy domain into G groups.
(11) divide the sphere into sections using the rays tangent to the
mesh boundaries.

(111} in each section and for each surface choose a get of l-gauasian
welghts and discrete directions y,. Follow each ray 1 from the
outside to the surface in consideraticn and continue through to
re~intersect the same surface, applying Eq 7 at each boundary
interface.

(iv) compute Eq 5 and 6 on each surface, for each angular interval

and for each energy group and then sum over angle and energy.

Unlike ANISN the ray—~by-ray solution will always lead to the correct
value for the angular intensity, bur it has no knowledge of particle
congervation. On the other hamd, as there is more than one set of
angular intensity values which satisfy the transport equation, ANISN
ad justs the angular intenaities in order to achieve particle
conservation and in doing so can lead to the wrong angular

information.

In Fig A5.20 the heating profiles for an iron target configuration is
shown. ANISH predicts the wrong sign in the low temperature (LT)

region.

The algorithm is insensitlve to the order of the quadrature used. A
two polnt Gauss Integration of moments 1s adequate. It 18 however
very sensitive to the multigroup data used. ‘'Convergence' seems to be
achieved at about 20 energy groups as the differences between the
heating profiles are only reduced slightly when doubling the number of
groups (cf Fig A5.21).

This ie not necessarily true for a target with a different

composition. The running time is about 10 times the ANISN running

time but the accuracy is much higher.
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A5.3.5 Effects of Ion Beam Widths on Rayleigh-Taylor
Instabilities

T D Beynon and D P Edwards (Birmingham)

Ion beam spot size has been shown (A5.53) to be an important
consideration in the coupling of beam into the target to produce an
inward moving pusher. The compression 1s sensitive to the radlal
energy deposition profiles and to the effect of the beam migeing the
target. In the present work we investigate the effect of beam spot
slze on Rayleigh-Taylor (RT) instability growth at the ablator-pusher
interface during implosion and later as the pusher is decelerated by
the fuel. According to the clasaical linear theory (A5.54) the
growth of amplitude n is given by

- Yt Y=Y 2Iraa . &
n =n,e X 1= 5 (1)

where Ny 1s the initial perturbation which 1s assumed periodic with
wavelength A, a 1s the interface acceleration and a@ is the Atwood
number, a = (p+ - D_)/(D+ +p ), p, aod p_ being the densities in the
two Lagrangian cells either side the interface: 1 is the harmonic of
the perturbation which is likely to be dependent on non-symmetric
1llumination. The instability growth 18 calculated using the above
linear treatment Iincorporated in the 1-D hydrodynamics code MEDUSA,
modified to fanclude a full radiation treatment and a detailed de/dx
description for the plasma.

The standard target design shown in Fig 45.22 1s used for the study.
The central structure is a 0.8mm DT gas—-filled void surrounded by a
0.225mn shell of solid DT and a 0.75mm lead pusher {giving it am
aspect ratio of 14, conpistent with reasonable RT stability).
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Fig A5.22 The standard target

This in turm is surrounded by 0.565mm of carbon ablator and a O.lmm
lead tawper. This target is not intended to represeant an optimised
ICF target but 18 chosen rather to illustrate the beam width effects
on RT growth.

The heavy ion beams are assumed to consist ¢f Uranium ions of such
energy as to just be able to pemetrate the carbon layer (about 15GeV).
The focussed beam spot 13 assumed to have a gaussian shape of the form
exp (~x2/202), x being measured from the centre of the cylindrical
beam. The beam spot eize 1s defined as o, the standard deviation.

The pulse shape of the beam consists of a pre-pulse at 0.5% of the
main power pulse of 1015 W. The pre-pulse lasts until either the
shock wave has reached the ilnner edge of the solid DT or 20ns has
elapsed.

. AS5.42

Fig A5.23 shows the time-averaged energy deposition proflles for the
different beam spot sizes. At the target surface the deposition 1s
greater for the wider (¢ ~ |, ¢ ~ 2mm) beams compared with the narrow
(6 ~ 0) bean. This is due mainly to ions entering the target
obliquely. Furcher {nto the target the deposition profiles of the
wider beams peak and fall whilst that of the narrow beam continues to
rise. This is because only lons in the centre of the wider beams
contribute to energy deposition in this regilon compared to all of the

icns In the narrew beam.

For the wider beams total energy deposition takes place in the carbon
layer, whereas the deposition profile for the narrow beam peaks at the
end of the ion range and energy is deposited inside the lead pusher
itgelf. This high energy deposition and beam "tunnelling' at the
ablator-pusher interface has important consequences for instability.

The perturbation amplitudes were calculated for these different beam
apot slzes and are shown in Fig A5.24 as a function of time.

The initial displacement was taken as 5 x 107%m and the largest value
of the harmonic (1 = 20) coneisteat with the linear treatment was
uged.

The use of a narrow beam as a driver results in maximum Instabllity
groweh. Greater beam coupling to the target and higher energy
deposition density in the carbon layer just before the pusher results
in a rapid implosion and high interface acceleration. This alse
regults in a reduction in the carbon density and an increase in the
Atwood number during the prepulse period. However as the beam
switches to full power substantial beam tunnelling through the
interface takes place so reducing the density gradient and Atwood
number during the period of maximum growth (see Fig A5.25).

Energy deposition in the pusher just after the power switch also
accounts for the small plateau of 'stability' in the amplitude growth.
The temperature and internal pressure of the pusher rise while the
dengity on the carbon side of the interface is falling. This
effectively causes a deceleration of the interface for a short period,
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and hence stability. As the beam deposits more energy in the carbon
and ablation increases, the inward acceleration 1s resumed and there
15 a sharp instablity growth until the interface is apain decelerated

due to the rebounding shock.

In the case of the medium width beam the flatter energy deposition
profile results in a less tapld Interface acceleration. The Arwood
number however 1s still considerably reduced during the period of

maximum growth. These two factors result in a small insrability

amplitude.

In the wide beam case che lnterface acceleration is reduced even more.
However, since the total energy deposition is 1in the carbon layer
there s a small drop In the Atwood number as the beam switches to
full power {Fig A5.25). The density gradient at the materials
interface is thus left substantially intact and instability growth is

increased.

The ingtabllity of the fuel-pusher Interface takes place during the
final stages of the implosion whilst the pusher 1s being decelerated
by the fuel. To achieve reasonable gains the standard target had to
be tallored o sult the beam szpot slze of the driver. Thise
optimisation is performed by reducing the depth of the carbon layer
for use with the Lntermedlate beam so that the peak in the energy
deposition occurs Just before the pusher, the beam energy remalning
constant thoughout. In this way galns of about 10 were achieved and
the modified targets were then used with their respective beam spot

sizes to Investigate the fuel-pusher interface instabllity.

Perturbatlions grow initlally as described by the linear theory.
However, for n » A/2r Eqn 1 is no longer valid. Simulations with
2D-codes {A5.55) show that the perturbations continue Lo grow as
splkes with the maximal pusher velocity. Fusion is assumed Lo cease

when the splke reaches the target centre. This is known as the

free~fall model.

In Fig A5.26 is plotted the fuel radius (solid line) for the standard
target dciven by the narrow beam. The free fall line (dashed} and the
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Fig A5.26 Radius of fuel boundary (solid line) and target gain (-.-.-.-.)

as a function of time for the standard target and narrow beanm.
Tne agotted line represents free fall. The dashed line gives
the radius of the fuel boundary for the modified standard
target

fracrion of Fusion yleld (dash~dotted) are also shown. Simllar
results for the modified target driven by the narrow beam are also

shown.

In both cases it is seen that fusion haa 'taken off' before the spike
reaches the target centre. In thie case the targer is assumed to be

succeasful.

A5,3.6 Fission Fragmentation Effecrs on Heavy Ion Beam Inertial

Fusion Targets

T D Beynon and £ H Smith (Birmlngham University)

The possibllity that Lntense beams of ions could be used to heat and
compress targets contalning deuteriusrtritiua mixtures to produce
thermonuclear ignition has led to an increased interest in the

theory of the interaction of ioas in hot, dense plasma. Of particular
importance for the design of such targets Ls the modelling of the
slowing down power for ions of energy E, S{(E) = -dE/dx, in order to
compute the energy deposited by the beam. An important non-plasma
effect which may contcibute significantly to the energy deposition
process, and hence to the details of the target design, 1s due to the
fissioning of the incident fon with a nucleus in the Larget

particularly {f the incident beam 1s composed of heavy ions-

An ideal way to examine the consequences of fisslon ie to consider a
beam of urantum 1ons (238U) ar 2 characteristic energy of 10 GeV on
targets with various outer ablatlve reglons such as hydrogen, carbon
or gold. In each case the Llanteraction energies in the centre of mass
{CH} coordinate system are 42 MeV, 480 MeV and 4.5 Ge¥, reapectively.
At 40-50 Mev the {p,23%0) fission reactlon 13 well deseribed by the
rotating liquid drop model (AS5.36) whilst the heavy ion Eisalon for
(¥2c, 238y) anqg (197au, 238y) 14 teasonably well understood,

experimentally at least.

Two approximations are made for our present study. Firstly, the

fission cross section, uf, can be approximated by the geometric form
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a, = n(1.07 x 10754 Ve 4 8, 13))2
where Al and Az refer recpectively to the heavy ion and target nucleus
mass numbers. This form of GE agrees well with measured data for
those nucleil with significant fission crose sections. Secondly, the
fisalon fragments are assumed to be emltited with zero transverse
momentum. Measurements of fission fragment angular distributions for
both light ion and heavy ion induced reactlions indicate this to be an

acceptable approximation.

We consider the reaction AI(EI) + A2(0) + A3(Eg) + A, (E,) where
subscripts 1, ? refer respectively to incldent and target particles,
3, 4 refer to fisslon fragements. An i3 a mass nuamber and En is a
kinetic energy measured in the laboratory (L) system. Simple dynamics
ylelds

- 2
Biay =™ By [A3(ﬁ) A4(3)]/[A3 + 4,2+ Aﬁ(B)ETj[A3 +a,)
_(+)2[A1A3AAEI([A3+AA]ETrAlEL)]§ flag + )2 0

where Aq is defined to be that fragment which, in the CM system, moves
in the direction of the incident beam: EZ mep + E1 where EF is energy

released in the fission reaction and E3 + E4 - ET- In all subsequent

calculations €p = 200 MeV.

At these large values of excitation energies nuclear shell effects are
negligible in the sense that equipartition of mass and charge may be
assumed in the fission fragments. Thus putting A, = Aa in (1) produces
the simplified relatiomship

4
Eyeay = Ep/2 () [A[B (2A5E, - A|E )] /24, )

We see that the incident ion beam, undergoing fission as it slows down
in the target plasma, produces two fission fragments of equal mass and
charge but different emergles. Generally these fragments will be
moving in rhe same direction as the beam in the L system but with
different (ZZIE) signatures and hence different ranges. As the
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primary beam slows down an energy El = [A3(AI-A3)]EF H Ec 1s reached
for which E3 = 0. For El < Ec this Eisslon fragment (AJ) now moves in
the opposite direction to the primary beam to further enhance the
already heated region of the plasma. RNote thar for Al >> Aj, Ec + 0
whereas Ec+ ® Eor the case of Al o AJ' eg+ uranium long incident on a

uranium ablator region.

Thus, as a parallel beam of fons traverses the plasma we shall have
two heating mechanisma, one due to the primary beam with an associated
slowing down power of SP(E). and another due to the slowing down of
the flaglon fragments.

To explore these effects in a target configuration a spherical single
shell target of outer radius 2.23um has been considered. The target
has a LiD ablator region of thickness 1.13 kg m_z covering a Pb region
of thickness 11.3 kg m 2 and a D-T zone of cthickness 4.48 x 102 kg
m—z. The central zone has a D-T gas f£111 of density 2.24 x llil-.2 kg
uf3. The target has been analysed with a heavy lon version of the
one-dimensional hydrodynamics code MEDUSA (A5.37) which has a
corrected Thomas-Ferml equation of state (A5.58) and a complete
radiation package which handles high and low'Z materials (A5.56). The
target 1s uniformly ifrradiated with 10 GeV U+1 lon beams where each
beam has a cylindrical geometry with a particle intensity distributed
radially as exp(-y2/24a2) where y 1s measured form the centre of the
beam, orthogonally to its direction of propagation. The beam spot
slze is defined as A. The pulse shape of the incident ion beam
congists of a prepulse followed by a main pulse, both at constant
power levels wit the main pulee either at 2.5 x 101%W or 1.0 x 1015w,

The prepulse power is set to 0.5% of the main pulse.

Fig A5.27 shows the maximum value of the density-r;dius product, pr,
attalned bf the D-T as a function of power level and beam spot size,
both with and without Eisslon fragmentation included. The dependence
of target performance on A and power level has been discussed in
dectall elsewhere (A5.53) and 1s a complicated function of the effects
of lon range shortening, thermal conductivity and energy deposition
distributions at various beam widths. The preheating of the imner
regions of the target by fission fragmentation at each of the two
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Fig A5.27 Maximum pr values attained by D-T at various beam widths a.
Tne solid curves are avaluated at an incident power of

1.0 x 10™%, and the dashed curves at 2.5 x 10*%. For each
pair the upper curve has been obtained with no fission
fragmentation effects included.

power levels is seen to have a deletericus effect on the target
performance, reducing the pr-values by about a factor 2. The effect,
at a glven beam size, Is larger at the higher power level when the
preheat is larger in comparison with the Ferml energy of the cold
material. At a given power level, the effect is lessened with
increasing beam size as a larger fraction of the primary beam
trajectories does not point towards the central region of the target.
This suggests that the use of a hollow beam could provide a metheod of
preheat reduction (A5.39). Generally, the condition pr » 20-30 kg m-2
is required for a minimally-aceceptable target. In the case considered
here fisslon effects make that condition attainable. One concludes
that considerable caution should be exercised Ln designing fusion
targets driven by heavy lons with significant ¢ -values unless a full

f
analysis of the fission effects 1is included.
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A6 GLASS LASER FACILITY OPERATIONS AND DEVELOPMENT

A6.1 INTRODUCTION

P T Rumsby (RAL)

Operation of the glass laser system over Lthe past year has once again
been reliable and intensive with over 1800 full power shots being
delivered to 2 target irradiation chambers. Many minor improvements
have been made to the laser system during the year to improve
operational reliability and efficiency, to extend the range of pulse
lengths and beam options available to experimenters and to improve beam
quality. Diagnostic instrumentation development has been active and a
major impact has been made on the X-ray laser programme at the CLF with
the development of movel high quality line focus optics. All these

developments are discussed below.

Glass lager facility development has completed one more gtage of the
Phase I upgrade programme approved in 1973. The completion and
commissloning of the mew 12 beam compression area (Target Area West) In
August 1984 and the transfer of compreasion expetiments from the old 6
beam area (TAI) has led to major improvemente in frradiation
uniformity and quality of implosions. Laser beams arriving at this
area have been improved significantly Iin quality with the installation
of vacuum spatial filters at the output of the laset system. Design
wotk on the new multl purpose target irradiation facility (Target Area

Eaat) has now been completed and installation 1@ proceeding rapidly.

A6.Z GLASS LASER OPERATIONS

N Allen, C Danson, C Edwards, B Espey, D Rodkiss, P Rumsby, R Wellstood
and R Wyatt (RAL)

VYulcan has performed with outstanding reliability over a period which

has geen the closure of the 6 beam compression area (TAl) in May and

the commissioning and operation of the new 12 beam compression

Ab.1

facility (TAW) in June. O0nly 44 target shots were fired Into TAL
before it shut down while 660 full shotse on target have been delivered
to the new TAW aince ltas start up. In additfen over 1000 target shots
have been delivered to the 2 beam target area (TA2) during the year.
Of the 52 weeks in the year 35 were used for target area shots and the

remainder for laser maintenance and development.

Much time has been devoted to both on and off line developments of all
aspects of the laser system. Major lmprovements to short pulse
oscillator reliability have been achieved by using a smaller diameter
YLF rod to reduce pumping requirements and by installing a new
stabilised long pulse {ms) power supply from JK lasers.
Reproducibility of gelection of a aingle pulse from the mode locked
train hae been considerably improved by fitting new drive electronics
from Kentech Instruments while installation of a variable length
charged line to the silicon switched long pulse gelector system now
means that the pulses length can be readily varied from shot to shot
from 0.5 to 5ne by the laser operator. In addition the Full 20ns half
width Q-ewitched pulase from the long pulse oscillator can now be
switched to bypass the switch out Pockel cells., Two sets of
experiments have already been performed with 20ns pulses on target.
Considerable success has been achieved in developing a wmode locked
osclllator containing both an YLF and a YAG rod to glve aynchronoun
pulses at 1.052 and 1.064 um. This novel oscillator will be used for
acheduled laser beat wave experiments. A neovel pulse atacker
arrangement has been bullt which enables 4 mode locked pulses of equal
amplitude and separated by lns to be produced and amplified by the

lager for diagnostic¢ purposes.

Beam quality has been Improved by two major changes to the system. The
method used to cool the 108mm diameter disc amplifiers has been
dramatically improved with the result that no significant degradation
in beam quality ean be seen even when a 20 minute shot rate is
suatained, 1In the 6 beam system vacuum spatial filters have been
Installed at the end of the rod aystem and also at the output. These
filter the beams gignificantly and also partially relay the beam

towarde the target plane.



Most of the asbove items of development are discussed In detaill in

section A6.3,

The vergatility and flexibility of the VULCAN glass laser system was
well demonstrated in the year by the rapidity with which a highly non
atandard target irradiation geometry was set up. The six beam output
digc amplifier array was fed with a mixture of short (70ps) and long
(4ns) pulges derived from the independent rod amplifier chains and
synchronized oscillators. With this system experiments were conducted
in which some beams imploded D T filled shells with short pulses to
produce o particles to probe folls accelerated with long pulse beams.

A6.3  GLASS LASER DEVELOPMENT

A6.,3.1 Oscillator Development

C Danson, C Edwards, P Rumsby (RAL)

During the past twelve months oscillator development has been aimed
primarily at improving both the long and short term atability of the
on-line equipment. This has meant the replacement of moat of the
electronice associated with the mode-locked oscillator, which included
the r.f. amplifier which drives the mode-locking crystal and the high
voltage switching electronics which provide Q-switching electronicse to
both cavities.

One severe problem has been the limited lifetime of the flaghlamps in
the short pulse osecillator. Typical lamp lifetimes of less than 10,000
shots had been experienced which was approximately two operational
weeks. During this period the stability of the oscillator would
steadily decline. The flashlamp manufactures {Noblelight Ltd) embarked
on & series of electrode wodifications to the lamps which were then
tested in the on-line oscillator. Significant improvements in
flashlamp lifetime were measured with more than 40,000 shots being
achieved with the final design. This number of shots was still well
below the 3 x 10° quoted by J.K.Lasers with their AML systems.
Consequently it was decided to replace the prototype power supply

A6.3

system in use with a new J.K.Lasers AML power supply. This has
facilitles to shape the current pulse to provide opticum pumping. 1In
conjunctlon with this the %" diameter YLF rod in the short pulse

cavity was replaced by a new Smm diameter rod. The smaller rod
requires lower puemping and therefore extends lamp 1ifetime. When these
modifications were completed very stable short pulge operation was
achieved. Although only recently completed initfal results indicate
that lamp lifetime will not be a serious problem in the future.

A major experimental activity in the comlng year will be the
investigation of longltudinal waves driven in a low dengity plasma by
the beating of two e.m. waves from the laser system. To achieve thisg
the glass laser will be reconfigured to amplify pulses of 2
wavelengthe, 1.064 and 1.052um. To drive this system a new mode locked
osclllator is being developed that has both YLF and YAG roda in the
cavity to produces 100ps pulses at both wavelengtha. PBEquipment loaned
by J K Lapers has allowed such a double wavelength oscillator to be
constructed. Preliminary results indicate that such a double wavelength
output oacillator can be run with sufficient stability.

A6.3.2 Pulse Length Improvements

(a) Variable Long Pulse

One of the constraints in the scheduling of experiments has been that
both target ateas have been required ta operate with the same long
pulse length. This was because the high voltage pulse-forming line

to the Austen switch which set the pulse length could only be changed
on a dally basis. Kentech Ltd have now degigned and built a varlable
length pulse-forming line which allows the pulse duration to be changed
from ghot to shot (Ref A6.l1)., The device consists of a series of
conductive inserts gset in a vertically mounted PTFE tube. Each insert
containe a magnet which can be raised to make contact with a charging
resiastor by energising coils set on the outside of the tube. The pulae
length is determined by the number of inserte raised. At present the
device 18 operated manually but it 1s planned to mod1fy the control
electronics to operate via the 4080 computer. Fig A6.l1 shows the
pulse widthe available.
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THE RANGE OF PULSEWIDTHS
AVAILABLE USING THE KENTECH
HIGH VOLTAGE VARIABLE LENGTH
STUB.
(i) Kentech control on position 3ie: 3stub lengths
raised = 1-2ns (detector limit) (ii) position 4
lilPosition 5 (iv) Position 6 {v) Position 7

FIG. AG)

Probe pulse Superimposed
on long pulse signal

THE PULSE GENERATED
FOR THE COLLISIONLESS SHOCK
EXPERIMENT

FIG.AB 2

{b) 20ns pulse generation

The “Collisionlgss shock”
experiment required the full width
of the long~pulse Q-switched
envelope to be propagated. A pair
of remotely ingertable mirrors
have now been installed so that
the leng pulse osecillator output
can bypass the switchout Pockels
Cells. The optical pulse
propagated 1s slightly modified by
an isolation Pockels cell,
sltuatad in the lager rod chaln,
which has a gate width ¢f 25ns.
The pulse generated for the
experiment 1s shown in Fig A6.2.
This 20 ns pulse option Is now

avallable for all experiments.

(e) Pulse stacker

A high energy multi-pulse probe

beam was required during the year for the Z-pinch experiment to

investigate ion-acoustic turbulence in low-density plasmas. This

improvement would allow coarse time resolution to be achieved on a

single ghot and would also increase the rate of data aquisition. The

requirements were for four 100pe pulses to be generated separated by

lne and each containing at least 10J.

An etalon device would be



unsuitable for thls application
because of the high efflclency and
pulge to pulse uniformity which
was needed for the experiment.
The final design of the splitter
syatem used [Ref A6.2] is ghown in
_A__ [:i] il Fip A6.3{a). The only energy losa
= tt:j \va in the system occurs at the third
splitter making the device 50Z

[4) EPTICAL STMEMATIC OF
B URE PULSE STACRER efficient. The compensator plate

wag uged to ease alignment in
preventing lateral shear of the
cutput when placed in the beam
line. The whole splitter device

is mounted on & base plate and can

THE i be located in the short pulse beam
() sTREAK AtcoRn oF line on a kinematic mount making
pinte changes from gingle to pulse
operation simple. A streak record
rig Ao.3 of the splitter output 18 shown in

Flg A6.3(b).

The device with simple
modifications can be made available with various inter—pulse spacings,
limited only by available space, and c¢an alse be modified to provide
eight pulses relatively easily.

A6.3.3 ¢108 Disc Amplifier Cooling

J Boon, C Danson, M Mead (RAL)

The design of the $108 disc amplifiers in uge at present in the Vulcan
laser system are based on the original Lawrence Livermore B75 disc
amplifier technology released in 1975. The original amplifiers were
desipgned and constructed by I.L.C., subsequent amplifiers have been
constructed in thls country, but have been unchanged to maintain

interchangability of components.

Ab.6

Users of the faellity have recently been pressing fof an 1lncreaged
repetition rate of full beam shots, and at the same time expressing
concern regarding beam quality, especlally when comparing the quality
of shots early in the day to shots after long perlods of operationm.
From the information originally given by Lawrence Livermore, the
maximum recomnended repetitfon rate was every 60 minutes but even at
this rate of operation there, appeared to be some long term thermal

effect on beam quality.

CALDRIMETER

VACUUM SPATIAL FILTER
. e
f e — f— T _3&
) ‘ 1 ' ] 1 K
Lo-d

10 METRE
FOCAL LENGTH LENS

FARADAY ROTATOR '/
POLARISER ©10B DISC AMPLIFIER
UNDER TEST

-/

~

~
FAR FIELD
IMAGE

Fig Ab.4 Lyuipment arrangement for investigating the thermal effects on bean
quality in 9108 disc amplifiers.

To investigate these thermal effects on beam quality, a ¢ 108 disc
amplifier was set up ags shown in Flg A6.4, such that a probe beam from
the rod amplifier chain could be double passed in the disc amplifier,
then passed through & vacuum spatial filter with a pin hole, and the

total emerging beam pulse energy measured with a calorimeter.

A6 T
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N2 QuT 1['].[/m|nN2 INIO LAMP ASSEMBLY

10/ ma Ny INTO BISC
i

No OUT 102 /minNp INTO L AMP-
' ASSEMBLY

Fig AG.5  Existing @lO8 disc amplilier syston.

A lens was also included to enable a far field image to be abtalned.
Two sets of measurementa were taken using an unmod{fled $ 108 amplifier

with a nitrogen gas syatem as shown in Fig A6.5.

i0or ——— —————m
E
e
DBt
z
O
W
u
& 06}
3 A ORIGONAL  DISC CHASSIS
o
x B - No BLOWER, No N7 FLOW MODIFIED
g ol C - No BLOWER, N2 FLOW ON DISC
% D - BLOWER ON, No N2 FLOW CHASSIS
a E - BLOWER ON, N2 FLOW ON
02F
7 SHOTS ON
20 min cycle A " A 1 2 1 '
0 LY 20 30 L0 50 60 70
TIME [ MINS

Fig A6.6 Results of transmission tests after varying the thermal conditions
in a @108 disc amplifier.

Firstly the test beam was passed through the aystem before the

aomplifier lamps had been fired. to establish the normal plohole

transmission.

The aamplifier lamps were than Fired at 20 milnute

Intervals, in the firet test four times and in the second 6 times.

Between firlng the amplifier lamps, messurements of the praobe beam

transmlagion through the pinhole were taken, the results befng plotted

io Flg Ab.6.

These measurements demonstrate concluaively how the thermal

characteristics of the original ¢ 108 amplifier caused bean distortions

unless sufflclient time wae allowed between shots, and that I{f & high

repecltion rate wae continued the diatortion Lncreased. This meant

that unless a radical Increase in amplifier cooling could be

accompliehed, the origlnal shor rate of ance per hour would have to be

A6.9



followed. The existing ¢108 amplifier gas system, Figure A6.5 besides ‘\\\\\
providing cooling, preasurised the amplifier to resist entry of dirt Nz INLET MANIFOLD
and contaminents, and excluded oxygen from the system, which are all 15 DRIFICE
lmportant factors In operation. I m—

N3 OUT AIR OUT
Meapurementa carried out during the testing of the new $150 amplifler

(see Section A6.3.4) shoved that the majority of the thermal energy 100/min Ny INTO A 10L/min Ny INTO DISC
afrer an amplifier shot was retained in the flash lamps, the flash lamp Ny ouT lLAMP ASSEMBLY ‘——'"“1 Ny OUT iﬂﬂ;;&fg

reflectors and the disc shields, and that these components should be

efficienctly cooled immediately after a shot. The amount of nitrogen

: - e —
being used at present only created a laminar flow of gas around these I “F
.zzgf:ng;:_ulaaﬁgza-;:éﬁs' Ezfﬁg.gttss.. =
components, and to provide sufficlent gas to increase the Reynolds Mo ~ ! , H N %

—1 1] .40

number and achieve turbulence for efficlent cooling was not

economically possible. Also the nitrogen supplled to the disc cavity, I i AR INTO SECTION A-A
whilst cooling the face of the firat disc, formed a laminar Flow in the 104 /min N5 INTO A kg;g;aﬁgg_. .41 .
clearance between the dfsc holders and the disec shield tubes, the hot LAMP ASSEMBLY ‘
gas In between the discs beilng hardly disturbed. N, OUT AIR FAN
HEPA FILTER

199 987 % EFFICIENT]

Fi, Ab.7 New arrangument of gas and air flow for covil, PIO8 disc amplifier.

The new ¢$108 amplifier cooling system is as shown in Fig A6.7. The
nitrogen is fed into the dlsc cavity by way of two manifolds tunning

the length of the amplifier and attached to the dige support raila.

The rails are drilled to create small orifices which Jet the gas into
the dead spaces between the disca cauding turbulence, and the gas then
exits from the amplifier at both ends. This has advantage of giving
even cooling over the whole length of the anplifier, and encouraging

any debrls te be awept te the ends away from the disc surfaces.

Additionally a high efficlency air Ean s fitted to blow alr into one
lamp asaembly, the air being drawn from the laser clean room which has
humidity and temperature control, via a 99.997% HEPA filter. The two
lamp assemblies are coupled together at the opposite end with two
pipes, and the air Is freely diacharged From the other end of the lamp

A6.10 A6.11



asgenbly. HNitrogen is fed into the lamp sssemblies at the coupled ends
to achieve efficient oxygen purging.

0B¢r
In operating the amplifier, all nitrogen supplies are stopped one
minute before a shot. Immedlately followlng a shot, the fan and all

06 ORIGONAL DISC CHASSIS the nitrogen supplies are turned on, the fan being turned off after 10

- No BLOWER, No Nz FLOW MODIEIED .
No BLOWER, N2 FLOW ON DISC next ghot.

- BLOWER ON, No N2 FLOW CHASSIS
- BLOWER ON, N2 FLOW ON The modified amplifier was then lnstalled in the apparatus described in

minutes to gllow the mitrogen to purge the system of oxygen before the

PINHOLE TRAMNSMISSION
m o O o >
]

Plg A6.4 and eimilar meagutrements of probe beam transmission through a

o2} pinhole with varying coeling parameters were taken after the amplifier

had been fired seven times on a 20 minute cycle. These results are

7 SHOTS ON shown Iin Fig A6.8, The difference between curves A and B can only be
—_—

20 mi le , L ' ' N . due to the static mechanical modifications.
min cyc 1 -
o 10 20 30 40 - 50 60 70

TIME / MINS. These results clearly show that both the modifications to the disc
cavity cooling, and the lamp assembly cooling are necessary and
conplimentaty, and that a 20 minute shot rate may now be maintained

Fig A6.¥ Results of transmission tests carried out on the modified @108 without beam distortion. Fipg A6.9 shows a far Fleld Image recorded 30
disc amplifier. mins. after the 7 shots fired on a 20 uwin. cycle which also confirms
these results. All the ¢108 disc amplifiers, and subsequent designs of

$150 and $208 amplifiers will have these features Iincorporated.

A6.3.4 Design and Performance of a $150mm Neodymium Glass Box
Amplifier

COCLED DISC
AMPLIFIER I Rosa, J Boon, E Hodgson, M Mead (RAL)

[ e |

SPATIAL FILTER
PINHOLE SIZE

Introduction

<«—— UNCOOLED DISC

AMPLlFlER Upgrade plans for the VULCAN laser require elther Increasing the number
of beams or increasing the aperture of each beam; they require
increased energy in the back lighting beam preferably in a single
beam, and they require a high quality high energy large aperture beam
for single beam experiments. From these requirements comes the need
for a larger aperture glass disc amplifier. Since the first stage

upgrade involves a doubling of the laser energy (requiring a doubling

FIGAS.9 FAR FIELD IMAGES RECORDED 30 mins. AFTER 46.12
7 SHOTS FIRED ON A 20min CYCLE.



of the backlighting energy) an amplifier with twice the energy
capabllity of our existing ¢ LO8 mm diameter amplifler is required.
Since also the energy limit of an ampliffer is restricted by damage to
a particular energy per unit area, the area must increase in
proportion to the energy requitement and our new amplifier must then
have twice the area of the existing amplifiers in order to be capable
of giving twice the energy. A ¢150um diameter clear aperture was
chosen as it is close to a factor of two increase in ares and matches
that of one of the LLNL amplifiers (leading to less expensive dlacs).
The appropriate deslgn of amplifier was determined by the deafre to
make it as aimple and efficient as possible while maintaining
sufficient gain to produce the required energy. A subaiduary buc
important factor in the deaign has been to winimise and if possible

eliminate dynamic optical distortion of the transmitted beam.

Design

The deslgn is based on a large number of measurements at the Lavrence
Livermore Natfonal Laboratory (LLNL) on different types of disc
amplifier (A6.3). From analysis of this data, acaling laws have been
developed (A6.4) to enable us to predfct the performance of any
particular deaign and hence to find the oprimum deslgn. Our starting
polnt was the LLNL ¢150ma 'v' disc amplifier; a 'cylindrical’ amplifier
designed for maximum gain (having a small signal gein of 4.6) 24 lamps
and a total energy storage of abour 300 KJ. The approach taken was to
make a number of desirable improvements, calculate the expected galn
and check this against the winlmum gain necessary to achieve the

required energy performance.

Ab6.13

Gain requirements

We agsume that the ¢$150mm amplifier amplifies the output pulse from a
$108 amplifier as Indicated Ln A6.10.

FARADAY  yurijuM SPATIAL

#6108 AMPLIFIER . $150 AMPLIFIER

!
POLARISER

Fig A6.10 @150mm disc amplifier oprical arranganent.

The gain of the ¢ 150 amplifier must be sufficlent to amplify a 150
joule bean from the ¢108 amplifier to an output of about 400 Joules
allewing for some loas, say 16X, in the Intervening optics. This
requires a saturated gain of 3.2 from the $150 amplifier. Using the
Franz-Nodvik equation with a saturation intensity of 3J/cm? and
agguming a 651 'fi11' factor, we calculate a required small signal gain
of 4.2, Thia we regard as the minlmum galn necessary for our ¢150

amplifier.

Ab.14



Proposed improvements

1)

11)

11i)

Change from a 'cylindrical' to a 'box' design. An lmprovement
of 40X in coupling efficiency 18 expected but for a fixed lamp
loading the input energy capacity ie down by 331/31 becaude of
a reduction in the number of lamps from 24 to l6. Using cthis
scaling a "box' $150 'y' disc amplifier would have a gain of
4.15 for an Lnput energy of 200KJ.

Increage the lamp bore from ¢ 15ma to ¢ 20mm , and reduce the
nupber of lamps from 16 to 12. The scaling lawe suggest that
tn G ~ Nd?/% for an energy lnput of E ~ d, where N = number of
lamps, ¢ = lamp bore. This predicte for the modfiffed ¢ 150mm
box amplifier a gain of 4.37 at an Lnput energy of 200KJ.

The LLNL "Y' disc amplifier has laser glass with 2Z Nd
concentration. The scaling laws suggeset that this is not
optimum for highest galn. Calculation suggests that a
concentration of about 3X will give higher gains but the actual
increase in gain is not easily predicted in this case due to
the complicated Interdependence of gain, neodymium
concentration, other material parameters and losses due to

amplified spontanecus emission.

A6.15

ALUMINIUM SUPPOR
STRUCTURE

REFLECTORS

INSULATING SUPPORT
FOR L AMP ASSEMBLIES

GAS COOLING DUCT

DISC SHIELD G.AS5S

Fig AL.11 Cross secticn of @150um disc
¢ Components.,

amplifier showing arrangements o

Final optical design

Figure A6.11 gshows a
crogs—sectional optical schematic
for the modified ¢150mm amplifier.
Analysis of the performance of
different reflector shapes,
together with LLNL data, have
resulted in the choice of the 'V!
geometry lamp reflector. This
glves close to optimum coupling
while being simple and inexpensive
to manufacture. An important
aspect of pump cavity design is to
ninimise the pump cavity volume,
since the couwpling efficiency ia
directly related to the fractlon
of this volume filled with laser
material. For this reason the
mechanical design seeks to squeeze
up all components as much as
possible within the requirements

of reasonable tolerances.

Ab.16



Mechanical Design

Figure A6.1l also shows the main features of the mechanical
construction which are:

i)} Because the disc shfelds in a "box' design acre flat sheets of
glass, rather than a elit silicon tube as in the existing ¢ 108
amplifier which entails large mechanical tolerances, the
clearances between the disc holders and the flash lamps can be
very small thus keeplng the pumped volume to a minimum.

11y All iaternal surfaces of the amplifier are reflectors, thus no
major parts of the structute are directly expoged to the lamp
light. This has enabled the maln atructure to be wade of
aluminium rather than stainless steel resulting in reduced cost
of both raw material and machining, and overall weight
(important in handling, c¢leaning and asgembling amplifiers).

1i1) Both lamp aseemblies are mounted on ingulators to electrically
fgolare them from the rest of the amplifier assembly. This
enables them to be separately earthed with the flash lamp
circuit, preventing circulating currents and high voltages
appearing outside the amplifier, particularly as a result of
flash lamp failure.

iv) An improved disc cooling and purging eystem ia possible with
the 'box' design, similar to the modifications being
incorporated in the existing P108 amplifiers to overcome beam
distortions {see Section A6.3.3). This 1s achieved by using
the reflectora on the unpumped sides of the box, which also
support the discs, as gas manifolds. The nitrogen 1g fed into
the centre of both top and bottom of the amplifier, which

forces it to blow into the disc cavity via clearance aslots
between the digcs and the reflector, thus cooling the discs,

Fig A0.12 Preliminary mechanical assembly of @150 disc amplifier.

ensuring mixing throughout the amplifier, and discharging the
gas at both ends.

Forced alr cooling of the lamp asaemblies I8 about to be teated, but

should be as effective in removing the heat as has been shown in the

$108 jamprovements .

A6.17



A photograph of the assembled amplifier is shown in Fig A6.l2 prlor to

final coating of reflectors.
Performance

Gain measurements

Flg A6.13 ghows the measurement scheme. A Q-switched phosphate glass
oscillator producing 3 Q-switched pulses separated by ~ 25us injects &
small (~ lew) beam through the amplifier in double pass. The input

and output energies are monitored with photodiodes and a storage
oscllloscope. The oscillator was fired and traces recorded both before
and after the diac shot as well as on the disc shot, the nett gain
(independent of passlve losses} being calculated from these recordings.
On each disc shot three gain measurements corresponding to three
different probe pulse timings were obtained using all three oscillator
pulses. An external delay box enabled the probe pulse timing with
regpect to the amplifier discharge to be varled at will to maximise the
gain. Translatlon of the amplifier allowed gain measurements to be
taken at varlous positions in itse aperture and 8o map out the gain
distribution across the aperture. Since we were messuring small signal
galn the probe beam energy was adjusted to ensure that the amplified
pulse fntensity (J/cm?} << the saturation intensity (3J3/cn?).

A6.18

AMPLIFIER CAN BE
MOVED HORIZONTALLY
OR VERTICALLY TO
MEASURE GAIN

VACUUM S| STORAGE
PHOTODIODES 0SCILLOSCOPE PROFILE
(INPUT) (QUTPUT), o F
\ \
a ¢ 150 I HGLASS
s FLAT
M J
| FILTER } F
=
g POWER SUPPLY
Q VARIABLE F ¢ 150
S DELAY BOX |*-#-48425 AOI‘-TPLIFIER

Fip au.1l> schamatic of gain measurenent layout.

The principal inaccuracies of these measurements resulted from
interference effects in the ampllfier windows which varied their
transmiggsion alightly from shot to shot and from the use of 'chopped
mode® on the oscilloscope to record both photodiode signals
simultaneously. Some galn measurements were made with improved
accuracy by expanding the probe beam to large size (10cm) and by

recording the two photodicdes on separate oscilloscopes.

Reductlon of the data glves the curves of Figs Ab.l4a and A6.1l4b,
ghowing the elngle pass small aignal gain variation with pumpling energy
and the map of galn across the disc aperture. The gain at full bank
energy (190KJ) is seen to be ~ 4.3, in excess of our requirements of
4.2,
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I MICROSCOPE f=2m ¢150mm AMPLIFIER
SINGLE - PASS OBJECTIVE n | 3
SMALL SIGNAL 4.0F He-Ne ” —= E

GAIN BEAM _— == E
3.5F
LENS CAN BE I f=50mm
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CAMERA
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Fiy, Ab.15 Schematic of layout used for bews distortion measurements.
Fiy Av.14 (2) Single pass gain as a function of capacitor bank cnergy.

le—— WIDTH OF AMPLIFIER ————

3.5f Beam distortion measurements

L HORIZ - -] The arrangement used for bean distortion meagurements is shown in
-~
-
-

Fig A6.15. Far fleld or equivalent plane measurements were possible by

e an_sen —

f 3 VERT a focussing adjustment of the x5 imaging objective. Care wag taken

to ensure as good optical quality as possible In the optics of thig
GAIN arrangement. It should be noted that all weasurements are for double
2.5} pass operation-single pass gives much better beam qualiry. FPar field
and equivalent plane plcturea of the system without the amplifier are

shown in Flg A6.16a. The far fleld distribution shows a small residual

spherical aberration (as expected with the F/15 singlet lens uged) but,
2r more lmportant, shows wvery little agsymmetrical error. All
25 6 75 'equivalent’ plane plctures were standardised to be equivalent to a
«———DISTANCE FROM ——» plane 300m downstream of the amplifier which corresponds to 600um
CENTRE [CM) ’ {ngide the focus of an F/2.5 lens.

Fi, Ab.14 (b} Gain distribution across aperture of P150 disc amplifier. 26.20



(a} WITHOUT ¢ 150 mm AMPLIFIER
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Fi, Au.16 Far field and equivalent plane photographs for various amplificr
conditions.



FRACTION OF TOTAL INCIDENT POWER WHICH PASSES THROUGH A # Imm APERTURE

10

function of time while firing the amplifier several times. Fig A6.18

plots some of these measurements.

PERFELT SYSTEM

g 9p———————— NO AMPLIFIER
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— — = AMPUIFIERCOLD — — — == — = == —=

I —ERROR BAR

MINUTES AFTER SHOT —eem

Fig A5.18 Trensmission of a pinhole as a function of time.

The pinhole size {~ 2 x
diffraccion limit) or ~ 30 y rad
is chosen to be sensitive to small
changes in beam quality. The
meagurements indicate that the
beam deterforation is modest with
over 601 of the energy within
253urad. This represents a large
improvement over the performance
of the existing ¢ 108mm
amplifiers.

Temperature measurements

Before attempting to £ind ways of
improving the beam quality, some
teats were carried out to find cut
how the heat 1is distributed within
the amplifier head after a shot
and how this distribution changes
with time. This knowledge ia
neceasary before deciding how to
efficiently cool the amplifier
without distorting the transamitted

beam.

A6.22

(1) Lamp cavlty measurementa

The lamp half-shell was opened immediately after firing the
lamps and a touch thermometer used to meagure the temperature
distributions as a functi{on of time. The results are shown in
Flg A46.19. We conclude that most of the thermal energy ia
deposited in the lamps and reflectors and thereafter ig
redistributed on about a 10 winute time scale with a
conslderable loag term heat flow inwards towards the discs.
The long term temperature rise indlcated a very slow and

Llnadequate cooling rate for the lamp cavity.

(11) Disc Holder Measurements

A temperature probe contacted onto the top of a diac holder
meagured L(ts temperature variatton after firfng the amplifier
(Fig A6.20). We note in particular that a) the I[nitial
temperature rise of 1.5°C occurs in & relatfvely short Lime of
3 min due, we think, to a redistribution of heat in laser discs
b) there s a long tera temperature rise of 1.8°C even after 40
oins vhich {s not sufficlent to give a large optical distortion
in the laser glass (which is nearly athermal), but which is
aufficlent to lead to distortlon from temperature gradients in
the cooling gas.

A6.23



TEMPERATURE [*C) —=

r

»
~
T

-~

*»~
o
T

I3
—

DISC HOLDER

=77 chassis

" M i

0 10 0 &0

TIME AFTER SHOT (MNUTES]—=

Fig A6.19

¥
L2k
a0+
~ 38}
o FLASHL AMPS
w J5F
o
2
o L
® i
w
¥
H nr
REFLECTER, - T e e
30t . -
’ L
Py -
20F /
4 T
H'S I S /7
K DISC SHIELD GLASS FL ASHL AMP
n . TEMPER ATURE
BEFDARE SHMQOT
-0 $ 10 1] 0

Temperature variation of various @150 amplifier component with time.

TIME AFTER SHOT (MINUTES] ==

Fig A6.20

Tenperature variation of @150 amplifier camponent with tame.

A significant long term temperature rise of 0.9°C of the chasels after

40 min 18 also aweasured, agaln suggesting an Inadequate cooling rate

for the anplifier as a whole.
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Beam quality improvements

1)

11)

Thermal distortion In the laser discs results from heat
directly deposited in the disce by absorption of lamp light and
from heat conducted inte the dlscs from the lamp cavity where
moset of the heat Is deposited. The second of these sources of
heat can be arrested by inserting insulating material between
the diac holders and chassis. Thie hag the added advantage
that any non uniform heating or cooling of the diace due to
thelr non uniform contact with the holders will be reduced.
PTFE spacers were made and inserted to provide thls thermal
inpulation. Subsequent beam quality teats showed that any
laprovement was small. We concluded that regidual distortion
of the type seen is probably due to distortion in the cooling
gas tesulting from temperature gradienta in the gas. This
hypothesls correctly predicts the poor regions of the beam
vhich are in close proxiaity to relatively warm metallic

reflectors.

A possible solution to reduce the beam diastortlon caused by
rhermal gradlente in the cooling gas is to replace the nitrogen
in the disc cavity by helium which has an 8 times lower

This 1a posaible in the ¢150am
amplifier in which a reasonable seal is possible between the

refractivity than nitrogen.
disc and lamp cavities. It ie not cost effective to blow the
helium without s closed clrcult aystea but could be useful for
cooling purpagea. Helium has a & times higher thermal
conductivity than nitrogen so that even stationary it aay
provide more effective coollng than flowing nitrogen. Helium
was floved through the disc cavity until it dieplaced the
nitrogen. Optical dletortion teats were carried ocut as before.
Fig A6.16{(c) shows 'cold’ amplifier and 'hot' ampliffer
equivalent plane plctures with helium. These show a dramatic
improvement In the 'hot' smplifier beam distortion, recorded
only 15 ainutes after the third consecutive 20 ainute amplifier
shot. These suggest that a shot firing rate as high as 4 shots

per hour la possible 1f a wore efficlent heat extraction ls
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avallable for the lamp cavities to prevent long term build up

of temperature over several hours.

Also ghown in Fig A6.16c is the effect of replacing the helium
Fill by a nitrogen fill when the amplifier fe 'hot'. The

immediate return of optical distortion similar to that earlier
recorded in Fig A6.17 is a good demonstration of the advantage

of uaing helium.

111) A more efficlent heat extraction syatem Eor the lamp caviities
has been successfully tested on the ¢ 108mm amplifiers and will
be fitted to the ¢150 amplifier for further tests.

Conclusions

The amplifier development programme has resulted in an efficlent $150
disc amplifier giving a small aignal gain of 4.3 at 190KJ energy
storage with only 12 lamps and a simple mechanfcal design. The deasign,
together with subsequent improvements suggest that a near diffraction
limited optical quality output beam is possible even at repetition

rates as high as 4 shots per hour.
The performence of this amplifier meets the needs of the laser upgrade
programme and may also lead to similar box designs for the smaller

$108m amplifier and a posaible new larger aperture ¢ 206 amplifier.

46.3.5 Vacuum Spatisl Filter Imstallation

C Edwards, $ Hancock (RAL)

Hajor efforts have been made this year to lmprove the quality of beam
delivered to target areas. The tranafer of compression experiments to
TAW has led to major increases in air propagation path lengths

between the end of the laser system and the target chamber and this,
together with limited spatial. filtering and relaying, has given rise to

poorer quality beams than deairable.
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Fig Av.21 Layout of 6 beam system.

Te start te overcome this problem a firet atage of vacuum spatial
filter (VSF) installation has jJust been completed. Fig A6.21 shows the
new layout of the 6 beam system beyond the end of the rod amplifler
chain with 6 new 8 long VS5Fa at the output and one additional
expanding VSF before the ficrst disc amplifier. At this stage relaying
from the rod output plane 13 only partial but the full image relay
scheme for the 6 beam system will be completed when the length of VSP 2
18 doubled to 8m later in the year.

VSFs 1 and 2 upe lenses with dielectric AR coatings whereas the 6
output V5Fa contaln lenses which have been procesaed by the Schort
neutral golution technique. Experience with this type of coating has
lndicated that oil contamination can be a problem and consequently
totally oll free pumplng system based on triode ion pumps have been

deaigned and built.
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Operating experience of the new system is limited at present but first
results indicate considerable improvements in beam quality at the
output of the VSF array, particularly for short pulse operation.

A6.3,6 Computer Control and Data Acquisition

C J Reason, B Espey and P Gottfeldt {RAL)

This has largely been a year of congsolidation and improvements to
existing facilities. The GEC 4080 computer and CAMAC equipment has
been reliable and the serial CAMAC branch, lustalled last year, has run

successfully.

Control

The dump system for the Quantel driver described last year, has been
fully implemented in software. Work has also progressed on the abllity
to fire shots from the gouth contrel room via the serial branch.

This has reached the stage of firing shots for test purposes and is now
being extended to give further control to the experimenters. This
concept has also been extended to allow shots to be fired on a similar
basis from within the laser room. The wave plates that are controlled
by the "Essex Tiny Basic Computer” had a regponse time that was
gignificantly slower than any other part of the system and this has
PROM.

Diagnoetice and data acquisition.

A number of detailed changes have been made to the diagnostics
including reading the pre-lase signal from a Philipse digital Tecope via
an IEEE 488 interface in CAMAC. All LeCroy 12 channel ADCs have been
removed from the system and all energy monitoring is now done using the
CAMAC CEM module described {n previous years. The software for a
graphics plotter has been developed and this {e now being Iinatalled in
the south control room to provide hard copy output. The laser program
now keeps gtatistics on the types of shots that have been fired and how
many tilwmes each amplifier has been triggered. A project was initiated
to monitor the pulse length and beam quality of the lager using several
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commercially available frame stores. The initial results proved
disappointing but have given the information and experience needed to
specify a new system and this will be developed and installed during
the year.

A6.4 TARGET FABRICATION AND DEVELOPMENT

C Brown, B Child, T le Roux, N Prior, P Rumsby and § Whittaker
(RAL)

The last year has involved the production of a large number of standard
foil, shell and lollipop targeta for the experimental programme. In
particular 1984 has seen the completion of the new 12 green beam
compresslon facility (TAW) and consequently a major activity of the
target fabrication group has been the provision of targets Eor the
commisgioning experiments. Many solid glasa spheres have been
selected, characterized, mounted and coated with up to Jum thick layera
of parylene for initial irradisnce uniformity and energy coupling
meagurements. Pollowing this, high quality polystyrene shells with
aspect ratios of aebout 8 have been manufactured, pelected, mounted and
gas filled for compression experiments. X-radiography of theae events
has required the production of quantities of backlighting targets.
Copper and other metal foil lollipops of 500um diameter have been
punched and mounted for pinhole imaging experiments while wires of 10um
diameter have been mounted and costed with a va}iety of materlals for
point source radiography. To produce small X-ray sources for this
later type of radiography reactive plasma etching techniques have been

used to reduce the diameter of commercial carbon fibres to below lpm.

Much of the research and development work carried out during the year
by the group has been agsociated with X-ray laser experiments.
Techniques have been developed for making, measuring and handling a
wide variety of plastic folls im the thickness range from 100nm to
400nm. Foils of 150nm thicknees bave been mounted as substrates for
collisionally excited X-ray laser experiments, as filters for XUV
spectrometers and as bases for XUV eensitive photocathodes for streak
cameras. In all cases techniques have been established for applying
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coatings without damaging the fragile foils. Stripes of selenium 60nm
thick, 50um wide and 10mm long have been applied to folls for line

focus irradiation for X-ray laser experiments.

Work has continued on UV laser photo-ablative etching of polymer
targets. Production work has Invelved supplying 270um diameter
polyatyrene lollipops of 5pm thickness modulated by photo-ablative
etching with a 0.5um amplitude of perlodity 20um together with
aimilarly modulated shell targets of 150um diameter for Rayleigh-Taylor
growth rate experimenta. Development activities have involved studying
in detail the etch rate variation with laser fluence and wavelength of

a wide variety of polymers.

AB.3 TARGET AREAS

A6.5.1 Target Area West Commissioning

€ J Hooker, € J Reason, W T Toner, P Gottfeldt, R W Eason, 5 P Rnight,
D L Colling and S G Appleton (RAL)

On Wednesday 18 April 1984 the last laser shot was fired into Target
Area One, and the area was shut down. In the weeks that followed the
target chamber, beam towers, frameworks and tables were stripped out.
Many of the components were moved to new locations in Target Atea West,
where installation of beam lines, television viewing systems and
alignment optics was proceeding. During the same period the control
system evolved rapidly, as the control electronice were tested and
integrated with the area components and the computer program that was
to drive them. The South Control Room was prepared for occupation and

the dark-rooms on the mezzamlne floor were fitted out.

The first full shot was fired into the new area on 6 June, exactly
seven weeks after the shutdown of TAl. However, a further month of
beam timing, optics aliganment, calorimetry calibration and diagnostic
checking was needed befote the first twelve-beam 2¢ implosion shot on 3
July. The active and static X-ray pinhole cameras, plasma celorimeters

and harmonic imeging system were all functioning; data from these and
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from the beam calorimeters, streak camera and equivalent—plane camera
were obtalned on every shot. 1In early August the backlighting beam was
installed, and ghort-pulse X-ray backlighting of the implosions began,
ueing lollipop targets and the active X-ray pinhole camera for

lmaging.

The energy distribution between the beams was uneven at first, due to
the poor quality of some of the green beam—splitters. In one case the
split ratio was 60:40 rather than 50:50, and this imbalance was
clearly seen in the asymmetry of the early lmploaions. Replacement
beam—splitters were obtained in September, after which the energy
variation was reduced to less than five percent over the twelve beams.
A timing error in one beam was corrected at the same time, and
subgequent implosions were greatly improved. Good data were obtained
from all diagnoatics in a parameter scan through diffarent defocusing
conditions, with total green energies om target of up to 150 Joules in
700pa.

The remainder of the year saw a gradual shakedown in sperating
practice, and the discovery and correction of a number of problems.
Chief of these were some slight differencea in collimation and pointing
between the local alignment lasers and the malh CW YAG beam, which were
found to have a serlous effect on the illumination uniformity. They
were traced to wedge effects in some of the mirrors, and new alignment
procedures were adopted to solve the problem. T A West 1s now fully

commissioned and operating well.

The computer-based control system described in last year's report
{A6.5.4) has proved to be highly satisfactory. A practised operator
can align twelve beams onto target, and prepare the ares to receive =
shot, well within the 20-minute cycle time of the laser. Given a few
minutes' instruction, even inexperienced personnel can perform routine

alignment jobs.

The T A West control program has changed considerably since experiments
began. Many new features have been added to keep pace with evolving
operating practice and to control additional equipment. The
flexibility of the Micropower Pascal programdevelopment package has
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greatly simplified the making of these changes, and the program has
reached a stage where requests for new features are rave. The
LSI-11/23 development system used for editing and compilation has been
enhanced by adding a 128K memory board and a 20Mbyte Winchester disk,
so changes to the program can now be made in a third of the time

previocusly needed.

In rvecent weeks a new Camac-crate housing for the Falcon microcomputer
in T A West has been received from Hylec, a UK supplier. A version of
the control program incorporating new Camac driver software to run in
this housing is being debugged at present, and when ready will be
burned into EPROMs and inatalled in the housing. The Falcon will then
be a stand—-alone system, and the LSI-IT will be freed Eor other

applications.

A6.5.2 Target Area East Design

C Hooker, A Damerell and P Gottfeldt (RAL)

Target Area Bast 18 Intended as a versatile multi-beam irradiation
facility for experiments not requiring spherically symmetric target
{1lumination. It will thus complement T.A. West and provide features
similar (but superior) to those of T.A. 2, which is due to close down
at the end of May 1985. The seven beams from the lager area will all
be avallable in T.A. East, and several different beam layouts (Fig
46,22} will make possible a wide range of experiments on X-ray lasers
and laser-plasma interactions. The target chamber has two 600mm
apertures onto which various 'top-hat' flanges can be fitted to
accommodate different experimental configurations; fn addition, a large
space 18 avallable on the East slde of the area for experiments such as
the Z-pinch, or for extra diagnostic equipment. Other features of the
area have been designed for maximum compatibility with T.A. West: the
target chambers are the same diameter to allow interchange of
diagnostiecs, and much of the control electronice, software and

alignment system hardvare will be identlcal.

The key feature of T.A.East 1s its range of possible beam
configurations, two of which are shown in Fig. A6.23. Fig. A6.23(a)
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spherical mirror scheme developed by Ross and Hodgson (see Section
A6.6.1). The aix beams can be arranged either syumetrically around the
target axis, or In two clustere of three beams each, depending on
whether fibre or foil targets are being lrradiated. The focal line

runa horizontally N-S and is roughly Bmm long.

Fig. A6.23 (b) shows the six-beam cluster configuration, which will
allow high-intensity single-spot, multiple-spot or sequential shot
irradiation, depending on the focusing and timing of the beama. The
individual cluster lenses will be approximately f/10, arranged in a
cone with an apex angle of about 30°. The seventh beam will be
available for backlighting, and the axis of the cluster cone could be

used for diagnostic access.

this beam will be available in T A East with energies up to 400J in

Ins, for experiments needing the very highest intensities,

These are the configurations planned at present; operations will
commence in September with the line-focus set-up, and the cluster beam
will be commissioned after 2-3 monthg, subject to demand. The degign
emphagls 18 on versatilicy, however, and other configurations could be
introduced later. Among those conaidered are t¥o opposed clusters,

each with three beams, and a longer line focus derived from the 150mm
slngle beanm.

The hardware of the control system for TAE f{s identical to that for TAW
which was deacribed in laet year's report. However, an additiomal
feature has been introduced which allows equipment common to both areas
to be coatrolled from either TAE or TAW. 4 secondary multiplexer has
been bullt which allows standard crates to he addressed from either TA.
Each common crate requires one of the 15 outputa from each of the crate
multiplexers situated in the TAs. Arbitration between the two sources
of command 18 governed by the GEC 4080 computer. A watch~dog circult
ts incorporated in the secondary multiplexer to prevent operation of
common equipment if the GEC 4080 is not working.

Optical path lengths to TAE may be changed uaing 6 variable delays
driven by D.C. Motors. Each motor moves a palr of wirrors set at 45°
to the aptical path using a lead screw ?m long. An Lncremented encoder
on the motor shaft allows the relative optical delay f{ntroduced into
the path length te be determined. The multiplexer structure is not
adapted to provide the positloned control required for the delays and
it is proposed to use an i{ndependent micro-processor controlled system
for this purpose. The TAE controls will operate on thia system using a
V.24 link via CAMAC.

lay Au. 25

L) Proposed Jayout in tareet vessel for six beam cluster
() Figmsed layout an tarpel wesiel) for lune-[ofus experuncnls. cond 1guratacu.
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AB.6 FOCUSING OPTICS

46.6.1 Line Focue Optice

1 Rosa, E Hodgson (RAL)

Experiments aimed at establishing the feasiblity of X-ray laser action
in materials such as carbon and selenium demands & target illumination
which {5 a line focus of length of order 10mm and width a few

microns. Earlier experiments were limited by a line focus which was
only narrow over a length of a millimetre or so. In consequence, since
the gain of a laser 13 exponential with length, any inversion produced
had only a marginal and inconclusive effect on the axial intensity. To
overcome this difficultly an lwproved design of line focus optics has
been developed and i{s described more fully eleewhere (Ref A6.5),

The design ls based on the simple principle Lllustrated by the
epherical mirror reflection shown in Fig A6.24. Any axl symmetric
optical system such as thie spherical mirror, when illuminated with a
parallel beam down the optical axis, will focus the beam with
aberration. Since all rays aust remain in the plane defined by the
incident ray and surface normal (plane of Fig A6.24), all rays must
pass through the optical axis. Since the optical system has rotational
symmetry about the optical axis this {a true for all rays in the beam,
resulting in a line focus distribution along the coptical axis. The
transverse extent of the line focus is diffraction liated for a

perfectly apherical mirror.

Other requirements have been conaidered in arriving at our chosen
design, illustrated in Fig 46.25. PFor good coupling efficlency of
incident light into the target plasma we require that rays are all
nearly normal incidence to the target (situated at the line focus). We
require that the deposition diarribution along the line focus be easily
controllable and in particular it will normally need to be as uniform
ag possible. We also require that the beam size on all optics be at
least ag large ag the Incident laser beam to minimise the chance of

optical damage.
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The design illustrated in Fig A6.25 is an extension of the
axi-symmetric system of Fig A6.24, the principle atill belng valid 1if
the incident beam has a focus on the optical axis and if that beanm only
1lluminates s small off axie area of the mirror. This off-axis reglon
15 the airror deptcted in Fig A6.25.

One or two properties of this design are worthy of comment:

1) The length of the line Focus can be varied by either varying
the input besm eize or by changing the tilt of the mirror. The
length goes approximately as the fnput beam sfze and as the
square of the mirror tilt angle.

ii) The quality of the line focus is only dependent upon the
quality of the primary beam focus. Changes in tile or
translation of the mirror merely move or stretch the line focus
without {ntroducing tranasverse aberrations.

ii1) Multibeaa multidirectional illumination of the target 1is
straight forwardly achleved using several fdentical lens/mirror
pairs set up with a4 common axis. This axls contains all
primary focl, mirror centres of curvature and, of couree the
line focus. In particular the coincidence of all primary foci
makes alignment of the system that much easier.

iv) Alignment onto target can be achieved relatively aimply with
independent adjustments of the lens and airror.

v) An appropriately shaped aperture in the fncident beam can glve
excellent uniforaity along the line focus with very gharp cut
off at each end.

vi) The mirror is of course achromatic.

Initfal tests on the line focus optics were carried out uvalng an
expanded HeNe laper beam. Fig A6.26 ahow photographs of the line focus
over a length of 9mm. The transverse extent of the line waa

demonstrated to be close to diffraction limit of the F/2 airror.

Fig A6.27 shows the measured distribution along the line focus vaing a
shaped aperture aes shown. Berter than t 5% uniformity ie measured with
end cut-off reglons considerably less than the instrumental

resolution.
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Experiments have now been carried out on VULCAN with second harmonic
pulses focussed onto carbon fibres of 7um diameter and onto thin foils

of selenium. These exper!iments are reported In Sectlon A4.2.

1Tm 2Tm Imm trm ﬂnm ETm 7mm Bmm qu
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Fig Ab.20 Line [ocus to scale showing segments photographed.
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A6.6.2 Appheric Lens Manufacture

Following the succensful manufacture last year of fourteen f2.5
Aspheric Doublets for the ¢108 beams Iin TAW, a further 9 are now being

manufactured for upe in TAE.

Also two sets of spare optical components for the Apodigers, at present
in use on the glass laser, are being manufactured. The Apodigers are
vital components used for shaping the beam to & modified gausian
distribution in the rod smplifier stages. The original and only
suppliers of these components have stopped manufacture, owing to the

difficulties encountered in shaping such a ateep aspheric. Manufacture
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will also start this year two £2.3 Aspheric Doublets Eor the new $150
glngle beam. These will be based on a similar design to that of the
$103 doublets, and similar techniguea of manufacture will be used.

A6.7 DIAGNOSTIC INSTRUMENTATION

A6.7.1 Inertial Positioning System for Stalkless Spherical Targets

G Taakiris, J Bayerl (MPIQ Garching) J McGlinchey, C L § Lewis
(Queen's), A R Damerell and C J Hooker (RAL)

A8 a repult of work carried out at the Max-Planck Institute, Garching,
Munich, RAL and QUB & device has been developed for the accurate
poaitioning of stalkless targets and thelr release. The current

device la the third veraion and has been designed to be compatible with
the RAL twelve beam target chember. It s commonly called a 'Rat
Trap'.

The Rat Trap is shown aschewatically in Fig. A6.28. The plastic shell
target 18 placed by means of a very fine glass capilliary on an airline
on top of the pin. The hammer 1s forced against three springs up ro
the position ehewn by a pneumatic bellows requiring a differential
pressure of two atmospheres. It is locked in this position and the
bellows are withdrawn. A solenoid releases the hammer which
eynchronizes the lager pulse and near the bottom of f{rs travel rhe
hamaer makes contact with the pin which starts to move down almost
instantaneously with a velocity of 20 m 8~!. The target remains in itas

position and etarts to accelerate under gravity.

The main difficulty with previous versions was cohesion between the
microballoon and rod surface. However extensive testing of various
surfaces carried out at Queen's University Belfast and investigation of
the effects of moisture, electro-static charge, chamber pressure etc.
has repulted in the reduction of this effect to an acceptable level.
Fig. A6.29 ghows curves of balloon displacement vs time for two
different chamber pressures along with the reference s = llzgtz curve.

The best aurfaces tested were certain highly polished metals.
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Sciematic diagram of the inertial positioning device for use in
e twelve beam target vessel.

Graphite also gave good release of the microballoons but not 1n irs
polished form. At low pressures (0.1 torr ) there is little adhesion
and since the delay between the Rat Trap firing and the laser pulse can
be made 0.5ma or less the mictoballoon doesa not move glgnificantly

before it 1s irradlated (Fig A6.29).

The only remaining difficulty with the device 18 that due to the
considerable internal momentum developed after the hammer release. The
entire device, unleds rigidly clamped to a massive object, will move.
This results in a displacement of at best several tens of mlcrone
before release. However the Rat Trap must also be mounted in such a
way as to allow accurate x, ¥ and z positioning of the target and a
mounting mechanism which will satisfy both sets of requirements is

currently belng designed. Testing is due to resume in June 1985.
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Fig A6.29 Distance V5 time for targets released from a graphite surface.
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A6.7.2 Point-Projection Diagnostic Development

CLS Lewis, J McGlinchey (QUB) and T Damerell (RAL)

Apparatus desipgned to facflitate the application of point projection of
X-raya as a diagnostic in backlighting experiments has been constructed
and successfully tested. The layout of the equipment is ghown in Fig
A6.30 and the degrees of freedom avaflable for slignment, spectral
range selection and cryastal positioning illustrated. These include
pointing and positioning of a thin wire target (> 10 um ¢) through 0,
XB, YB' ZB and angular and spatial positioning of a given crystal to
allow radiography in a speciffed energy bond through ¢ , p and q.

Al) parameters are written in to the same software used to allgn the

main target and lenses.

Fij, Ab.30 Geametrical layout for Krapg crystal used in point projection
radiograpiny. The target to phosphor screen detector distance
is <« Syan.
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The cryatal mounting Is arranged such that for a given probe energy the
crystal can be tracked along an arc of a circle which passes through
the source and the detector while maintaining the appropriate Bragg
matching angle. This is illustrated in Fig. A6.30 where p, q and § are
related to the mean probe wavelength A and the source to crystal

geparation z by

A
p =
(1—A2)E

q= z(( 1 - XZ)h_ (1_A2)¥JE
2 (132)

and sin ¥ = A((M/ 2 - 22 #2912 £22 - )

Here A < 1 18 in unite of the cryatal 2d epacing and p, q and z are in
unite of the dlstance between the point source and the detector. The
P, q and ¢ adjustments are engineered onto a single stand-alone base
plate and the cryatal can be located anywhere within the hatched region
of Fig A6.30. For a 40 x 30 mm PET cryatal this corresponds to a probe
wavelength region of ~ 4-6 A with a spectral range at any getting AA

~ 4/10 and a closeat approach distance of the crystal to the target of
> 15 cms The 50 mm dismeter phosphor plate (fibre optically coupled to
an image intensf{fier) which acte as detector is angled in the

chamber wall flange so that ircldent rays from any cryetal position are
£ 10® off normal.

Light baffling of the phosphor is achieved with an extendable, sliding
tube turret which can be swung around to point at the crystal and which

carries an alluminised wylar filter.

This geometry has been chosen as a means of aligning the crystal close
to the target as it allows a future option of locating the phosphor
screen much cloger to the crystal fn a re-entrant flange. This will be
advantageocus when the point source ls moved closer to the main

target to minimise digtortien of the projection through refraction with
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g resultant very high magnification (Ref A6.6). At present this
separation i{s typically 5 mm with a magnification of = x 100.

46.7.3 X-Ray Pinhole Camera with Multilayer X-Ray Mirror
A Cole and E Madraszek (RAL)

The X-ray pinhole camera with phosphot/intensifier recording has been

routinely and successfully used on many experiments since its

introduction (Ref A6.7).

A modification has now been made to lacorporate a multi-layer X-ray
mirror (A6.7.2) into this device. The arrangement is shown ia Fig.
A6.31). The axial displacement of the mirror can be varied by using
different spacers, the mirror tilt Is controlled by the micrometer.

Typical ray angles on the mirror are 1.5°-3.5%.
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 Fiy Ab.3]1 Arrangancnt of X-ray pinhole camera with multilayer X ray mirror.

By using two pinholes, correctly seperated and orlentated on a asingle
substrate, made by the laser drilling technique (A6.8), it is possible
to project two images onto the phosphor. One 1s a direct pinhole
image, the other undergoes reflection at the mirror and 1s therefore

monochromatic.
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A6.7.4 Fully Automated Image Analyeis of Alpha- Particle and Proton

Etched Tracker in CR=-39 plasrie

A P Fews, (Bristol Univeraity)

An image analysis system has been developed which is capable of fully
automated scanning, identification and measurement of etched nuclear
particle tracks in plastic. It is here applied to a-particle and

proton tracks in CR-39 plastic.

The operaticnal aystem described here differs {n several Important
respects from the prototype described previously (1984 Aanual Report).
The system described here became operational in December 1984 and has
been used since then to analyse several experiments at the CLF using

CR-39.

Summar

The surface of the CR-39 is acanned on a microscope stage capable of
stepping in lym steps over 10 x 10 cm. An autofocus system positions
the microscope objective to ~ lum of the plastic surface. Images of
the CR-39 surface (containing etch pits and plastic defects) are
produced by a T.V. camera. The images are read by a FDP 11/73 computer
into a 512 x 512 pixel 8 bit deep frame buffer. The computer analyses
these Iimages, as outlined below, to produce measurements of the track
etch pits. These measurements enable accurate determination of the
energy and position of the a-particles (or protons) lncident on the

" CR-39. The scanning algorithm in the computer moves the microscope
stage and gelects the appropriate portions of the image such that all

events are analysed once and only once.
Typically the system scans with an optical magnification of

~0.5um/pixel, giving a measurement resclution of ~0.2um by
interpolation along a line of pixels.
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Track Selection

A variety of selectlon criteria are applied in sequence to candidate
events. Thie enables rellable discrimlination between etch cones, with
well defined geometries, and non-track defects which appear on the
plastic surface. The most effective of these criteria are

1) the symmetry of the event abouf its longest axis

11) the convexity of the event perimeter

111) the average grey land of the track

Track Measurement

Some typical geometries of etch cones are shown in Fig A6.32 which
shows a 17.5im -track (3.5MeV) at a dip angle of 35 degree, for etch
times of 0.4 0.48 and 0.80 hours. The measurable parameters of the

etch pit are also shown: theee are the major and minor axes Mj and
Hithe total projected length X , the depth Z , and the radius of the
etched out end -%.

The system is now capable of categorising an event into the following

types:
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1) Shallow tracks where H1 < KT (ae shown for 0.40 and 0.48 hr etch
times in Fig A6.32). Here the parameters Hj' Hi' KT and m are

measurable. The parameters M X and m are on the outer perimeter

| L ¥
of the event, but the parameter Hjia inside the perimeter and ite
measurement depends on knowledge of the grey level distributfone

ineide the event.

The only parameter that is not measurable in this case is zt.

WOR1Y, PROFILE

VERTICAL SEOTRDN

[ ] « 2 8 R otr
ECALE: ®1CRONS LN

Fig Av.32 Typical geometries
of etchea cones in
CR5Y plastic
This contains little extra i{nformatlon however since the
meagurement error would depend on the depth of field of the
alcroacope, which 1is cléarly larger than its horizontal
resolution.
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{1) Steep tracks, where Hj>xT. The measurable parameters in this cage
are HJ and Hi' The other parameters, KT, m and ZT are not
obsetrvable because they are blocked from view by other parts of
the etch cone. This will always happen when the tracke are viewed

on the upper surface of the plastic.

1ii) Short range tracks whose range <A, where 4 is the bulk etched
layer of the CR-3}9, such that Hi-’ and consequently Hj-XT. This
ia shown in the 0.80 hr etch time in Fig A6.32. The parameters Hj

and “i may of may not be equal. 1In this category the parameters

(Hj'xr) and (“1'"’2) are measurable. The parameter ZT is not
directly measurable.

These measurements are all obtalned from the image, when the microscope
is focussed on the (upper) surface of the CR-39. There are no plans at
present to measure the deptha of the tracks, from a stepping motor on
the 2 drive, for the reasons outlined above. However, in category
(iii1) above, for round tracks where Hj-Hi-XT-n only one independent
measurement can be made. 1In this case a ZT measureaent would be
desirable. This may be achievable from Information present in the
grey land distribution around the track when focussing on the plastic
surface, without the need for taking image frames at other focal
positione.

Track Analysis

The data from the image analysis program are passed to the track
analysls program for the compilation of the input particle parameters.
These parameterg are:

1) The particle range at the plastic surface (and hence Lts energy).
2) The particle dip angle with respect to the plastic surface.

3) The characteristic bulk etching rate of the plastic, VB-
4) The scale factor for the track etch rate range relationship
that best fits the measured track parvameters.

5) The etch inducclion time.

A6.48



The analyeis can cope with sny arbitrary set of measured etch pit
parameters and calculated any arbitrary combination of the input
particle pazrameter listed above (provided a sufficient number of track

parameters were measured).

Calibration of the CR-39

Sets of meagured tracks are taken on CR-39 plates exposed through a
step degrader to a-particlea, and etched for different times.

The program cau use this data to build up a new VT—range curve, etch
induction time-ramge curve even if the total range of the
a-particles 1s not known. The new VT—range and T-range relationships
can be compared with the previous curves, and iteration can be
performed if necessary. This is the first time that a semi-automatic
calculation of the VT-range and T-range curves has been accomplished
(as compared to merely calculating ecaling factors, as described

earlier).

To date, the automated acanning image analysis system has meagured ~10%
a tracks compared to ~ & x 103 tracks by manual measurement in the
whole history of the Track Analyiser group at Bristol, and is now an
essential part of experiments using CR-39 at the CLF. 1In this report
gee Sections Al.4 — (Hot matter stopping power), Section A2.4 -
(Rayleigh-Taylor instability) and Section A2.2 — (ablative

compresgion).

A6.7.5 Barbee Mirror Characterisation

K Evane (Lecelster University), & Cole (RAL)

The sample studied consisted of 75 perlods of alternating W and C
sputtered (by Professor Barbee, Stanford) onm to a polished metal core
(supplied by Astron) with nominal period 21A. The full face area was
some 9mm by 33mm. Assessment was required of the Bragg reflection
behaviour exhibited at glancing angles 2° to 10°. Assegsment was alao
needed of specular reflection at these angles to the extent that these
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effects will reduce the signal/noise ratlo in uge of the Bragg

reflections.

The sample was mounted to table 2 of the Lelcester machine. Pairs of
slits set a pencil beam of aperture 0.3mm by 2.00mm, collimated to 8.4
olus of are. The X-ray tube was loaded to generate Moseley lines (by
electron bombardment) at (among others) A 9.89, 7.13, 6.99, 5.73, 3.74.
A scan from 10° 00' to 5° 40' ia shown in Fig A6.33. The scan was made
with the beam passing a 25um Be high-pass filter. From the predefined
spectral content of the beam, an identification can be made of the
lines observed. These are indicated on Flg A6.33 together with the
literature value of the wavelength of that transition. The chart ig
accurately linear in glancing angle of the beam to the reflector; the
end polnts are known to within a few arc minutes. Therefore any one of
the lines recorded may be used as reference to make a first calculation
of the grating pericd. The best recorded, and least ambiguous, line

of the set 1g S K_at X 5.37. This gives an estimate of the grating
period at 2d = 43.84. VUsing this nominal value of the grating period
the wavelengths of all the other lines recorded on Fig 46.32 could be
calculated as a check on the identifications of the whole set, and
therefore (importantly) on that of the § K_ 1line upon whose correct
identification the calculated value of 2d depends. There cam be no
doubt that the identifications are correct; the spread of the
differences between the calculated and literature values of the line
wavelengths suggests an uncertainty on 2d of no more than 1 part in
200, so 2d = 43.8 t 0.2A. We note from Fig A6.33 that the two lines
at A 6.99 and A 7.13 may be said to be Just resolved. This requires a
resolution 4A/X € 1 part in 50. Scans covering the range 5° + 2° ghow
that the device is capable of strong specular reflection of aofter
radiationa.
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Introduction
J Szechi, M J € Smith, G Hogg, F O'Neill (RAL)

The Ultravioclet Radiation Faciiity (UVRF) continued to provide laser
radiation from the vacuum ultraviolet to the near infrared together
with a range of dlagnostic equipment. During the reporting year the
facility was used for fundamental research 1n blology, chemistry and
physice by groups from 13 Universities. Demand for use of the facility
was very high and experiments proposed by five first—time users were

incorporated in the year's schedule.

Studies involving resonance Raman gpectroscopy accounted for a
subastantial fraction of the gcheduled time and much progrees was made
In this area. A notable puccess In the application of Raman technlques
in the blological field was the measurement of vibrational frequencies
in an enzyme-gubstrate intermediate providing information on the
hydrogen bonding 1in the Intermediate. Important regults were obtained
in other areas of apectroscopy and photochemigtry. The purchase of new
equipment provided the experimenters with better diagnostic facilities.
A new Innova argon lon laser has proved a useful ald in resonance Raman
studies, and the new Ultraspec spectrophotometer is 2 useful aid in

sample preparation.

While the lasers provided by the UVRF were maintained in operable
condition for over 90% of the scheduled time, the need for a major
overhaul became apparent. Arrangements were made at the end of the
reporting year for service of the EMG 10l and EMG 150 lasers by Lambda
Physik in Germany and improved performance ls expected after they

return from the manufacturer.

Towards the end of the reporting periocd a lot of effort was put into
the development of new laboratory space and on the purchase of new
lasers for the planned Laser Support Facility (LSF). From the end of
April 1985 the UVRF will be incorporated into the LSF and this new

facility will provide additional laser systems such as picosecond

lasers and YAG pumped dye lasers.

Bl CHEMISTRY

Bl.1 RESONANCE RAMAN SPECTROSCOPY

Bl.1.1 Time-Resclved Resonance Raman Spectroscopy

J N Moore, D Phillips (The Royal Institution). P M Killough and
R E Heaster (York University).

a. Sulphonated anthraquinone derivatives

Investigations have continued into the resonance Raman spectroacopy of
intermediate species observed in the photochemical teactlons of several
sulphonated anthraquinone derivatives. These molecules are of interest
because of their high photochemical reactivity, applications as
photosensitising agents, and poselble use in the field of solar energy
storage, The scheme for reaction following absorption of a photon, as
obtained from transient absorption studles, 1s given in Fig Bl.l. The
singlet state 18 too short—lived to be observed in these experiments,
but the triplet, transients B and C, the semiquinone radical anion and
its protonated form, the neutral radical, have lifetimes which allow
study with the nanosecond time resclution available here. The

experimental arrangement is given in Fig Bl.2.
S0”
T0S

3
Anthraquinone- 2,6- disulphonate -

The sample is pumped intc the excited state by exclmer 1 usiag XeF to
give output at 351 nm. The dye laser, delayed by a suitsable time from
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the pump pulse, ia then used to probe the resonance Raman spectra of
the various species formed following photolysls. By verying the time
delay between the two lasers the time dependence of the transients may
be studied. Changing the probe laser wavelength in the rtange 400-560
no allows the various absorption bands to be tuned into, thereby giving
resonance enhancement of the species assoclated with each absorption

band selectively.

Spectra have been obtained for all five speclies stated above as

suitable candidates for observation. The radical anlon, AQ", has
produced the highest quality spectra and the time dependence of this
anion is ghown in Fig Bl.3. Here, the species 18 produced by electron
tranafer from nitrite fon to the triplet and the decay is due to
quenching by oxygen. This spectrum is observed at 480 nm, but by
tuning the probe laser to wavelengths shorter than 425 nm and
adjusting the pH of the sample to less than 2, the protonated form,
AQH’, may be detected. The other specles have proved more difficult to
characterise because of two photon effects encountered using the high
power densities of the focussed dye laser, but nevertheless their
spectra have been obtained and kinetiec properties studied.
Polarisation erudies are pregently underway to determine the aymmetry

propercies of the vibrations observed.
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b. 7-Hydrexyflavone and related compounds

Proton transfer reactions in electronically excited states are
important in understanding the nature of those excited states, and

are of widespread photochemical lmportance. Frequently the

reactions, involving singlet states, are rapid and requlre obaervations
on the picogecond timeascale. However, 7-Hydroxyflavone and several
related compounds have been studied recently by tramslent absorptien
and fluorescence techniques and have been found to produce tautomers by
excited state proton transfer which in thelr ground state have
lifetimes in the nanosecond to microsecond regime. These studies have
tentatively assigned the structures of the tautomers, but without any

observation of the vibrationsl bands needed to confirm such

assignments. Hence time-resclved resonance Raman studies have been

undertaken ro achieve this.

HO. 0O
oLy

0

7 -Hydrexytlavone

7=-hydroxyflavone has been excited at 351 nm, and probe wavelengths of
370-425 nm have been used to observe the rescnance Raman scattering.
Despite the strong methanol solvent bands present in the reglon of
observation, spectta due to both ground state tautomers have beea
observed and theilr time dependencles studled. These seem to correlate
well with the lifetines reported in the translent absorption studies,
and work is continuing to agsign the bands and determine the structures

of the gpecles.
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Bl.l1.2 W Surface Enhanced Resonance Raman Spectroscopy (SERRS)

R E Hester, A € Gorvin, J de Groot and R B Girling (York University)

Surface Enhanced Raman Scattering {SERS), has been used in many recent
investigations to further understanding of surface chemistty and alsc
as a means of obtaining spectra frow very small quantities of material.
The effect has been shown to be strongest for silver and gold solse and
electrodes illuminated with red laser light. However, it has been
shown recently that 1f the material absorbed to the metal surface has
an absorption band in the short-wavelength visible spectrum, then the
maximum of the excitation proflle moves from the red to the approximate
position of the absorption peak of the adasorbate. This 18 the SERRS
effect.

Many molecules absorb light in the UV, and if thie shift of the
excitation profile applied to the UV as it does to the visible then
many molecules would become available for study. A atudy of UVSERRS
effects could helprgg:elucidace the fundamental mechanisms of this new

phenomenon.

The colloids which formed the main part of our first set of experiments
were examined using the jet and pump which has been described in
previous reports. The collolds remained stable in this syatem
provided the flow rate was maintained a a minimum compatible with an
even flow from the jet. It was found that too high flow rates caused
aggregation of the gol with consequent loss of the SERRS effect. The
laser power was reduced to approximately 3mJ (measured before the

gample 11lumination optica} and the beam was focuased below the Jet.

The experimente on electrode surfaces were carried out uwsing an

electrochemical cell fllustrated in Fig Bl.4.
The laser was focussed above the electrode surface to avold damage to

the cell window. The electrode was aligned by using an argon lon cw

laper before switching to the line narrowed KrF laser.
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Figure Bl.4 The electrochemical cell used for SERRS

experiments and the study of chemically
modified electrodes
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5 UV/vis. absorption spectra of A- pyridine;
B- NADH; C- pyrrole.

Pyridine was selected as the first molecule to be studied as it ig

well documented in the literature and has been used as a standard In

SERS experiments. Fyridine has a strong absorption band in the

region of the 248 nm laser line (Fig B1.5), indicating that the SERRS
effect sghould work well for this molecule.

Initially a RRS waa sought from the pyridine. An aquegus solution of 1

x 10-3 ¥ pyridine was prepared and aligned without a RR$ from pyridine
being obeerved. The concentration of the pyridine was then varied

between neat and 1 x 1076 ¥ without observing a RRS from any of these
golutions.

A small quantity of pyridine was added to a sol in an attempt to

observe SERRS despite the lack of a resonance Raman gpectrum, but again
without success.

NADH was selected as the next molecule to be studied. It has an

abeorption maximum at 260 nm {Fig Bl1.5) and adsorbs on silver quite
readily.

In add{tion its RRS had already been obtained with 248 nm excitation
(see last year's report). The RRS was obtalned at first in a repeat of
the previous experiment. On addition of the silver sol to the NADH
solution the RRS was observed to decrease in intensity slightly, rather
than Increase in intensity as expected if the SERRS effect was in

operation. The decrease in intensity can be explained by the dilution

of the sample upon addition to the silver sol.

The experiment was repeated with a gold sol, when the same effect was
obeerved.,

Tests were carried out for SERRS with pyrrole as the adsorbed molecule;
this molecule adsorbs weakly in the region of the laser (Fig B1.5) and
a RRS was obtained from a 107! M solution. However, upon additien of

the scl no enhancement was obgerved; in fact a decrease in the quality

of the spectrum was noted similar to the effect observed with NADH.
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Finally an experiment was carried out to try to obtain a SERRS spectrum
from pyrrole adsorbed onto a silver electrode sulitably prepared to
generate surface enhancement. This experiment also proved to be

fruitless.,

From these experiments we have established that the SERRS effect

cannot be seen in the UV when excited with high peak power exclmer
lasers. It 1s a matter of concern that we could not see a RR5 for
pyridine and, since the gold and silver sols used absorb strongly in
this region, as does pyridine, it is possible that the samples are
being "burnt out”. Two further experiments are therefore suggested
bafore thia set of negative results can be completely analysed. First,
2 system knowm to give SERRS in the visible region with cw lasers
should be illuminated with the excimer/dye laser in an appropriate
epectral region. Secondly, if posaible, a low peak power UV lager

ghould be used to try to obtain a RRS of pyridine and SERRS spectra.

Bl.1.3 Raman spectra from modified electrodes

R E Hester, A G Gorvin, J de CGroot and R B Girling (York University)

Little progrens has been made on this area of regearch this year.
However, we have managed to gain some valuable experlence in the use of
the electrochemical zell and we are now confident that useful results

could be achieved next year.

When we first atarted to use the cell we found that we very easlly

damaged the silfca window by focussing the laser incorrectly., We then
tried Focuseing the laser above the electrode rather than below it {as
18 normally done with capillary tubes or with the jet). This had the
effect of defocussing the laser beam at the electrode surface and alao

glving a low power density at the cell window.

At first we were unable to see any scattering from the electrode
gutrface or reflections from the cell window collected by the
ellipsoidal oirror and focussed onto the épectrometer entrance slit.
Thia was probably due to the very low laser powera used, for fear of
damaging the cell window. With the new focusslng arrangement we were
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able to increase the power of the lager to about 3mJ and were then able
to see the pattern of reflected light and scatter from the electrode

that we had expected.

We also found that we were able to align the scattered light
collection optics by observing the intense water band at about 3200
eml, Although the amount of light scattered by the water between

the electrode surface and the cell window 1s very small, giving only
weak Raman epectra, it 18 nonetheless sufficient to correctly align the
cell and collection optics.

We reached this stage on our last visit to the Laboratory. We made no
further progress due to the instabilitles of the KrF laser at that
time. We feel confident now though that it is possible to exzmlne an
electrode surface, modified by an organic polymer, without damage to
the surface or the cell. Over the next year we should obtain some

useful results from this line of research.

Bl.l.5 Resonance Raman spectroscopy of change-transfer excited

states of Copper (I) complexes.

S E J Bell, J Lawthers and J J McGarvey {Queen’s Univeraity Beifast)
a. Introduction

Resonance Raman (RR) spectroscopy has recently been employed in several
instances as a structural probe of the excited states of transition
metal complexes (Bl.l), notably of polypyridyl complexes of Ruthenium
(11} which are of interest in relation to solar emergy converslon
gchemes. Also of interest in this respect are the metal-to-ligand
charge-tranafer (MLCT) excited states of Copper (I) complexes, Cu(L);.
with 1igands such as 1,10 phenanthroline (P}, 2,9~dimethyl-1,10
phenanthroline (DHP)} and 2,%-diphenyl 1,10-phenanthroline (DPP) which
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appear to have considerable potential application im
photeelectrochemical systems (Bl.2). Using a pulaed Nd3+/YAG lager at
QUB we have recently recorded the MLCT excited state abasorption (ESA)
spectra of Cu(DMP); and Cu (DPP); and we now report the resultes of
preliminary lovestigations at RAL of the RR spectroscopy of these two

+
complexes and also of Cu (P)z.

b. Experimental

The BR spectra were generated by means of the FL2002E pulsed dye lager
using excitation wavelengths in the reglons of 390 nm and 460nm. The
pulsed laser beam (rep. rate 10Hz)was brought to a focus slightly above
8 quartz caplllary sample-tube, typical pre—focus laser energlen

being in the range (3-8)mJ/pulse. Solutions of the complexea
(ca.10"3me1 dm‘a) in dichloromethane or chloroform were purged with
argon and injected from a syringe through the caplllary generally at
flow rates > 10ml/min. to minimize heating and/or photodecompoaition of
sample. The 90° Raman scattered radiation was dispersed by the
Triplemate spectrograph (600 lines/mum grating) onto the diode array
OMA2. Gating of the array was imperative in order to achieve
acceptable spectral resolution. Raman spectra of indene and
cyclohexane, recorded on static samples under the same optical
condition as the complex solutions, were used for frequency {cm™ 1)
calibration.

c. Results and Discuselon

Due to rthe relatively small amounts of samples availlable and the
necessity to use fast flow rates, the number of spectral scans on each
sample was kept to a minlmum. TIn some instances this amounted to the
accumulation of as few aa sixty laser shots per sample. The three
complexes display strong MLCT absorption bande in the visible region
and the RR gpectra of Cu(P); and Cu(DMP);, both excited at AEX =
457.90m, are shown in Fig BlL.6 (a),(b). They exhibit substantially

the same pattern of peaks as published ground electronic state (g.8.)
RR spectra of Fe(P)§+(Bl.3) and Ru(P)§+in which the bande have bheen
asgigned to gkeletal stretching vibratiens of the ligands. The most
prominent feature in all of the spectra is a peak In the reglon of
1630en~1. RR spectra of Cu(P); and Cu(DPP); i1dentical to those in (a)
and (b) (within the uncertainties of the em~! neasurements) have

also been cbserved under cw excitation (at QUB) with an Ar+laaer at
488nm. It therefore appears that the spectra in Fig BL.6 (s} and (b)
recorded under pulsed dye laser excitation are g.s. sgpectra, with no
features attributable to the MLCT excited state. This is not
unexpected, parricularly in the case of Cu(P); where the liferime of
the MLCT state in ghort (<1lns) In comparipon with the dye laser

pulse duration. Furthermore, AEK = 457.9nm 13 well removed from Amax
in the ESA spectrum s¢ that negligible reasonance enhancement of the
Raman scattering from this state should be expected, The RR spectrum
in Fig Bl.6(e¢) is that of Cu(DPP)2 generated at AEX = 385nm. A
striking difference compared to the spectra in (a) and (b) 1s the
abaence of the feature at 1430cm™! and the emergence of new features at
ca.l413em !, The reproducibility of the spectra 1s demonstrated by the
two traces in (c) recorded in separate runs on fresh samples. The

significant point about the spectrum is that A is almost coincident

EX
with A < in the ESA spectrum (shown in Fig Bl.7)} of the MLCT state of

Cu(DPP), .

B.10
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Figure Bl.b  jye laser-generated resonance Raman spectra _of
Cu (L)+2 complexes in solution. ( #denotes solvent peaks)
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Wavelength (nm}

Figure Bl.7

Ground ( __ ) and MLCT excited

state in OH,Cl,. (T marks dye
laser excitation (————--==-- )
absorption spectra of Cu (DPP)*2
wavelength for RR spectrum in
Fig 1{c)).

Alchough two of the peaks in the
RR spectrum are cloase to those In
the g.s. spectrum {b) of Cu(DHT);
their intensities suggest that
they are unlikely to be due to
g.8. e@cattering aince substantial
depletion of the g.s. occurs
under the excitation conditfons
uveed for the generation of
spectrum (c¢) vwhere the number of
photons 1is estimated to exceed by
a factor of (2-3) the number of
absorbing species 1in ‘the
irradiated volume. The liferime
of the MLCT state of Cu(DPP); in
CHCP, is >200n8 8o that a
conslderable concentration caun
be created during the laser pulse.
We tentatlvely suggest that the
spectrum in Fig Bl.6(c) may be

attributable te RR scattering from this MLCT state i.e. the same laser

pulse serves both to populate and to Interrogate the excited state. If

this tentative assignment 1s correct {see below) then the persistence

in gpectrun (c) of frequencles characteristic of the neutral DPP

ligand would suggest that the MLCT excited state may be formulated as

CuII(DPP)(DPP):, with the 'tranasferred' electron localized on one of

the 1ligands. The evidence for the aasignment is obviously far from

complete and to subatantiate ft, studies are In progress on the

electronic absorption and Raman spectroscopy of the radical anions
- - +
(DMP)+ and (DPP)* . A 'true' g.a. RR spectrum of Cu(DPP)Z, generated

by cw excitation at 385am, should alse be recorded to rule out the

possibility that spectrum (c) may arise from selective enhancement of

different g.8. vibrational modes when AEX is altered from 457.9nm to

385nm. Further support for the proposed



assignment should be provided by measuring Raman excltatlon profiles of
the MLCT excited state and by two-lagser pump-probe experiments. It is
hoped to initiate such studies In future visits to RAL.

Bl.2 NON LINEAR SPECTROSCOPY

Bl.2.1 Two-Photon Spectroscopy of Uranyl Compounda

R G Denning, J R G Thorne and T J Barker (Oxford Univergity)

The covalent bond in actinide chemistry i{s seen in its simplest and
nost atriking form in the actinyl lons M02%t, These centrosymmetric
iona provide a straightforward test of our understanding of the
covalent bond in these elements. The metal-oxygen bond is
exceptionally short and strong; the half-1life for oxygen exchange in
aqueous solution is greater than 4 x 10% hours. Any analysis of the
bonding requires an understanding of the role of 5f, 6d and 6p metal
orbitals, as well ae the oxygen orbitals. The optical apectrum ig very
helpful in asasessing the nature of the first excited configurationms,
and has been the gsubject of a series of polarised single-photon studles
in a muber of different symmetries (Bl.4). The visible epectrum is
highly atructured and complex and is composed of vibronlc structure
originating from as many as slx doubly degenerate atates of the
cylindrical ion, split to differing degrees by the equatorial field.
Those pure electronic transitions which are directly observed have
polarisations, in centrosymmetric sites, indicating that they are
parity forbidden. Taken together with the angular-momentum properties
of the excited states it appears that the excited states have a
configuration TuTu', whetre Yy ia an oxygen based molecular orbital and
Tu' i an f-orbital. The emact nature of Y, and Tu' has been the
gource of some controversy, with the possibilities that Tu is either uu
or ¥ . The latter cholce predicts twice the number of excited states
within the same regifon of the apectrum, and the question inevitably
arises as to whether all the exclited states have been observed and
their symmetries correctly assigned. In a spectrum with conslderable
vibronic complexity this question cannot be anawered conclusively.

In Cs,U0.,C%,, a total of twelve electronic excited states are inferred

2772774
from the vibronic structure, but only seven no-phonon transitioms are

B.12

directly observed, the location and symmetry of the remainder belng
deduced from subtletles of the vibrational structure.

We have etudied single crystals of cszuozcnh by two-photon luminascence
excitation at 4.2K, with 0.2A resolution in the range of photon
energles between 10,400 cm~! and 14,400 cm~!, giving access to most of
the reglon where the slngle-photon spectrum has been studied precisely
(BL.4). It was necessary to use a large range of dyes; IR-140,
Pibenzocyanin, Oxazine-750, Styryl 9, Hexacyanine-3, Nile Blue, DCM

and Sulpharhodamine B. In the approximate D glite pymmetry, four

2h
distinct pelarizations are expected with excited state pymmetries
Alg(xx.yy,zz). Blg(xy). Bzg(xz), ng(yz), vhere the brackets Indicate
the polarisations of the two-photons creating the transition. Our

experiments have concentrated on the yy,xy, and yz polarisations.

Figure Bl.8 containsg a survey of a esmall portfon of the yy polarisation
showing its comparison with the same region in single-photon
absorption. The two-photon spectrum excludes most of the vibronle
gtructure, The most Intense features in the spectrum ate pure
electronic transitions (and progressions thereon) most of which have

not been observed previously.

B.13
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ABSORBANCE

Table Bl.l

Transition Mechanism

Origin D Symmetry Wavenumber Single—photon Obs Two-photon Obs
Xtzyl h
XV y
I 2 20,095.7 uy / xz /
L i II B3g 20,097.3 o / ¥z /
Xiy) II1 Bls 20,406.5 exy / &y /
v A 21,313.8 2 2 - ¥y /
IRt v B 22,026 7 /
| 1 x11 2g ? Yy e
1 VI 533 22,076 L - yz -
Zlxy} vII Ag 22,410 exz yz - vy /
NaVyaVy =
AT ’ VIII B 22,75 ] -
viteevy " lg e xy > !
| rﬁ : 1% BZg 26,197.3 w / Xz !
] _ —
13700 V3500 800 12000 14700 14£00 X 533 26,247.6 n / yz /
WEAVE NUMBER fomi ) X1 Blg 27,721 v, / xy /
XI1 A, 27,758.0 exz_yz - ¥y !
Figure B1.9

The observations in the two-photon spectrum, confirm the symmetries of
the excited states, and give important support to the theoretical model
we have developed to interpret the energlies of the states (51.5).
There 18 much additional detail in the spectrum, on account of its
sharpness and relative simplicity.

Figure Bl.9 shows an example of the three polarisations, from which the There are four major polnts which the two-photon spectrum clariffes.

symmetry of the transitions is readily inferred. Table Bl.l summarises Firet, the anharmonicity in the progression 1s easily mesmsured, and the

the energles, symmetries and polarisation of the various excited anharmonic coupling between the symmetric and asymmetric stretching

states. frequencies of the uranyl group is obviocus, but differs 1o magnitude
between the various electronlc states, promising an electronic
interpretation of the anharmonicity. Second, the role of the uranyl
rockling mode, is very proncunced. The polarisation of those features
due to it suggests that the vibration provides intensity via the
virtual intermediate state., Third, the energy ordering of origins VII

and VIIT and origing III and IV, which is confirmed by the two—photon



selection rules, reflects the Influence of the tetragonal field on
atates with Guﬁu configurational parentage. The relative order
actually fixes the predominant spin configuration of the parent

states and 18 valuable in defining the ordering of the posslble
configurations. Fourth, the totally symmetric uranium chlorine
stretching frequency can be identified coupled to the excited states.
Its frequency is within lem™! of the value in the ground state. It
follows that the excitation has a negligible influence on the primarily
lonic uranfum-chlorine bond. TIf the excitation has a strong
charge~transfer component the change in charge on the uranlum would
lower this frequency, so the result {mplies a strongly one-centre
transition - a result which supports the most recent theoretical models
of the bonding (Bl.6).

We wish to acknowledge support from the SERC as well as the
invaluable assistance of UVRF staff.

Bl.2.2 Multiphoton Tonisation of H,0 and D.0

M N R Ashfold and J M Bayley (Univereity of Bristol)

The water molecule has long been popular as a model aystem for testing
our understanding of the dynamica of molecular photofragmentation
processes. Within the past year, the predissoclation of 1ts Elal
Rydberg atate has been investigated in a fully quantum state specific
manner (Bl.?]. «The guccess of that study - the first to achieve such
full quantum gtate selection in both the fragmenting parent molecule
and in the resulting photoproducts - was dependent upon a number of
factors, not the least of which being the availabflity of the suitably
intense, tunable narrow band laser required for the multiphoton
preparation of the water molecules in the selected quantum levels of
the C electronic state. A detalled prior knowledge of the excited
state energy levels was vital also. In the case of H20(E) this
information was available from conventional vacuum ultraviolet (vuv)

absorption spectroacopy (Bl.B] and from more recent multiphoton

B.16

lonisatlon (MPI) studles tnvolving the water molecule (BI.QJ - In
the latter studies, the € electronic state.

The water molecule possesses numeroug higher energy Rydberg states,
many of which predissociute at a rate that is sufficlently alow (k <
IOlzs‘l) to suggest that they should show up as rotationally atructured
three photon resonances in four photon MPI spectra. In this way the
5'131 and E“lnz electronic states, and their respective
predissociation behaviours, were characterlsed [Bl-ll]. These

studies were extended to slightly higher energles at the Rutherford
UVRF through use of an excimer laser (KrF, 248 am) pumped tunable dye
laser (Lambda—Physik EMG 150 and FL 2002 rspectively) operating on the
dye p-terphenyl. This syatem produced tunable dye laser light of
adequate intensity down to A » 330 nm with which it proved posaible

ta obtain the MPIl spectrum of Dz 0 dieplayed in Fig BL.l0. Details of
the experimental technique has been presented previously [Bl.9),
(s1.11}.

338 338 ~—LASER WAVE LENGTH/nm

Figure B1.10 M'I signal from § Torr D,0 as a function of laser excitation
wavelength, obtained usif
pulses.

The tesonances apparent in Fig Bl.10 correspond to three photon

B.17

g lincarly polarised 2 mJ dye laser



excitations to individual rotatlonal levels of the vibrational origin
of the ElBl (3da1 * 2b1) Rydberg state of DZU' Analysis ylelds the
following spectroscopic conatants (in cm™!) for the exclted state: vy ™
89717.8+ 0.5, A’ = 16.09 + 0.05, B' = 5.41 + 0.04, C' = 4.27 +

0.02. As with the lower energy 181 electronic states of Hzo and DZO
{51.9),[31.11] the rate of predissociation from the Elﬂl
to depend sensitively upon the parent rotational quantum state and,

atate Is seen

in particular, upon the amount of a-axls rotational angular momentum
assoclated with that level. E state rotational levels for which <J32>
>>0 prediasociate so fast that transitions involving theee levels

fail to show up as resonsnces in the MPI spectrum; conversely, those
with <Jaz> = 0 show particularly intensely. The observation may be

g

rationalised in terms of a heterogeneous predissoclation of the E 1

state brought about via Coriolis coupling to a dissociative
electronlc state of Al symmetry.

Bl.3  PHOTOCHEMISTRY

B8l.3.1 Energy Disposal in Simple Chemical Reactions
N J Dutton, I W Fletcher and J C Whitehead (Manchester University)
The reactions
2

I("Pyyp) + Fp + IF(v,J) + F

* 2

T ("Pyyy) + By » IF(v,J) + F
are important gteps in the iodine/fluorine system that is used as
source of IF for the IF chemical laser. We have commenced a study to
determine the IF vibrational and rotational state distributions under

collision free conditions. The iodine atoms are generated by excimer

photolysis

B.18

193+nm. C o + I(ZP

C H.I 55

6's 3/2)

and C,F I 248 o C,Fg + I*(ZPIIZ)
in a flowing system containing about 10 m Torr RI, 15 m Torr F, and
300 m Torr He. The IF internal state distributions are determined by
lager—induced fluorescence using the tuneable cutput of an
exciner-pumped dye laser. The dye laser i3 triggered about 240 ns
after the photolysis lager to ensure that the IF product is detected
before any relaxing collisione have taken place.

Fig Bl.1l shows z portion of the (5,0) band of IF produced by the

reaction I + F, + IF + F. The spectrum indicates a rotational

temperature of 250K.

IF B=—X{(5,0}

478 L79  WAVELENGTH/nm 480

Figure BL.1L



Continued work is required to completely characterise the IF

vibrational and rotational distributlons from each reaction.

B.20

Bl.3.2 Colloidal Photochemistry

G T Brown and J R Darwent (Birkbeck College, London)

Electrostatic flelds at solid/liquid interfaces can be used to catalyse
or direct competing chemical reactions. Thig property has been
exploited in a number of novel systems for Solar Energy conversion. The
phenomenum 18 also important inm electrochemistry and interface sclence.
The photochemistry of semlconductor colloids has only attracted
attentlion In recent years and represents a rich area for new chemical
studies.(Bl.12) The colloids are transparent and well suited to
time-resolved techniques such a&s flash photolysis and resonance Raman
spectroscopy.{Bl.13) As a result, they can provide unique information

about the parameters wvhich control interfaclal electron tranafer.

Qur preliminary experiments at the UVRF were designed to exploit the
time and spectral resclution available with the BEMG 101E XeCl exclmer
laser. The emission wavelength (308 nm) is particularly suitable for
exciting colloidal 1‘!.02 and the 20 ns time resolution was a significant
improvement on our microsecond equipment at Birkbeck. Consequently

we were able to extend our studies on interfacial electrons and begin
to explore the effect of surface charge when there 1s a large
overvoltage for the reaction. A simple test reaction was chosen that
involves electron transfer from T10_, to the cation methyl viologen

2
(N,N'dimethyl-4,4"' bipyridine).(Bl.14)

Previous work in our laboratory has shown that for TiO2 in the pH
reglon 2 - 6 the rate is controlled by the thermedynamic driving

force (Taffel Equation) and electrostatics.(Bl.l4) Since the surface
charge on the colloidal particles changes from poaitive to negative in
this region there can be dramatic changes in the electrostatic

forces. Indeed we find that the electrochemical r%te cg?atant { ket

cm/s ) 18 sensitive to pH and ifonle strength (I dm mol ) so that

)
- + -
1) log k. log k. + @ (pH - P2ZP)
and
2) a = e + B/ 1
B.21
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Figure Bl.lZ vyariation in pseudo first-order rate constants

for reduction of methyl viologen with pil and ionic
strength.

where ao and # are conetants and k:t is the electrochemlcal rake
congstant when the surface charge is zero, l.e. at the point of zero
zeta potential ( PZZIP ). The experiments at the UVRF were designed to
test the valldity of equations (1) and (2} at high pHl when tﬁe

thermodynamic driving force and surface charge are large.

The work was very successful and the results are gsummariged in Figure
Bl.12,

Both ionic strength and pH have charge tranafer so that the rate can

change by a factor of 10,000. Whereas the rate is gsensitive to ionic
strength in between pH 2 and 6, 1t has 1ittle effect above pH 7. 1In
this reglon the reaction is dominated by the thermodynamic term. This
may result from variations In the number of long adgorbed fn the
Helmoltz layer on the surface of the particles. For example 1f more
ions are adsorbed at low ionic strengthe this will reduce the
electrostatic attraction and moderate the lonic strength effect.

Further experiments wi{ll be needed to test this hypothesis.

BL.4 LASER INDUCED FLUORESCENCE

Bl.4.1 Oscillatory continuum emission from IBr, Br.,I, and other work

J P T Wilkinson, R J Donovan, D Austin, M MacDonald (Edinburgh
Univeraity) and A Hopklrk (Keele University)

The studies on the oscillatory continuum emission from bound-free
transitions in the molecular halogens and interhalogens were pursued
with particular regard to improving the resolution of spectta.

Studies of the spectra of both I_, and IBr were carried out by using the

2
line-narrowed ArF laser in an attempt to reduce spectral congeation

which can result in the gimultaneous pumping of a number of vibrational
levels when using a broad-band ArF laser. In both cases no significant

change in structure was discernable. However, for IBr the apectra



obtained were of much higher quality than those produced with
broad-band ArF excitatfon. Also, the use of the tunablility of the
line-narrowed source led to a better understanding of the nature of the
IBr trangition which gives rlse to the bound-free fluorescence since
the tuning range of the ArF laser encompasses three prominent Rydberg
features in its abesorption spectrum. Tuning the laser over the entire
line-narrowed range did not lead to any signlflcant change in the
fluoreacence yleld and this reaffirmed our conclusion that the
transgition leading to the bound-free fluoreacence is to a weak lon-pair
state absorption which underlies the much stronger Rydberg state

absorption.

The studles of Brz used fluorine laser radiation at 1l57nm to excite
fluoreecence. Previous studfes had shown unexpected spactral
complexity (in comparison to that found for 12) and this had been
tentatively ascribed to the presence of three different lsctople

8L, 81, 81,79 g 19079

variante, 2 Br2 an Br2 We thus carried out

experiments on an isotopically pure sample of 81'81Brzand the results
obtained clearly demonstrated that the mixed isotope aspectra were
indeed complicated by emission from different isotopic variants.

81'813t

Analysis of the 4 Bpectra using the Edinburgh computer codes is

presently being undertaken.

Further study of the CN(AZr) emission following photodiseociation of
ICN at 157om (F, laser), has been greatly facilitated by the uee of the
Oxford Lasers EX-1 laser. The much higher powers available have
enabled the recording of well resolved apectra using far fewer laser
shots than in previous experiments. The recording of the emission
gystem uslng a mizxture of ICN with a large excess of helium has enabled
us to make a more definitive assignment of the vibrational distribution
for the CN(AZr) photofragment due to the easing of the problema
asgoclated with rotational congestion, see Fig Bl.13. A more detalled

report on thls work Iz in preparation.

500 600 700
Wavelength/nm

Figure B1.13 'EN(A'II) EMISSION FROK 157,6 Nw ProToLvsIs
OF A MEXSURE IF 4 W=7 [F ICH anb 400 Nm-* oF He,

Bl.4.2 Abﬁorption and Laser-induced fluorescence excitation

spectra of '2CH.0 and !3CH,0 over the wavelength range
of the XeCl Laser

C G Cureton and D M Goodall (York Univeraity)
&« Intreoduction

Formaldehyde is the best candidate molecule for a single-atage
13¢-enrichment scheme uaing lager excitation of an electronic
transition (Bl.15, Bl.16, Bl.17). Irradiation in the carbonyl nn* band
covering the reglon 360-270 nm leads to simple preducts upon
predissociation:



The mechanism is predominantlylmolecular at longer wavelengths, but
with an increasing component proceeding by a radical pathway for
shorter wavelength (Aex<330 nn) excitation (Bl.17, BL.18). VUsing a
variety of laser sources (frequency-tripled YAG (BL-19), ion lasers
(BL.17, B1.20)} or tunable dye lasers (Bl.16, Bl.20) with linewidths
~0.1 em~! to allow discrimination between rovibronic lines for laCHZO
and lzCHZO (natural linewidth = 0.06 cn~! at room temperature)
enrichment factora over 30 have been obtained.

RCH lasetrs are the most powerful UV laser sources commerclally
available. If a sultable wavelength could be found within the XeCl
range for selective absorption by 13CH,0, an encichment scheme viable
on the grounds of scale and cost might be devised. The objective of
this experiment was to use the tunable dye-laser at the UVRF to measure
the fluorescence excitation spectra (and hence the relative absorption)
of 12CHZO and laCHZO at high resolution over the range 307.8-308.3 nm
chosen to correspond to the expected output of a line-narrowed, tunable

XeCl laser.
b. Experimental

Cylindrical gas cells constructed of quartz with silica windows were
filled with 2.0 torr of Formaldehyde, 1ZCH0 or 13:4.0, which was
obtained by heating the corresponding paraformaldehyde under vacuum.
Paraformaldehyde with 90% 135 jgotoplec purity was s gift from Amersham
International plc. Low resolutilon (0.4 mm; 42 en 1} absorption spectra
of the same samples were measured weing a UV spectrophotometer (Varian

2300).

Fluﬁreacence excitation spectra were measured at the RAL. The
radiation source was the FL2002E dye laser with the dye
sulpharhodamine-B tuned around 616 nm and frequency-doubled using a XDP
cryatal, The laser was atep-tuned over the range 307.68-308.3 nm with a
1inewidth of 0.4 cm~! {0.004 nm), the pulse energy being around 1 wl.
For 2 spectra a wider range of 305-310 nm was examined. Broadband
fluorescence emitted in the range 350-480 nm was detected at
right-angles to the laser beam using a slde-window phot&multiplier tube
with a Filter to reject scattered laser radiation. A "boxcar™ averager

B.25

tntensity [Arbilrary Units])

wag used to provide a 100 ps gate synchronized with the laser pulse (10

Hz) for data collection.

c. Results

From the absorption spectra obtailned at York, it appears that the XeCl

laser range 307.8-308.3 nm lies near the minimum between the 23 43 and
o o

210510: llozloalo bande for both of the isotopic forms.

Fig Bl.l4 shows the fluorescence excitation spectrum of lzCHZO at 0.4
)

cm™ " resolutlon.
17 1
17¢ CHa0 7's.174 .
Range af
0-21nm Xegl ' 1
— [oser
A ax

Figure B1.14 Fluorescence excitation spectrum of

12 .
CHZO (2 torr) in the region of 308 nm.



The c!3 sample taken to the RAL was subsequently found to give an
unsatisfactory absorption spectrum, so no [luoregcence information was

obtained for l3cH,0.
d. Discussion

The absorption spectrum of 13CHZO shows that the maximum of the 230430
band occurs at 307.1 nm, shifted 0.9 nm to the red of the

corresponding band for 12CHZO centred at 306.2 nm. The ratio of
13¢/12¢ gabsorption coefficients was Found to be 1.3 ar 308.0 nm, and
1.7 at 307.8 nm. To effect a viable 13¢ enrichment, 13CH20 muat have
an abgsorbance greater than 'ZCHZO in order to generate l3C-enriched CO
as a photo-product. Taken alone, the low resolution absorption spectra

therefore gseem promising.

The fluorescence spectrum of 12CHZO (Fig Bl.14) shows a minimum at
308 nm, gs found in the absorption spectrum. The fluoresceuce
intensity ratlo IF (A peak)lIF (A trough), used to compare the
210510+11°le41O peak with the 308 nm trough, has a value of 5. This
corresponds closely with the value 4.3 obtained by comparing
abgorbance ratios at the same wavelengths in the low resolution
absorption spectrum. (Since the quantum yleld of fluorescence should
not vary significantly over a narrow wavelength range, the excitation
epectra should also give a measure of the relative intenaities of

absorption).

At the bandwidth of 0.4 cm~! used in obtaining Fig Bl.l4 the
fluorescence excitation spectrum is seen to have a substantial
contribution from an underlying continuum, with sharp features
corresponding to individual rovibronic lines. The linewidth of a line
narrowed XeCl RGH laser fs given as 0.01 nm (~ 1 ecm ~1), which s a
factor 2 greater than in the present experiment. It follows that no
greater dlecrimination between peak and trough absorbance values could
be achieved using XeCl RGH laser excitation than 1a evident in Fig
Bl.l4.

A comparison of peak heighte in the excltation spectrum for lines in

the 2343 band with the fluorescence intensity in the 307.8-308.3
reglon suggests that a laCH20 red ghift of 0.9 nm would give a maximum
absorbance ratio A (A,13C)/A(A,12C) of 3. It would probably not be

;0 at 0.4-lem™!
reaclution, since an absorbance ratio in excess of 10 is required to

worthwhile meaguring the fluorescence spectrum of l3CH

warrant more detalled consideration of a line narrowed XeCl RGH laser
for lic isotope earichment. Evidently high enrichment factors are only
achlevable with laser sources having linewidths comparable to the

0.06 én~! natuyral linewidth of 13CH20 and 12cnzo.
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B2 BIOLOGY

B2.1 ULTRA-VIOLET RESONANCE RAMAN SPECTROSCOPY OF A HIGHLY SPECIFIC
ACYL—-PAPAIN

P J Tonge, C W Wharton, R J Szawelskl (Birmingham), P J Killough and
R E Heater (York)

B2.1.1 Imntroduction
The cysteine protelnase papain catalyses the hydrolysie of esters,

peptides and polypeptides via the formation of transient

thiolacylenzyme intermediates:

Thiolacylenzyme
E-5H + RC(=0)-OR' * E-5-C(=0)-R + E-SH + RCOOR
or ~NHR" +ROA or R'NH,

The formal covalent bond changes are well documented (B2.1) but little
is known about the factors, such as geometric distortfon and
non—bonding lnteractions that promote catalysis. Such effects will
result in a perturbation of the vibrational signature of the bond(s)

involved and can thus be studied using vibrational spectroscopy.

In order to obtain information regarding the conformation of the acyl
group and its interactions with the enzyme's active site Carey and
coworkers (B2.2) have used the resonance Raman (RR) appreach to monitotr
the vibrational spectrum of the bonds undergoing transformation during
the catalytic cycle. Their method relies on the formation of a
tranaient dithioacylpapain (Amax 315 nm} intermediate during the enzyme
catalysed hydrolysis of a thionocester substrate (E-5-C{=5)-R). By
using laser irradiation at 324 nm they have observed RR bands
characterigtic of the dithioceater group and ita immediate covalently

bound nelghbours.
Although the dithiocester chromophore 1a constructed by only & aingle

atom subgtitution, sulphur for oxygen, 1t would obviously be of more

value to study the 'natural®' oxygen thiclester acylenzyme.
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Simple thiolesters absorb maximally at about 230 nm, 20-40% of the
maximum absorptlion persisting at 248 nm in aqueous solution. Using KrF
excimer laser radiation (248 nm, line narrowed) we have been studying

a series of thiolester model compounds as well as the acylenzyme formed
between papain and a specific oxygen ester substrate,

N-Acetyl-L-Phe-Cly methyl egter (kcat = 5 8”1, Km = 32 M).

B2.1.2 Materiale and Methods

a. Enzyme Frepatration

The enzyme is {solated from a crude latex obtained from the fruit of
the tropical pavwpaw using a series of ammonium sulphate and sodium
chloride precipitations which sequentiaily enrich the precipitate in
the deasired protein. Papaln prepared in thls manner consists of three
components characterised by the oxidation state of the active centre
thiol group. For activity this thiol group 1s required in ite reduced
form and this constitutes approx. 502 of the preparatibn. The
remaining 502 consists of reversibly oxidised papain which is converted
to active papain in the presence of a reducing agent and {rreversibly
oxidised thiol. Active papain is separated from the irreveraibly
oxidised contaminant using affinity chromatography. In this procedure
activated-thiol enzyme 18 allowed to react via a disulphide bond with a
low molecular weight thiol group attached to an ingoluble matrix.
Irreversibly oxidised thiol cannot form such a disulphide and is washed
atraight through the matrix leaving the bound active component behind.
Enzyme containing 1 active thiol/molecule can then be separated from
the matrix by reductive cleavage of the disﬁlphide (B2.3).

b. Acylenzyme Formation

For the RR experiments acylenzyme is generated uaing the substrate
N-Acetyl-L-Phe-Gly methylester. A titrimetrfic procedure is used to
engure that the enzyme is continuously saturated with substrate during
the course of the reaction; the so-called 'steady-state'. Reaction
ylelds 1 proton/substrate molecule hydrolysed and can be followed using
a pH meter, the pH being maintained at a constant value by additions of



equal amounts of alkali. A linear relationship between alkall added
and time of addition is indicative of the gteady state.

[ Flow Sygtem

For presentation to the laser the enzyme and substrate are continuously
mixed in a flow system. Since it is known that the deacylation step
(breakdown of the acylenzyme) is rate-limiting we know that the enzyme
is completely acylated in the conditious we used. It ie thus possible
to achieve a situation in which a metastable specles (half-1ife ~ 100
ms), the acylenzyme, remains at a stable coancentration for the 8-10
seconds required for pasaage through the sawple capillary. The flow
pystem was accurately calibrated using coloured dyes and alr bubblea.
That complete mixing occure at the flow rates uaed, was ensured by
observing the mixing of coloured dyes. It was found necessary to
include a caplllary flow accelerator after the mixing chamber to ensure

complete mixing.

The acylenzyme is pumped through a Spectrosil quartz capillary which,
in turn, is translated through the path of the pulsed laser beam to
avold optical aberration from denatured protein. The rate of mixing is
arranged such that each laser pulse (10 ns, 5 mJ, 10 Hz) impinges apon
a fresh sample of mixed enzyme and gubstrate which is in the steady
gtate for the whole (10 cm) length of the sample tube. The enzyme is,
as expected, subject to damage by the high intensity laser pulses and
loses aome 30% of 1ts activity in a single pulse. A notable and
surprising feature of all the spectra we gathered was the very low
level of fluorescence interference; only the gubstrate showed any

aignificant fluorescence.

B2.1.3 Results and Conclusion

Thiclester carbonyl etretch has been obeerved at 1-50 wM in a number of
model compounds and has been found to vary from 1685 cn~! for ethyl
thiocloacetate Fig. B2.1 (IR (MECN) 1688 ca~ 1) to 1687 em~! far the
thiolester analogue of the substrate (5% MECN/H,0 or 21-120)- As shown
in Fig.B2.2 a feature 18 seen at 1690 cn 1 1n the resonance Raman

spectrun of flowmixed enzyme and gubstrate which is absent in the
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control spectra. We propose that this is the thinlester carbomyl
stretching vibration in the acylenzyme. This indicates that there ig
no hydrogen bonding Interactlon between the carbonyl oxygen atom and
the proteln backbone, the so—called 'oxyanlon hole' (B2.4). Such an
Interaction would be expected to lower the thiclester carbonyl

stretching frequency relative to the model compounds.

A notable feature seen In Fig. B2.2 is the marked pre-resonance
enhancement of amide I carbonyl vibrations (Amax 195 nm) in both the

enzyme (1640 cm~!) and the substrate (1667, 1663 cm~1).
We believe the present result represents the first direct observation

of an acylated thiol intermediate during the papain-catalysed
hydrolysia of a specific oxygen ester substrate (BZ.3).
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Fiy B2.1 Ultra-violet resonance Raman spectrum of Ethyl thiolacetate
18 mM in acetonitrile. 1600 scans (50 delays/scan, 16000 laser
pulses) coadded and smoothed. * = solvent peaks
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Fig B2.Z2 Ultra-violet resonance Raman spectrum of N-Acetyl-L-Phe-Gly-
papain (a), papain (b), and substrate (c). Note the abscissa
scales of (a), (b) and (c) are different. The acylenzyme (0.1
uM) was prepared by continuous mixing of 20 mM substrate in
10% acetonitrile (MECN), 90% 0.3 M phosphate buffer pH 7, 1 mM
EDTA, and 0.2 mM papain in 0.1 M KC1, 1 mM EDTA at RT such that

the steauy state was maintained for 8-10 s. For each spectrum
2000 scans were coadded and smoothed.



B2.2 INTERMEDIATES IN CHLOROPHYLL FORMATION

W T Griffichs {Bristol)

B2.2.1 Intreoduction

Chlorophyll a synthesis by plants 1s a light requiring process since
one of the enzymes involved in the pathway is a photoenzyme with an
ohligate requirement for light. This enzyme, protochlorophyllide
reductase, catalyses the penultimate step in chlerophyll synthesis viz.
the light dependent reduction of protochlorphyllide using NADPRH as
hydrogen donor. (Fig.B2.3). In this reaction the product,
chlorophyllide, (A max. 672om) is formed within approx. 0.5ps of the
11lumination. Recent studiea however (B2.6) ueing crude preparations
of dark grown plant tissues have identified at least one transient with
A max. around $90nm involved in the process. This was formed instantly
upon illumination with ite decay coinciding with the formatiom of
chlorophyllide. 1In the present study we have used purified enzyme
preparations and added subatrates (protochlorophyllide + NADPH) to
recongtitute the process of chlorophyll synthesis. The 690nm absorbing

transient has been detected in this in vitro reconstituted syatem.
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Proiochlorophyllide Chlorophyllide

Fig 84.3 Pnotoreduction of protochlotophyllide catalysed by protochloro-
phiyllioe requctase

B2.2.2 Materials and Methods

Purified preparations of etioplasts, etioplast membranes and cholate
solubilised protochlorophyllide reductase were prepared from dark
grown tissues of wheat or cat planta as previously described (B 2.7).
NADPH was a product of Boehringer (Mannheim}. Protochlorophyllide was
1golated from etioclated tissues ap before (B 2.7).

Flash induced absorbance measurements were carried out on samples
{approx. 0.3mg protein ml_l) resuspended in buffer. Samples were
placed in 3.0ml plastic cuvettes of lem pathlength., Exciting light was
provided by an excimer (Lambda Physik 101E) pumped Rhodamine dye laser
(Lambda Physik FL2002E) tuned to 652nm with pulse energy of approx.



12mJ. The laser beam was expanded to f£1ill the lem length of the
cuvette. The measuring light was provided by a 250 W pulsed Xenon arc
lamp (Applied Photophysice}. This was passed through a 69Znm
transmitting interference filter and focussed to fill the cuvette at
right angles to the exciting beam. The emergent beam was detected by a
screened photomultiplier (EMI type 969BQB) and the signal displayed on
an oscilloscope. The data was transferred through a tranelent recorder
(Datalab model 9502) for storage on a floppy disc for subsequent

processing.

B2.2.3 Results and Discussion

Blological material, particularly that from plant membranes is
invariably highly light scattering and contains large quantities of
coloured and Fluorescent material. As & consequence measurement of
gmall absorbance changes in such samples is often very difficult. 1In
the present work, after several preliminary attempts, an ezpe;imental
arrangement suitable for monitoring emall (less than LX) flash
absorbance changes at 690nm in etioplast membranes was achieved. Fig
B2.4 shows typlcal traces obtained on flash illumination of etioplasts
isolated from dark groun wheat tissuea. Yllumination (trace a) causes
an instantaneous increase in absorbance at 690nm with a rise time
fagter than the tesclution of the instrument. After the Elash this
abaorbance decayed with an estimated t% of approx. l2usec. This value
agrees almost exactly with a similar figure for the 690 =+
chlorophyllide reaction recently published (B 2.8). Confirmation of
the identity of this traenslent as the 690nm absorbing intermediate of
c¢hlorophyll formation ig provided by the fact that after 3 flashes
{trace b) no further illumination induced change fa observed,

indicating depletion of the endogenous substrates of the preparation.
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Fig 82.4 Fast absorbance changes at 640 mu in flash illuminated etioplasts.

Wneat etioplasts (0.3mg protein ml ) were flash illuminated
lactinic light - A 652nm, 10ns, 12nJ) and absorbance changes
at 690mm measured. Curve (a) represents the change induced
by the First flash, Curve (b) the response to a third flash
on tie sample.

For further proof of this ldentification we will need to

1) show chat it is possible to reconstitute the change in flash
depleted membranes (B2.2 ~ trace b) by addition of endogenous
subatrates

2) monitor product, i.e. chlorophyll forwmation at 675nm under
otherwise identical conditions and show that the chlorophyll appears on
a time scale identical to the 690nm decay.

Theae preliminary results demonstrate that 1t le possible to obgerve
intermedlates of chlorophyll formation in an fn vitro syscem. Such &
system can be readily manipulated experimentally in such a way as to
provide information on the chemical nature of the intermediates thereby

leading to & mechanfem for the photoreduction.
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B3 PHYSICS
B3.1  LYMAN & SPECTROSCOPY

K G H Baldwin*, D D Burgess, D A Evans, J Marangos and M G Nicholson
(Imperial College)

Groundstate hydrogen populations have been measured as a function of
time in a recombining hydrogen z-pinched plasma by obtaining Lyman-a
absorption lineprofiles. The tunable coherent VUV radiation at around
1216A was generated by four wave mixing of F12002 dye laser radiation
in Krypton gas as described previously (B3. 1-3). By varying the delay
between the peak of the pinch current and the firing of the laser,
plasma conditione at four different times were studied. At the delay
times used, the electron density was in the range 10l* < n, <6x

1015¢n™! and electron temperature was in the range 0.3 < Te <l.4eV.

Meaoureuwents were made both along the axis of the pinch (March/April
1984) and perpendicular to the axis (November 1984), in order to gain
data about poseible ceclder end zones exiasting in the plasma.
Complimentary Ly-c emission measurements were alsc made. Groundstate
hydrogen populations were calculated from the measured opacities at
known wavelength detunings from line centre using the equation;

2
Ta e NfL Au&—! (B3.4)
znsomc 4av)

Here it 18 agsumed that measurements are in the Stark broadened wing of
the profile where the form of the profile is Lorentzian.

* Now at The Research School for Physical Sclences, Canberra,

Auetralia
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B3.l.1 Experimental

The VUV output from the tripling cell was passed through the plasma
vessel and was then incident upon the entrance slit of a 1 metre VUV
monochromator. The plasma vessel was fitted with re-entrant MgF,
windows to eliminate the effects of end-zones. The monochromator was
uged with wide slita (approximately lmm) since the plasma emlssion was
negligible. The use of wide slits in the monochromator gave a high
throughput and considerably eaged tuning problems in the detection
syatem. The Lyman-a signal wae detected by a golar blind
photomultiplier fitted with an additicnal Lyman—a interference f£ilter
to discriminate against uvntripled light.

The absorption meagpurements were carried out by measuring the coherent
VUV intengity over several shots before and after each plasma
transmlssion measurement. Accuracy was limited by the shot-to-shot

fluctuation in the coherent VUV intensaity.
B3.1.2 Resgults

The profiles for delay times T = 10, 30 and 45se are plotted in Pigs
B3.1-3. Culy opacities below T = 4 are measurable with this technique.
A best fit Lorentzian is drawn on each set of data. Populations are
derived from equation 1 using Griems (B3.5) % - & widths and the 7 = 1
point wavelength detunings of the graph. Ground state hydrogen
populations are plotted as a function of time in Fig B3.4. The

population shows a monotenic rise with time.

The result for axlal and transverse measurements agree well except for
the T = 60us result, vhere the transverse result showe a substantially
higher groundatate hydrogen population than the axial result. This may
be due to colder end zones, developing by 60us, which reduce the
opacity of the axial wmeasurement and hence gives a population lower

than the true value.
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B3.2 THE APPLICATION OF UP-CONVERTED VUV SOURCES TO RADIATION
TRANSFER STUDIES IN NEUTRAL ATOMIC HYDROGER

D D Burgess, C D Heryet and R C M Learner (Imperial College)

The aim of this investigation is the use of the uvp-converted laser
already developed by Dr K Baldwin and Professor D D Burgesa (Imperial
College) at CLF for the etudy of fundamental proceases lanvolviang
atomic hydrosén in the 122om reglon. The primary interest is in the
propagation of radiation (absorption, scattering, trapping, quenching,
etc) over a wide range of atomic number densities and detuning

frequenclen.

This year's work has concentrated on the design and testing of
PTFE-coated cells suitable for the containment of the neceasary large
atomic number densities; and preliminary results from the last
scheduled period {(March 1985} suggest that the production and
containment are now sufficiently well understood to reach the ultimate
target of 1012 - 1016 arome per cmd, corresponding to line ceatte
opacities ranging from less than one to 10", in the cell now under

conatruction.

The experimental data will inftially be related to well understood
parametera such as the Rayleigh cross-section {at large detunings) and
the absorption cross—eection (at low densities). The results of an
earlier run (December 1984) at around 1013 aroms per ca?d are shown in
Fig B3.5. The experimental configuration is shown schematically in Fig
B3.6., The function of the VUV monochromator Is the removal of
radiation of the fundamental (ie untripled) frequency. The preliminary
analyslse of results from the scheduled period in March 1985 suggests
that a substantlally-increased opacity has now been obtained and,
pethaps mote importantly, even higher opacities can be obtained in

future cells.
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Fig B3.5 Lyman-a absorption profile (not corrected for detector response and

Hifgow transmissign) obtained in neutral atamic hydrogen at around
107 atoms per cu”. The Doppler width (3.8pm} corresponds 1o a
temperature of 1900K.

Now that a well-diagnosed experimental configuration has been
established, the study will proceed to the case of very high opacity,
for which there is as yet no satisfactory theoretical model. Clage to
line centre the interest is not se much in the 1line ghape but in the
time—-dependence of the laser pulse shape. The tunable up-converted
soutce will be used to study the diffusion procesees that aEfect
radiation trapping at large optical depthe (up to 10%) by monitoring
the time evolution of the input pulse as a function of tuning through

the line core.
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Fig Bs.6 Schematic layout of apparatus for radiative transfer studies in neutral
atomic hydrogen using a frequency up-converted YUV source at 122nm.

B3.3 STIMULATED RAMAN SCATTERING AND STIMULATED COLLISIONAL INDUCED
FLUORESCENCE IN ATOMIC TRALLIUM-NOBLE GAS MIXTURES

D ¢ Cunningham, D Denvir, I Duncan and T Morrow (Queen's Belfast)
B3.3.1 Introduction

In the 1984 annual report to the Laser Facility Committee we described
preliminary experiments on etimulated anti-stokes Raman and collisiomnal
induced resonance lasers Iin atomic thalliumargon mixtures. During

the past year this work has been extended to other atomic
thalliumrnoble gas systems and attempts have been mgde to obtaln

optical gein on the thalliumxenon exciplex banda.
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B3.3.2 Theoretical Considerations

The srtimulated electronic Raman ascattering (SERS) process may be used
to efficlently frequency shlft high power laser outputs. In such
experiments it is usual for the Raman pump laser frequency mp to be
tuned cloge to a resonance frequency W, 3 of the Raman medium to take
advantage of the greatly enhanced scattering c¢rogs—sectlon and the
Raman output may be tuned over a limited frequency range by tuning the

pump laeer in the vicinity of the resonance frequency Wy g

However when the Raman medium is collisfonally perturbed and the

Raman pump laser frequency w_ 1s such that h (w 21" mp) < kT, then the
resonance level 3 may be populated by inelastie {or quasi{-elastic)
collisions. These collisions can be considered to provide the energy
vequired to transfer part of the "population' assoclated with the laser
induced virtual state to the resonance atomic state as shown in Fig
B3.7. This process may also be viewed from a8 quasi-molecular viewpoint
ag illustrated in Pig B3.8. Interaction with the Xe perrturber causes
the TI(TZSIIZ) level to come into resonance with the laser pump
frequency mp at pome internuclear separation R, allowing absorption of
a pump photon and creating an excited Tl-Xe quasi-molecule which may
have enough internal kinetic energy to break up into a ground state Xe
atom and an excited Tl(?zslfz) atom, resulting in population inversion
and laser action on the atomic thallium resonance at high pump powers
and high collision rates. Thia collisfonal induced proceés 1s
generally referred to as S5CF i.e. stimulated collisional induced

fluorescence {B3.8).

In the quasi-static theory of line broadening, developed by Hedges et
al (B3.9), the radlation absorbed or emitted by the quasi~molecular
system at a frequency w (R) Is identified with the electronic
transition at internuclear separation R such that hn(R)-vu(R) - Vl(ﬂ)
where Vu(R) and Vl(R) are the potential energles of the upper (u} and
lower (1) quasi-molecular states. This relation may be used to

relate the probability distribution of inter-nuclear separations to the

absorption and emission profiles.



T1-Xe QUASFMOLECULAR SYSTEM

ATOMIC T1SYSTEM

281 ;
| B /2 ________ 3 725
26T 1
LISIONAL 2
24 }- — T' LASER INDUCED
VIRTUAL LEVEL
- L up
=
S 4 PUMP (-535nm}
"’910 - (3776 nm) SCF LASER
- A, — _ 2 2
— 2 e——————— — ——— = — — =
[+ - 6 P3,
> 6 X3 * .
ASR {~ 377nm)
0 X1,2 ________ | | 1 52p1’2
1 1 ] } S | ﬁ»
20 30 40 50 60 70 NV R >
RIA)
Fig 3.8 T1~Xe quasi-molecular potentials from Fig B3.7 A scnematic of the atomic Tl

ref 85.7 showing the scheme for
the SCF resonance laser.

anti-stokes raman laser (ASR)}
and tne stimulated collisional
induced fluorescence laser (SCF).



Cheron et 21 (B3.6-7) have measured the normalised emission line

shape IJ(U,T) of the bands assocliated with the Tl-noble gas
quasi-moleculesa and determined the potential energy curves for the
quasi-molecular states correlating with the TI(TZSIIZ,BEPJ) states.
Using quasi-statle theory, they showed that the absorption
crogg-gection UA(V'T) at frequency v and temperature T for the
quasi-molecular transitions are glven by expreasioms 1 and 2 where
AO(J) 1g the Efnatein coefficlent for the Tl(?zsll2 - 62PJ) transition

at frequency vo and noble gas number density n .
o

o (v,T) = n_ ( gu) (A2).I (v,T).A (J). exp(hw(R) - v ) 1)
A o & &g o P — ‘
. 2
a (v, T) = n_ (;_"L A ()., (v,T) 2)

The resultant net gailn (or absorption) coefficlent aJ(v,T) for the
quasi-molecular system may be calculated from 5 using individual

absorption coefficients K{v,T) and gain coefflcients G(v,T) given in 3
and 4.

- 2
K (v, D) {Ti(s6 pJ)) 7, (v, 1) €)]
€ (v,T) = (T1(7251/2)Jos(v,-r) (%)
a,y(v,T) = 6(v,T) = K (v,T) (5

Since the Tl-noble gas quasi-molecules are only weakly bound (binding
energy ~ few kT) it may be assumed (at least to a first approximation)
that all the excited quasi-molecules formed disscciate to form free
T1(7251/2) atoms. The resultant galn coefficlent on the atomic
resonance traunsition GJ may be estimated from the normal atomic

stimulated emisslon cross—section ¢ using 6.
a@v ) = o v ((T1(7s1/)) - (1162 D)) (6)

The above expressions may be used to model both the quasi-molecular

absorption from the pump dye laser beam and the resulting gain of the
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atomle resonance lasers. Since SERS effects are neglected in the
above consideratlons this model would only be valid for conditlons
where the SERS is below threshold.

The absorption and stimulated emission cross—sections in the exciplex
wings, calculated for & xenon number demsity of 5.5 x 10!9 ea3 using
equations 1 and 2, are shown in Figs B3.9a and B3.9b. Since GS is

considerably larger than ¢, over a wide wavelength range to the red of

the atomlc resconance the Tf—Xe quapi-molecular system has potentlal as
a viable tunable exciplex laser medium. Previous attempts to obtaln
optical gain In the Tl—-fe system using e-beam and discharge pumping
have been unsuccesgful however due to the relatively low Tl(?zsllz)
nuaber densities obtained using these techniques. Wavelength selective
photo-dissociation of Tl halides in conjunction with optical pumping
via the quasi—molecu}ar abeorption in the exciplex winge of the
Tl(TZSlIZ—BZPJ) absorptions could however provide a means of'producing
the high densities required to obtain appreclable optical gain Iin the
exciplex bands. The lower opetating temperatures employed with T1

halides as atomic Tl domors is alse advantageous due to the

-temperature dependence of IJ(U,T)- A Tl-¥e exciplex lager based on

flashlamp photo-dissociation of Tl-halides by the UV output of the
lamp and optical excitation via the Tl-Xe quasi-molecular absorption

from the visible output of the lawmp could be envisaged.

An attempt to observe optical gain in the Tl-Xe exciplex bands is
described in the present report. Observable optical gain on the
exciplex bands would be expected in high preesure xenon mixtures under
conditions where the T1(7251/2) number density is high (~1016 - 1017
em~3) but where no net population inversions exlist within the atomic
resonance transitions. Obviously these conditions could be best
patisfied 1if the number densities in the thallium 725'/z and GZPJ
ptates are approximately equal and of the order of 1016 — 1017 w3,
Wavelength selective laser photo-dissociation of thallium halides in
conjunction with laser pumping in the quasi-molecular abgorption bands
provides a convenient technique for initial investigation of such

well-defined population distributions at high number densities.
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The experiment attempted is {llustrated achematically in figures

B3.10a and B3.10b. High number densitles of TI(62P1/,) and T1(62P3/,)
atome are created in the ratlo of ~ 3:7 by photo-disesociation of TIC1
(B3.10) using a high power 24B nm KrF laser. A high power dye laser
at ~ 535 no pumps, via the quasi-molecular absorptlon, an appreclable
fraction of the T1(62P3/2) population into the quasi-molecular state
correlating with the TL(728'/,). This scheme (figure B3.10a) would
produce a tunable 'up-converted' exclplex laser at ~ 450 nm. 1In
contrast to normal frequency up-conversion proceases, such as
anti-Stoke's Raman generation, this exciplex 'up-conversion' process
would be possible with broad-band pump laasers of poor beam quality and
would provide tunable up-converted outputs. Several other schemes
based on atoms of groups I,ILI, VI and V1L, which have been used or
proposed as ASR media, merir investigation as potential up-converted UV

and VUV exciplex lasers in collisionally perturbed eavironments.

B3.3.3 Experimental

The experimental arrangement used for up-conversion experiments wasg
jdentical to that described previously (B3.11). Thallium (62P3/2)
atoms were produced by photodissociation of TICl (B3.10) with the 193
ne output from a Lambda Phyaik (E.M.G. 201) ArF laser.

fe M1 22" 1 (62P%/,) + Cl(or C1*) (7

Approximately 30 mJ of the 193 nm laser cutput, in a ~ 10 ns pulae, Was
focused into the TLCl vapour cell with a lens of 0.5 m focal leagth.
The tunable optical excitation source was a XeCl excimer pumped dye
laser (E.M.G. 101 and FL 2002) with a pulse length ~ 7 nm, a line width
~ 0.2 cm~! and an output pulse energy of ~ 3 ml near 535 nm. The dye
laser was focused with a separate lens of Focal length 0.5 m and
combined with the ArP laser using a flat with a small central
aluminfsed spot; the aluminieed spot was protected from the ArF laser
by a solid shield. The temporal delay between the two laser beams was
controlled by a delay generator and monitored uging a fast photodiode
and ascitloscope. In thls experimental conflguration maintaining flxzed

delays to a required accuracy of * 5 na proved to be a particular

B.4B
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problem due to the inherent temporal jitter in the switching clreults

of both excimer lasers.

The experimental arrangement for the down-converaion and exciplex galn
experiments Is shown In figure B3.1l. In the down—convetsion
experiments T1Cl (B3.10) using the 308 nm XeCl exclmer laser, part of
the output of which also pumped the tunable ~ 377 nm dye laser.

308
f.e. TICL % TI(62P1/,) + CL (or CI%) (8)

Approximately 10 o) of KeCl laser energy wae used to pump the dye
laser. The pulsec was ~ 10 ne and the dye laser had an output pulse
energy of ~ 0.25 mJ and a bandwidth ~ 0.2 cal. The dye laser output
was elther directed as a parallel beam (of area ~ 0.25 ex?) or Focused
into the TICl vapour cell.

In the excliplex galn experiments both Tl(EzPIIZ) and T1(62P3/2) atoms
were produced (in the ratio 3:7) by photodissociation of of TICL
(B3.10) using the 248 nm Kr¥ laser with unstable resonator optics.
Part of the 248 nm output also pumped the tunable (~ 378 mm or ~ 535
nm) dye laser. For both the down-conversion and exciplex gain
experiments the temporal delay between the photo-disscciation excimer
laser and dye laser pulses was adjusted by varying the optical path
difference of the two laser beama. This particular experimental
configuration wae chosen in order to eliminate the temporal jitter
inherent in using two separate exclmer lasers as photo-dissoefation
source and dye lager pump. Unfortunately the 243 nm Krf output
proved to be a particularly inefficlent pump for the dye laser and the
maximum dye laser output obtained, for a Krf input pulse energy of ~
300 @J, was ~ 2 mJ.

The TLCl vapour cella {spectrosil 'B' grade quartz, length l4 cm) were
enclosed in an oven and the TICL vapour presgure controlled by varying
the temperature of a cold finger reservoir. The spectral profiles and
intengitiea of the SERS and atomic resonance laser outputs were atudied

with a 0.5 m Hilger-Watt grating spectrograph and eilther an image
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fntensified diode arcay or a vidicon detector, 0.M.A. system (P.A.R).
A TICLl density of ~ 1016 molecules ca~? and an inert gas density of 2 x

1019 eo~3 yas used throughout the experiments described.

B3.3.4 Results and discussion

Hith only the 308 nm photodissoclation radiation incident on the
thallium-xenon mixture no atomic lasers were observed In the wavelength
region (300-600) nm. When the wavelength of the exciting dye laser was
tuned to within * 0.1 nm of the atomlc resonances (l.e, 7S,,, +
6P3,2,1,2) both SERS and SCF resonance laser outputs were easily
obtained for both up—conversion and down—conversian experiments. The
SERS could be distinguished Erom the SCF resonance cutput since it
tuned with the dye lager wavelength. For dye laser detunings greater

than 0.3 am oaly the $CF resonance laser outputs were observed.

In the upconveralon experiments the ASRL and/or SCF resonance laser
outputs were critlcally dependent on the delay between the photolysis
excimer laser pulse and the exciting dye laser pulse. Reproducible
upconverted outputs were ouly observed when both pulses were
synchronised to reach their peak intenslties within t 5 am. The
results of the up-convetrsion, down-conversion and exciplex gain

experiments are discussed in (a) - (c) below.
a. Up-converslon experiments

Pig B3.12 shows the variation of upconverted output pulse energles as a
function of dye laser wavelength for both the 377.6 nm atomic resonance
(SCF) and ASR lapers. Close to resonance the SCF laser output drops
due to competing processes such as Raman scattering, self

focusging ete (B3.12). The tuning curve of the ASR laser was found to
be much nartower than that previously obeerved for zero or low buffer
gas preesures (B3.ll1-12). The reduced tuning range of the ASR laser
can be attributed to a decrease Ln the stimulated anti-etokes Raman
crogss—section due Lo broadening of the atomic resonance and to the
decrease in the pump power due to quasi-molecular absorption from the

dye laser beam. The output pulse energies of both the SCF and ASR
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lasers were found to be saturated (1.e. independent of dye laser

power} over most of the dye laeer tuning range shown in figure B3.12.
b. Down—converslon experiment

Fig (B3.13) shows the varlation of down-converted output pulse energles
as a function of dye laser wavelength for both the 535 nm atomic
resonance SCF and Stokes Raman lasers in Tl-Xe mixtures. The
wavelength profile of the Tl-Xe quasi-molecular sbsorption, shown in
Fig B3.lh, was obtained by measuring the absorption from the dye laser
beam as a4 function of dye laser wavelength. The absorption from the
dye laser beam at fixed wavelength was found to be a function of dye
lager pulge energy indicating bleaching of the Tl-Xe quasi-molecular
abgorption at high dye laser pulse energles (Fig B3.15). The pulse
duration of the SCF laser was a maximum of ~ 5 ns when the dye laser
was tuned close to the 377.6 nm resonance and decreased with detuning

from resonance.

The solid lines shown in Fig B3.13 were calculated from the
quasi-static theory taking into account the temporal dependences of the
TI(TZSIIZI GZPJ) number densities {i.e. including gain saturation and
bleaching of the quasi-molecular absorption at high dye laser pulse
energlens). Excellent agreement was observed between theory and
experiment for the Tl-Xe quasi-molecular absorption from the dye lasger
beam (Fig B3.14). The experimentally measured SCF laser output as a
function of dye laser input wavelength (Fig B3.13) is similar to the
predicted dependence but 18 eomewhat lower particularly for A > 378.25
nm where the SCF laser 1s not operating in the galn-saturated regime.
This deviation is not unexpected since the theoretical model used
neglects optical losses (including stimulated Raman generation) and 1is
baged on a UST measured (B3.13) for a lower inert gas pressure. The
theoretical dependence therefore represeats the upper limit attazinable

experimentally.

The maximum conversion efficiency obtained, in terms of SCF laser
output energy to dye leser energy abaorbed, was 17% for the single pass
super—-fluorescent system investigated. The latter figure is

equivalent to 50% of the maximum possible down-conversion efficiency in

B.51

this process. Higher efficlencles are possible under rescnant cavity
conditions. Fig B3.l6 shows the variation of the down-converted 5335 nm
SCF resonance laser output energy as a funcion of pump dye laser
wavelength for Ti-He mixtures. The wavelength profile in Fig B3.16
reflects the unbounded nature of the Tl-He quasi-molecular potentials

correlating with the Tl(?ZSI/Z,ézPJ) states.
c. Exciplex galn experiment

Attempts were made to observe optical gain in the T1-Xe exciplex bands
uveing the 248 nm KrF laser as both photo-dissociation source and
synchronous pump for the 535 nm dye lasetr. Due to the limitatiens of
this configuration (discussed above) the pulse energles incident on
the vapour cell were limited to ~ 20 m] in the 248 nm
photo~disgcciation beam and ~ 1 mJ in the 535 nm dye laser beam.
Focused geometry was therefore required im order to create the high
number density conditions favourable for observation of optical gain in
the exciplex bands. However with only the focused {~ diffraction
limited) 248 nm laser incident on the vapour cell an intense
super-fluorescent 535 nm (725Uz - 62P3,z) resonance laser was
observed. Since single photon photo-diaaociation-of TICl at 248 nm
produces only Tl(62?J) atome this effect can only be explained on the
basls of elther two photon absorption by TICl or a sequential single:
photon absorption process Iin atomie thallium to produce higher excited

Tl states.

Under unfocused conditions the super-fluorescent rescnance laser was
absent but weaker fluorescence from higher excited states of thallium
was observed. Unfortunately the atomic number densitles obtainable
under unfocused conditions (~ 5 x 10!* em™3) were too low {by ~ 100) to
produce observable optical gain on the Ti-Xe exciplex bande.
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B3.3.5 Conclusions

We have demonstrated that wavelength selective photo-dissociation by
high power excimer lasers in conjunction with optical pumping in
quasi-molecular absorption bande provides a convenient technique for
production of high number densities and specific population
distributions in excited atomic and exciplex systems. This technlque
has considerable potential for efficient production of new frequency
up-converted SCF resonance lasers and optlically pumped exciplex lasers

in the UV and VUV reglons.

B3.4 STIMULATED ANTI-STOKES RAMAN GENERATION IN POPULATEON INVERTED
HIGHLY VIBRATIONALLY EXCITED MOLECULAR SYSTEMS

I Gillan, D Denvir, J Bechara, H Cormlean, I Duncan, W D McGrath and T

Morrow (Queen's Belfast)
B3.4.1 Introducticon

During the past year a programme on possible stimulated anti-stokes

Raman (SASR} up-conversion (Fig B3.17) in 1nverted highly vibratlonally

excited molecules was initiated.

Due to the proliferation of closely epaced
electronic-vibrational-rotational lines in the UV-visible apectra of
guch molecules they have considerable potential for providing
continuoualy tunable up-converted laser outputs in the UV and VUV.
Vibrationally excited NO(XZm) produced by direct UV photocdissociation
of NOCL provides a convenient candidate for initial studies
{Bl.14-16).
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Fig B3.17

Resulte obtained by previous workers (B3.17) indicated that
photodissociation of NOCL at 193 nm results in the direct production of
highly vibrationally excited NO X2a{v'' = 1-16) with the vibrational
population distributfon peaking at v'' = 7-10. The latter workers
based thefr concluslons on low pressure (< 300 m torr) IR emisslon
meagurements and their results therefore provide no direct evidence on
the temporal dependence of the population inversion of the higher
vibrational levels w.r.t. the v'' = 0 level. The exact relaxation
kinetice of the different vibrational levels are not yet fully
underatood nor the relaxation times known, particularly under high

number density conditions.

Our initial experiments therefore concentrated on confirming the
vibrational population inversion w.r.t. the v'' = 0 and determining the

optimum experimental condirions for producing high number densities in



the higher v'' levels. The vibrational relaxatlion of the higher
vibrational levels {in particular the X2m, v'' = 9)and the subsequent
build up of population in the v'' = 0 level were Investigated at
specific delay times in the range 10 ns - 1 me after direct
photodigsociation of NOCL at 193 nm.

B3.4.2 Experimental

The vibrational relaxation of the NO(XZn) state was investigated by
tuning the dye laser into resonance with appropriate abscorptlon lines
in the B and Y systems of NO and meaguring the subsequent

fluorescence from elther the B2m or a2t states respectively (Fig
B3.18). The photolysing ArF laser (EMG MSC 103) was focused through
the CaF, window of the flowing gas cell (Fig B3.22) by a cylindrical
lens (f = 20 cm). Complete photodlssociation of NOCl pressures up to
6C torr could be achieved for ArF laser pulge energies of ~ 100 ml.
The delayed dye laser probe beam was passed through the nascent
N0¢approximately 1 mm behind the excimer entrance window. The
resulting B/Y fluorescence was collected and Lmaged on the entrance
plite of two separate gpectrometers. One spectrometer wze fitted with
the intensified diode artay system (OMA) and provided direct recording
of the complete fluorescence spectrum. The second spectrometer was
Eitted with a photomyltiplier (RCA 1P28) which monfitored the
fluorescence intensity in one particular vibrational band. A record of
the photomultiplier output as a function of dye laser input wavelength
provided an excitation (absorption) spectrum of the NO* (A22+ + X2 or
B2y + X%n) vibrational bands. The photomultiplier output was fed, vis
an A/D converter, to an Apple microcomputer which provided software
sample-hold and signal integration over a number (generally 10) of
events, resulting in an lmproved signal/nolse ratio. The dye laser
pulse energy was monitored with a pyroelectric detector and the
excltation (absorption) apectrum of No* wap corrected directly by the
mierocomputer for variztions in the dye laper pulse energy wlth
wvavelength. The Apple microcomputer also controlled the tuning steps
of the dye laser and the flring sequence of the photodissociation and

probe dye lasers.

B3.4.3 Regults and discussion

An excitation (absorption) spectrum of NO A2£+(v‘ = 0) + KO X2n(v''=0)
band (Fig B3.19) was recorded in order to accurately calibrate the
detection system, in terms of both wavelength and NO v'' = 0 number
density. A limited reglon of the latter is shown at higher

dispersion in Pig B3.20 and the same excitation spectrum of WO v'' = 0
observed at 150 ns after the photolysis of an NOCl mixture is shown For
comparigon in Fig B3.21.

The nascent NO* was probed by the dye laser at various delay times
after the initial photodiassoclation. With the dye laser tuned to
selected rotational lines in the Y{0,0)band the build up of the v'' = 0
population was monitored. Fig B3.23 shows the results obtained when
the dye laser was tuned to J = 11112 of the Q22 + R12 system. The peak
fluorescence (corresponding to maximum NO v'' = 0 population) observed
was 75% of the value obtained when the game pressure {0.98 torr) of
pure NO was passed through the flow system. The apparent reduction of
the ground state population at long delays (> 100 us) is probably due
to diffusion and gas flow reducing the NO density in the detection
reglon. Similar results were obtained for lines of low (i.e. 3%) or
high (i.e. 15%) J-values within the v{0,0) system showing that the
observed temporal varfation of population was not influenced by

rotational relaxation.

The temporal dependance of the v'' = 9 was investigated in detail for
various NOCl pressures in the range 0.4 — 20 torr. The half-life of
the v'' = 9 decreased markedly with increase in initial NOCl pressure
(i.e. total number density of NO*) from ~ 7 pys at 0.4 terr to ~ 25ns at
20 torr. Since the kinetics of the v'' = 9 relaxation are complex and
the results are not yet fully processed thepe will be discusaed in
detail at a later stage.
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B3.4.4 Conclusions

We have demonstrated that high number densfities of inverted high
vibrational levels of NO are produced by direct photodissoclation of
NOCL at 193 nm. For the first time it has been possible to show that
the NO fragment is produced exclusively in higher vibrationally
excited states and to follow the decay of these vibrational levels and
the subsequent build up in the v'' = 0. As expected the NO(v'' = 9}
lifetime shows a2 marked dependance on initial NOCL pressure {i.e.
overall NO* concentration after photolysis). At high No* number
densitles however the v'' = 9 lifetime is sufficlently long (e.g. >
25ns at 20 torr) to enable SASR frequency up-conversion experimente to

be attempted.
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B4 FACILITY DEVELOPMENT

B4.1 GENERATION OF TUNABLE CCHERENT VUV RADIATLON BY
ANTI-STOKES SCATTERING OF EXCIMER PUMPED DYE LASER
RADIATION

K G A Baldwin, J P Marangos and D D Burgess (Imperial College)
M C Gower (RAL)

Coherent rtadiation in the vacuum ultraviolet has important applications

in plasma dlagnostica, spectroscopy, and photochemistry. One method of

generating tunable coherent VUV radiation has been to employ four-wave
mixing processes in rare gases and metal vapours (B4.l). Another
method uses atimulated Raman scattering coupled with a four-wave
patametric mixing process (B4.2). In this process, the pump,
stimulated Stokes and anti-Stokes radiations mix together to produce

coherent radiation at NASn which 1is resonant with the anti-Stokes

frequencies of the scattering molecule, such that Uyl -2mL-w51 and

o, Fnw Here w, and w_,, are the pump and

Asn-1"%510 =0t o L 51
10 is the vibrational frequency of the

molecule (4155 ew ! for HZ)’ The wavevector dlagrams for the phase

Wagn T (0 Y

first Stokea frequencies, while w

matching of these four-wave processes are shown In Figs. B4.1(a}) and
(b). Schomburg et al. (B4.,2) have reported coherent VUV generatlon by
this method using hydrogen as the Raman shifting and four-wave mixing
medium. A high energy (>100mJ), high beam quality (TEMoomode) ( b)
relatively complex Erequency doubled,¥d:YAG-pumped dye laser was
employed in their experiment to generate coherent radiation down te
1380 A. Yly bdol (@) Pnuse matcaning diagram showing the mixing of two pump photons
having, wavevecters K with a photon at the [irst Stohes
frequeney wy - {b) “Phasc matching diagram shewing the
By contrast, the present work employs a slmple, low power (<10mJ), o A 1 .
mixing of the punp and first Stokes radiation with the
radiation at the previous anti-Stokes Erequency to produce
down to 1362 A (the Llth anti~-Stokes line in HZ)' To our knowledge radiation at “is
]

transversely pumped commercial dye laser system to generate radiation

this {8 the shortest wavelength generated to date by anti-5tokes (AS)
ehifting of dye laser radlation, and was achieved by employlng UV dyes
rather than the visible dyes that have been used in previous work. The
H2 pressure dependence of the Intensity of the A55 to ASIO lines was
also investigated. Using the known response of the detection system at

1640 A the energy of the radiation in the AS8 line was Eurther



estinated. Finally, a comparison was made of the relative efficliency
in generating radiation at 1640 A using two different pump wavelengths
obtained from butyl-PBD (3600 A) and Coumarin-47(5149 A) dyes.

The experimental arrangement used to generate and detect the VUV
radiation is shown in Fig. B4.2,

xB.3 BEAM
EXPANDER 1METRE VUV
RAMAN CELL MONOCHROMATOR
EMG 10IE FL2002 b

XeCl oYE
EXCIMER LASER

S00mm
QUARTZ LENS

i i i tem and
i . ameercizlly available excimer-pumped dye laser sys
Fig 342 ;gﬁrggen-filledynmnan cell used to produce the coherent VU:
radiation, which was detected using a 1l m monochremator an
solar blind photamultiplier.

It employed & commercially available, 3-stage dye laser (Lambde Physik
FL2002) pumped tranaversely by a XeCl excimer laser (Lambda Physik EMG
101E). The dye laser produced a 7.4 mJ pulse of 4 na duration with a
linewidth of ~0.2 cw~! when operated at 3606 A using butyl-PBD dye.
The beam profile was oval in cross~gection with minor and ma jJor axis
dimensiona of 2 um and 3 mm, and measured divergences of 0.8 mrad in
the vertical direction and 0.5 mrad (with a gaussian profile) in the
horizontal directlon.
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By using a telescope, the dye laser output beam was expanded by a
factor of 8.3 in order te enhance the Raman conversion efficiency.
telescope allowed the higher-order anti-Stokes components te be ;'\
matched over g wider range of angles. Without the telescope the
dispersed emission from only the AS;-AS, linea was visible as
fluorescence on a white card, whereas all the ASI-ASE lines outsi .-
VUV vere vislble when the telescope was in place. The expanded dys
laser output was focussed using a 0.5 m focal length gpectrosil ! le&
into the 1.04m long hydrogen filled Raman cell which was originally
designed for the Raman ehifting of excimer laser radiation (Lambda
Physik EMG 75). The lens also acted as Raman cell entrance window, :;ind
a 5 mm thick Can window was used on the output side.

For observation of generated wavelengthe down to 1899 A(ASE), a quartz
prism disperser in air was employed. A Gen-Tec joulemeter (ED1OD)was
used to measure the energies of the A3, to AS3 componente of the
generated radifation. For observation of wavelengths shorter tham 1899
A (AS7 te AS,, , the generated VUV radiation was focussed by a 0.2 m
focal length LiF lens to a epot several centlmetres Iin front of the
entrance slits of a 1 m VUV monochromator. The VUV radiation was
dispersed by a MgF, coated, 1200 lines/um grating blazed at 1200 A.
Detection of the radiation was performed photoelectrically using a

Hamamatsu photomultiplier and a Tektronix 7904 oscilloscope.

The VUV detection system enabled ovservation of generated radiation
down to the AS,; line at 13562 A. Observation of shorter wavelength
radiation was limited by a combination of the poor trangmission of the
CaF, optics, and the increasing dispersion of the hydrogen in the Raman
cell at shorter wavelengths so that the phase matching condition

kL + kASn-l-k51=kASn can no longer be satisfied.

The measured energles of the first three AS lines are shown in table
B4.1. As can be seen, the energy decreases by a factor ~3 between
successlve AS components of the generated radiation. In a similar
experiment ueing Coumarin-2 dye at 4400A and a comparable laser system,
Brink and Proch (B4.3) found a similar ratio for generating radiaticn
at anti-Stokes frequencies in the ultraviolet spectral region.
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Table 84.1 R o
ENERGIES OF THE FIRST THREEZANTI - STOKES
COMPONENTS AT A HYDROGEN PRESSURE OF 9 BAR.

. ASp WAVELENGTH ENERGY

(A} ()
n=1 31360.  150%20
n=2 2775 50 + 10
n =3 24877 20 ¢+ 5

INTENSITY (Arb. scale)

|

L 1
4] 2 & 6 ] 10 12 14 16 18 20
Hz PRESSURE (bar)

Fig 54.3 VUV output vs hydrogen pressure in the Raman cell for the ASc-

Aslo lines. The curve for each line is on an arbitrary linear

intensity scale and is mot telated to the intensity scales for
the neighbouring curves.

Phyaical Laboratory {(B4.4), the responge of the monochromator and
phoromultiplier was measured at 1640A. This calibration was then used
to calculate the energy in the AS, component at 1640A uaing the known
glit widths of the monochromator. In order to obtain a rough estimate
of the energy, it was aspumed that the size of the ASB beam was of the
pame order as the dye laser beam at the monochromator entrance elits.
This assumption yielded a value of ~20nJ at 1640A (5 W peak power),
which 18 consistent with a factor of ~ 3 reduction in energy with each

successive higher AS component.

The measured pressure dependences of the ASS— Aslo lines is shown in
Fig. B4.3. A decrease in the pressure at which the signal is optimised
can be geen for higher order AS lines. Thia trend is in agreement with
the results obtained using longer wavelength dye laser radiation.
(B4.3, B4.5).

A comparison between the efficlency of generating 1640—A radiation
using the ASy line from 8 pump laser containing butyl~PBD dye (3606A),
and the AS10 line from a pump laser containing Coumarin-47 dye (5149A)
was carried out. When using butyl-PBD, the energy of the dye laser
3606A was measured to be 7.4mJ. The hydrogen pressure in the Raman
cell was then adjusted to optimise the signal at 1640A. With the
detection system unaltered the dye was changed to Coumarin-47, and the
dye laser energy was then measured to be 15wl at 5149A. However, no
aignal was detected at the ASIO 1ine at 1640A, even though the dye
laset output was twice that obtained when butyl-PBD was used. Only
when the galn in the photo-multiplier waa increased by a factor of ~12
was some slgnal detected, and only then after coptimlzation of the

hydrogen pressure in the Raman cell.

It 1 evident that the generatlon of coherent VUV radiation by
stimulated Raman ecattering ls enhanced by the use of shorter
wavelength dye laser pump radfation. As well as the stimulated Raman
galn for first Stokes generation being larger at shorter wavelengths,ve
expect the phase matching requirements to be leas severe when fewer
frequency shifte are Involved in the four-wave mixing process. We have

ghown that the increase in efficlency obtalned when using ultraviclet



pump wavelengthe means that even relatively simple, commercilally
available dye laser systems can be used to generate coheremt VUV
radiation down to 1360A in a hydrogen-filled Raman shifting Cell.

B4.2  Improved stability of line—narroved excimer lagers

I N Ross, F 0'Neilll, E Madraszek, D Baker, G Hogg and E M Hodgson
(RAL)

Conslderable time has been devoted to facllity development on the
line-natrrowed excimer laser based on the EMG150 syatem which has shown
that its spectral performance is limited by mechanical and thermal
instabilities of its optical componenta. To largeiy remove these
problems the optical mounting system has been redesigned. All the
optica, except one ogcillator end mirror which has been given a more
rigid support, have been decoupled Erom the laser head by mounting
kinematically from a surface table, and temperature stable optical
mounts with differential adjustments and rigid supports have been
1ntrodu§ed. Early tests on the new layout using KrF have indicated a
wavelength atability better than 0.5 cm ~! with single shot linewidth
of lesa than 0.5 em 1, Figure B4.4 demonstrates that short term

stabllity with the laser running at 10 Hz.

Fig 84.4

Fabry Perot interferogram of line-narrowed output of stabilised

MG lsolnnuﬁng at 10 Hz. Free spectral range of interferumeter



In practical terms the laser 1s now much easiet to run for experiments
such as those described above in Sections Bl1-B3. As an example in a
recent experiment on resconance Raman spectroscopy using the improved
line narrowing arrangement it wae found that the EMGI50 operatlng on
XrF could run at high repetition rate for 2-3 days without optical
adjustment. Previously using the system as delivered by the
manufacturer, adjustments to the optical alignment had to be carried

out every 1-2 hours to maintain the narrowest line-width.

B4.,3 New Ancillary Equipment

J Szechi and F 0'Neill (RAL}

There have been several major purcheses of UVRF equipment during this
reporting year. A S5-watt INNOVA-90-5 Argon fon laser from coherent is
now available and 1e used to generate c¢w Raman spectra as an alignment
.ald for the Raman spectrometer. A pulsed Xenmon Are lamp from Applied
Photophysics Ltd has been purchased and has beea used in flash
photolysis experiments, both as an analyzing beam and a photolyaing
gource. An LKB Ultraspec 4050 vis/uv scauning spectrophotometer has
also been purchased. The UVRF has also reclaimed & translent recorder,
made up of a Biomatlon 8100 100 MHz 8 bit waveform recorder and a
Tracor Northern digital signal analyzer NS-570A which had been on loan

to a University, and this is now available for experimental use.

Last year we reported on operational problems due to a lack of spare
parts, particularly thyratroos, for the lasers. In spite of the
increasing age of the equipment, less experimental time hase been lost

this year, as we now carry most of our own spares.

During the course of thia year, the capabilities of the FL2002E dye
laser have been considerably expanded by the provision of a second set
of dye circulators and a new set of pump optics to enable it to be
pumped by a KrF laser. A monitor etalon has also been purchased to
facilitate installation of the intra-cavity etalon for line-narrowed

operation. A full set of SHG crystals is now available for this laser,

extending the wavelength coverage down to 217 num.
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Other items purchased during the year include new calorimeters, pulse
generators, a pH meter, HeNe lasers and a Jobin Yvon H20UV
monochromator. A Hewlett Packard HP7090A plotter has been purchased
which ¢an be connected to the existing OMA II system teo produce high
quality graphical and alpha numeric output.

B4.4 The New Laser Support Facility

F 0'Neill (RAL)

Since the UVRF firet started operations in 1982, its work has
concentrated on the applications of excimer lagers and exclwmer—pumped
dye lasers in various areae of physics, chemistry, blology and
engineering. Whilst the high rate of usage of UVRF facilities
indicated that it was satlsfying a definite demand from University
regearch teams it became obvious that there was a growlng requirement
to provide a broader range of laser facilities in particular picosecond
lagers, NA:YAC pumped dye lasers, CW argon ifon and CW dye lasers etc.
In addition it was thought desirable that lasers could be used in
University laboratories, through a loan pool, as well as at the Central
Laser Pacility as had previously been the case with the UVRF.

It wae out of thie situation that a new Laser Support Facility (LSF)

hae been established with a formal start up date set to be the lst May
1985. The overall aim of the Laser Support Facllity is to glve
University users access to the widest possible range of lasers and
advanced instrumentation and that where poseible these facilitles
should be available for use either at the Central Laser Facility or in
University laboratories. There will be three fairly distinct elements
to the L5SF:-



(1) Loan pool lasers coneisting initially two of two Nd:YAG
pumped dye lasers but with other lasers added over a period
ofrtuo'yeara (1985/86). The discussionAoﬁ which laéers to
buy in the fufurelwlli dépend_oﬁ user demand but possible
systems are anlexcimer-pﬁméed d&e laser, a CW dyé'laaer and
perhaps a third Rd:YAG pumped dye laser. '

(2) A high energy picosecond dye lager delivering
gub—millijoule (50-500uJ), 5psec pulses at 10Hz repetition
rate at various wavelengtha froﬁ'tﬁe:UV to the red. Thie
laser will initially satisfy a considerable demand from the
photo-blology community and although formaily pﬁft of the
loan pool equipment will most likely, because of its
complexity, be used‘ae the CLF. C

(33 Al@ the-lusera (exclmer + exc;ﬁer pumped dye Jasera) and

' ancillary equipmenf that is presently in the UVRF will be
tranaferred into the LSF and uill continue to be available

to University researchers for use at the CLF.

The atart up of LSF operations will entall scme changes in the usage of
1abo;at6ry space. New laboratory space will be made available to house
the picosecond laser and the excimer 1aaers(wﬁich will be moﬁed out of
the old UVRF laboratories). The old UVRF laboratories will be used for
lcan pool operations a purpose for which they are very suitable since
they have double door access to a truck loading area. The complete
layout of the new LSF laboratory area as it ufll be from the 1lst May
1985 1is sﬁown in Fig B4.5. ’
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c INTRODUCTION

F 0'Neill (RAL)

The research and development programme on the high power KrF laser has
progressed very rapidly in this reporting year and two very slgnificant
milestones have been reached. We have for the first time used the
Sprite KrF laser for target experiments using 249 nm laser light.
Secondly we have used the Sprite KrF laser to perform a high enerpy
experiment to study the conversion of the KrF laser to a Raman output

from CH, and .

The target experiments are signlficant in that they represent the first
ever performed with a high power KrF lagser. We have demonstrated that
the beam quality of the Sprite laser is sufficiently good to generate

high rtemperature laser plasmas. The target experiments have also been
valuable as they have highlighted deficiencies in the laser system (all
of which have now been rectified) and have identified ways in which the

laser could be lmproved for future target work.

The Raman conversion experiments are of crucial importance for the
future development of the KrF laser. Our future work will concentrate
on increasing the intensity of the KrF laser by using optical
multiplexing and Raman amplification. The success of this programme
was cruclally dependant on being able to demonstrate a conversion
efficiency from the KrF laser to Stokes output, - from CH, or H,, of
>30%. A lower efficiency would reander the use of Raman amplifiers
unviable. 1In fact efficiencies well in excess of 50X have been
observed and thus our future prograume Lnvolving the use of Raman
converslion has been given a boost — this work 1s now being vigorously

pursued.

The target experiments and Raman experiments are described in sections
Cl and C2Z below and the work related to the KrF optical multiplexer is

reported in sectlion CJ.

Fug C1.1 Target chamber used for XrF laser-~plasma studies

VACUUM

CHAMBER
CRYSTAL SPECTROMETER

KrF LASER LIGHT

BS
s FROM SPRITE
¥ 4 £ —-

TARGET >4 TAN -—

f=12cm DIA.= 265mm

DIA. = 120mm BS

PIN-HOLE

PIN DIODE CAMERA
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PHOTO DIODE
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DYLUX
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Fig C€1.2  pxperimental arrangement for Krf laser plasma studies



cl TARGET EXPERIMENTS WITH THE SPRITE KrF LASER

Y Matsumoto, M J Shaw, F O'Neill, J P Partanen, M R Key, I N Ross, E M
Hodgson (RAL), R Eason (Essex), Y Sakagami (Oxford)

Cl.l DESCRIPTION OF THE TARGET AREA SETLUP AND LASER PERFORMANCE

Early 1n this reporting year it was decided to use the Sprite KrF laser
for preliminary target experiments. The experiments were mainly almed
at using the laser to generate high intenaity X-ray pulses Erom laser
produced plasmas. An increasingly large proportion of the activity of
the CLF 1s devoted to the investigation and application of laser plaswma
X-ray sources and the Sprite KrF laser should be well suited for
application to this type of work because of irs high repetition rate,
short wavelength and low running expenses. From the Sprite laser
developument point of view an early start up of target experiments is
highly desirable even with the present 50ns pulse because it encourages
work on lmprovements in areas such as laser beam quality, machine

reliability, optics survivability, etc.

Target experiments were carried out during April and May 1984 using a

simple box target chamber which 1s shown in Fig. Cl.l1. The layout of
the experimental apparatus is shown in Fig. Cl.2.

The e-beampumped KrF laser, Sprite, produces a single beam of 265mm
diameter from ar injection locked unstable resonator cavity. The
separatfion of the resonator optics was adjusted so that the output beam
converged to a digmeter of 120 mm after propagating the 13-m distance
to the target chamber. A plano-convex fused silica lens of 1.22-m
focal length formed the input window of the evacuated target chamber
(107 Torr) and focused the laser beam onto target. Target alignment
was accomplished using low-energy pulses from the Sprite injection
laser (Lambda Physik, EMG LOLE) after they had passed through the
Sprite optical cavity. When the Sprite laser was fired, up to 110J in
30ns was available on target in a lasing bandwidth of approximately
80em—1, Injection locking was needed to obtain a low divergence output
of high energy from Sprite (Cl.l).
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To estimate the focal spot size on target we have measured the
divergence of the laser by taking Dylux film photographs (Cl.2) of the
laser pattern in the focal plane of the converpent output beam at a
distance of 26m from the laser cavity. These measurements showed the
angular distribution of the laser light to have a double-lobed
structure an effect which was traced to being caused by
pressure~induced distortion of the rear laser wirror which also served
as the closure plate of the two—atmosphere laser cell. For future
experiments we plan to use external laser mirrors which will aveid this

problem and produce close to diffraction limited laser beams.

The overall divergence angle of the laser (containing 90% of the
energy) was approximately 70uR. With the present focusing arrangement
(convergent laser beam and £=1.22 m lens) we calculate that the
intensity profile on target will have two spots, one strong and one
weak, separated by approximatley 100um within an overall spot diamter
(containing 90% of the energy) of 190um. Spherical aberration of the
focusing lens conrtributes approximately 50um of transverse aberration
to the spot size. The intensity on target at the peak of the strong
spot (containing ~ 50% of the laser energy within a cirele of 100pm
diameter) is estimated to be 3 x 10!3 W/cm® for a laser energy on
target of 110J.

The performance of the Sprite laser during the two month period of
target operations is summarised in Fig Cl.3 and Fig Cl.4. These
figures give information on the number of laser and target shots
achleved per day and the laser energies on target. 1t can be seen that
there were typlcally ~ 5 target shots per day with most laser pulse
energies being in the range 40-100 J. The number of target shots per
day was determined mainly by the time required for analysls of results
between shots and also the time spent on alignment of target and
diagnostic equipment preceeding shots. The firing rate of the laser
‘pregents no limitation as it could fire every 5-10 minutes 1if

necessary.
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Cl.2 X-RAY EMISSION FRUM KrF LASER-PRODUCED Af PLASMAS

The flrst tarpet experiments consisted of a rapid survey of X-ray
emission from a number of target materials. X-rays were detected using
a plnhole camera for spatlal information, a crystal spectrometet for
speceral laformation and X-ray diodes for temporal informatien. It
quickly became apparent that AL was the highest Z material that
reliably gave high intensity hard X-ray emission (hv > 1 keV). Our
experiments therefore concentrated on the use of AL targets with the
alm of obtalning as much quantitative information as possible on the AR

plasmas.

In these experiments the angle of incldence of the laser beam on target
was {n the range 25°-45° from the normal to the surface and an x-ray
pinhole camera viewed the plasma at 60° to the lagser axis. An X-ray
tmage of the laser—produced plasma taken with a 10um pinhole and a

24um aluminized mylar filter (e”! transmission For 2.7-keV photons) 1s
shown In Flg. €l.5. The X-ray ilmage has two spots spaced by !00 pm
corresponding to the calculated double peaked laser profile on target.
The overall size of the X-ray source is 225 ym which is slightly larger
than the calculated size of the laser spot of 190 pm.

X-ray spectra In the range 0.53-0.92 nm were recorded uging a minlature
flat crystal spectrometer (Cl.3) with an ammonium dihydrogen phosphate
(ADP) crystal with 2d=1.063nm. The spectrometer slits were protected
from target debris by a 12-pe—thick sheet of aluminized mylar (e~!
transmission for hv=1.9 keV). Spectra were recorded on Kodak DEF X-ray
film and Fig Cl.6 shows a single shot spectrum with strong emission of
the resonance lines of Al XI1 (He-like) and Al XIII {H-like} and the
recombination continuum of Al XII. The absolute brightness of the
emission was deduced from the densitometer trace of Fig Cl.6 using a
crystal reflectivity value of 1074 (Cl.4) and using the measured
sensitivity of the film{(Cl.3). The most intense line, Al XIIL,
t's,~2'p, at 0.776 nm, emitted 2.8 x 10}% photon sterad™! (after
gubtraction of the background due to scattered light). The temperature
of the plasma 1s calculated from the slope of the recomblnation
continuum to be 200 eV and from the H1like to He-like line Intenslity
ratlos to be 400 eV. This temperature difference has been seen in
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previous work with Nd:glass lasers (Cl.6) where the effect was

explained as being due to the temperature profile of the plasmae The efflclency of conversion from laser power into X—ray power (nx) can
be estimated from the above PIN dluvde data. We can write.

The temporal characteristics of the X-ray emlission were measured with a W= ETy /BT,
X x X
PIN diode filtered with 74 pm mylar (50 ym mylar plus 24 pm aluminized

mylar) with e”! transmission for tw = J.8keV (Fig Cl.7). where Ex'El are the X-ray and laser energles and T , Tl are the

corresponding pulse durations. Assuming optically thin emission

The FIN diode signal is generated {constant energy steradlan”!) into 2¢ steradians and estimating the

by the X-ray emission Ln the range sensicivity of the PIN diede (Cl.9) the efficiency of conversion into

1.5-2.5keV¥ because the mylar x-rays In the range 1.5 keV <hv<2.5 keV 16 estimated to be 0.2% for

filter strongly absorbs softer X El=9DJ. For this caleulation we have assumed the PIN dicde filter to

NSITY
INTENS rays. The notable feature 18 that have an average transmission of 1.2% for photons Iin the range l.5-2.5

the X-ray emlssion rises vapldly keV. The conversion efficiency inereases with laser power as shown In

following the shape of the Z-ns Fig. Cl.8.

rising edge of the laser pulse but

then falls during the laser pulse
with a full width at half-maximum
of 20ns. This premature

termination of X-ray emisslon can

—
o
"~
T

be attributed to the growth of the

effective area of energy

deposition during the laser pulse
(Cl1.7). Also shown in Flg Cl.7 is
a signal from a PIN diode
monitoring wisible light. This

20ns
—.l I-— signal has a duration of > 100 ns

as a result of the long-lived

Fig C1.8 Integrated X-ray power
{into 27 steradians)
from Al plasma source
as a function of
incident laser intensity
on target
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recombining plasma.

Fiy Cl.7 Tewporal history of (a) laser pulse, {(b) x-ray emission from the
target, (c) visible light emission from the targer
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It 13 possible ta calculate the spectral brightnees of the X-ray source

from the above spectroscopic and temporal data. Assuming a uniformly

X - RAY POWER INTO 2T (W)

emitting circular source of 200 pm diameter we obtain 2 maximum
spectral brightness of l.1 x 1017 erg cu™2 g~! sterad™! in av/u=1073,
This can be compared with the single pulse brightness of a typlcal high 104 |

power synchrotron radiatlon source {Cl.8) and 1s 10" times brighter.

1 2 3

PEAK INTENSITY ON TARGET (10°Wcmi?)
C.5 C.6




Clearly the source brightness Increases rapidly with laser Llrradiance
in this range of irradiance and similar tesults have been seen with a
Nd:glass laser (Cl.7}. Other work has shown a saturation in the

conversion efficiency in the limlt of high irradiance (C1.10).

These experiments represent the flrst ever reported observation of hard
¥-rays from a KrF laser produced plasma. It hae also been shown that
KrF lasers car be operated at gufficiently high power and with
sufficiently low beam divergence to be highly competitive with Nd:glass
lasers in producing soft X-ray radiation sources. The target
zxperiments have given us information on the focussing ptoperties of
the Sprite laser beam and have led to the following cenclusions:

(1) A simple £/10 spherical lens contributes too much spherical
aberration distortion to the target spot, (2) the reflective laser
optics must be mounted outgide the laser pressure vessel to avold
optical distortions due to pressure loading and (3) it 1s crucial to
use Injection locklng with the short pulse Sprite laser to obtaln a low
divergence laser beam. Td overcome problems (1) and (2) above we will
in future use aspheric focussing optics and the laser mirrors will be

mounted outside the laser pressure cell.
Cl.3  X-RAY EMISSION FROM KrF LASER-PRODUCED C PLASMAS

When a high power laser beam is focussed onto carbon targets at
intensities >1012 W cm? the temperature in the resultant
laser-produced plasma is high enough for carbon 1lons to be highly
stripped of theilr electrons. Under these conditions scme of the X-ray
line emlssion from the plasma results from radiative traneitione of
electrone In H-1like (CVI) and He-like (C-V) carbon and a number of
these line emissions fall within the 2.3 - 4.4 nm spectral range which
1s termed the "water-window” for blological X-ray microscopy
applications (Cl.11). Previous experiments at the CLF(C1.l2) have used
the lne pulse from the Nd:Glass lagser Vulcan to generate carbon
laser—plasma X-ray sources for biological microscopy applications. For
these applications it 1s perhaps not necessary to have such short
duration X-ray pulses and we have therefore used the 50ns KrF laser
pulses from Sprite to produce X—-ray sources for comparison with the

VULCAN work. The target 1llumination set-up was as i3 shown in Fig.

Cl.2 except that the crystal spectrometer was replaced with a grazing
Incidence grating spectrograph (Rocket~type) to observe soft X-rays.

Also the plnhole camera was no longer used.

The KrF laser was focussed onto polyethylene or graphite targets at a
power density ~6 x 10129/cem? in a epot size of 200um. The soft X-ray
pulse duration measured with a PIN dlode was 30ns. Fig. Cl.9 shows a
microdensitometer trace of a section of the X-ray spectrum recorded
from the carbon laser-produced plasma using the Rocket spectrograph.
The spectrum consists of three strong lines from CVI and two from CV in
the 2.7 - 4.0 nw wavelength range (i.e. within the "water window™}
lying on an intense background. The cause of the back-ground is not
completely clear but 1t is thought to be due to scattered laser light.
The total energy into 21 In the five spectral lines shown in Fig. C1.9
1s estimated to be ~ 2 joules. This is similar to the energy observed
from carbon plasmas produced using the VULCAN laser and thus this KrF
laser-plasma source should be usable for X-ray microscopy applications

in the same way as the Nd: laser source.

C.8
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Fig C1.10 Peak voltage of PIN diode signals for various target materials

It can be seen that there 1is stronﬁ hard X-ray emission observed with

t t .
Cl.4  LASER PLASMA EXPERIMENTS WLTH OTHER TARGET MATERLALS AL targets due to the high temperatures (200-400eV) achieved in the

laser produced plasma. The hard X~ray emission fallg off rapidly with

Some X-ray measurements have been made with target materlals of higher rarget 2. This effect 1s thought to be caused by the KrF light belng
Z than described above. 1n general the intensity of ¥-ray emission more strongly absorbed 1a the plasma blow-off from the target as 7

fron higher Z laser plasmas was too low to achieve successful locreases. Thus while at higher Z the overall conversion of laser
recording of ¥-ray pinhole photographs or X-ray spectra. Signals light to X~rays may be high, the plasma temperature ia lower (laser
generated by hard X-rays were however detected with the PIN diode energy absorbed in a larger plasma volume) and thus hard X-rays are not
detectors and in Fig. Cl1.10 we have plotted the peak voltage of the PIN produced. This hypothesis is supported by the fact that the observed
duration of the hard X-ray pulse gets shorter as Z increases e.g. AT =

diode signal versus Z. For each target a 50um thickness of Aluminlsed
30ns for C2 and AT = 10ns for Ta.

Mylar (e~! transmission for hy = 3.0 keV¥) was placed In front of the
PIN diode except in the case of AL where a 7Sum thickness {e-!

transmission for hv = 3.5 keV) was used.

C.10
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CALIBRATION OF THE DUST PARTICLE SENSOR ON BOARD

THE GEOTTO SPACECRAFT

A Ridgeley (RAL)

The Sprite laser has been used to calibrate the dust impact detection
system (Didsy) on board the Giotro spacecraft which will intercept

Halley's comet in March 1986.

The Giotto spacecraft will encounter the comet at a relative speed of
8 km/s, at which speed even very small dust particles can mortally
‘ancge an unprotectd spacecraft. Giotto Is protected from dust
:atcicle damage by means of a dual shield comprising a I mm thick
-luminluem buaper shield and a 25 mm thick kevlar and plastic form rear
~hi~1d mounted 250 mm behind the bumper shield. Particles lighter than
«bout 10'53 are expected to be stopped by the bumper shield. Heavier
_e7*4cles will penetrate the bumper shield but will generate a
Aivz:zing cloud of debris which will impact the rear shlield over a
large area with much reduced penetrating ability.

The Didsy experiment {5 a collaboration between the University of Kent
at Canterbury and several other groups, with J A N McDonnell at
Canterbury the Principle Lnvestigator. The experiment will detect
particle impacts on the two shields using varlous technique including
slezo-electric sensors to detect the elastic wave motions induced in

the shield by the particle impacts (Cl.13}.

The calibration of the Didsy experiment has presented a problem because
particles in the mass range of interest cénnot conveniently be
sccelerated to 68 km/sec in the laboratory. This {s particularly
unfortunate as it is belleved that for Llmpact speeds of greater than 10
im/sec crater formation becomes the dominant effect in cthe collision
{Cl.14}.

Lasers provide a means of simulating hypervelocity particle impacts as

the timescale of enerpgy transfer is comparable to that of a
hypervelocity impact, and focussed laser pulses do produce craters very

similar to those produced in hyperveloclity impacts {Cl.15}.

The Sprite laser had been observed to form hemispherical craters up to
2 mm diameter in aluminium targets, and was therefore expected rto
preduce a good simulation of nearly penetrating events im the Giotto

bumper shield.

An experiment was performed in which one flight—type plezo sensor was
mounted on a 1 mm thick aluminium plate, and another om a rear shield
sample mounted |25 mm behind the aluminium target plate. The Eront
plate was bombarded with focussed laser shots in the energy range 20 -

80J and the response of the sensors measured.

Penetration of a 1 mm thick plate was not observed in this energy range
but energies in excess of 35J produced spallation From the back of the

target plate, causing stimulation of the rear sensor.

Penetration was observed at about 30J energy when a O.5mm target place

was used.

By Ldentifying the senser response to a nearly penetrating event the
experiment has gone a long way towards putting the Didsy calibration
onto an absclute scale, and has given an estimate for the response of

the rear shield sensor to a just penetrating event.

C2 XrF RAMAN CONVERSION STUDIES IN CH, AND H,

M J Shaw, Y Owadano, J P Partanen, I N Ross, F 0'Neill and E M Hodgson
(RAL)

c2.1 SUMMARY

In the past year significant progress has been made on the KrF Raman
amplifier experiment. In CH, at 3 bar pressure power conversion
efficlencies of 75% with a simultaneous gain of 300 have been obtained.
The experiments have been extended to H, at 1 bar pressure. In this
case the laser linewidth was considerably larger than the Raman
linewidth. Nevertheless conversion efficlencies in the region of 65%

were obtained at power gains of 500x. In W the small signal gain

C.12



coefficient has been determined and found to be equal to the single
mode walue once a certaln phasing distance is allowed for. The

results are in agreement with “phase locking” theories.

C2.2 FEXPERIMENTAL ARRANGEMENT USED TO MEASURE ENERGY EXTRACTION FROM
A FORWARD RAMAN AMPLIFIER IN A LIGHT GUIDE

The experimental set up is shown in Fig C2.1. The Raman generator is

used in the forward mode with H giving typically 10mJ in & 15 to 20ns
pulse on the Ql(l) line at 277nm and as a backward generator with CH,

proeducing a highly modulated 6ns pulse of typically 30mJ energy at
268nm.

RAMAN AMPLIFIER &4m LONG
BREWSTER WINDOWS

56 SEGMENT

== 1
UNCOATED
FLOAT GLASS
LIGHT GUIBE

2-5x25x180cm

RAMAN
EMG 150 GENERAIOR
Looml OELAY LINE
25ns
¢ o 07em?
SPRITE
150), 50ns
70% NARROW
LINE

Fig C2.1 Experimental arrangement for investigating the light guided forward

Raman amplifier. The Stokes generator is used in the backward
direction for CII4 and in the forward directien for H2 (dotted).

C.13

The diagnostic layout 1s shown in Fig C2.2. Photodicdes and
calorimeters measure the pulse shapes and energles of both pump and
Stokes beams both before and after the light guide. An addiitonal

Joulemeter measured the polarization of the pump by the reflectlon from

the Brewster angled window at the entrance to the guide.

OMA

FP

rig CZ.Z  Diagnoctics used on the Raman experiment. J = joulemeter,
D = photodiode, FP = Fabry-Perot interferameter, GMA = Qptical
umlti-cnannel analyser

The transmission of the gulde fell short of its calculated value of 90%
being typically in the reglon of 70 to BOX the lower value occurring at

higher laser power.

The locking efficiency of Sprite was determined by taking spectra with
an optical multichannel analyser situated some 20 m from the output
window. The locking was found to depend strongly on the tuning of the

osclllator as shown in Fig ¢Z.3.

C.l4



In these spectra the narrow line

is not resolved but the natural
unlocked linewldth of 2.6A FWHM
13. The oscillator needed to be
e tuned to line center for best
locking and In this case the

fraction of output energy in the

narrow line varied from shot to

shat in the region of 60 to 75%.
bl The unlocked output L3 not
polarised and the energy reflected
! from the Brewster window was

consistant with the spectral

measurement .«

i<l The width of the useful narrow
line component of the pump was

measured with a Fabry Perot etalon

and was found to vary from shot to

2480 2500
shot. At best the linewidth was
Wavelength/ nm

Spectra from the OMA showing Sprite locking efficiency. The fraction
of the toral energy in the narrow line was a = 111, b = 21%, c = 78%.

0.07 co™! FWHM however the output was sometimes wider than this and
occaslonally on two or more lines. At lts narrowest the ogclllator is
ogcillating on typlically 20 longitudinal modes which gives rise to

substantial mode beating in the output pulse.
C2.3 LIGHT GUIDED CHh RAMAN AMPLIFIER

Results from the forward amplifier in C}g were all taken at 3 bar

pressure. Fig C2.4 a b ¢ show respectively the pump and depleted pump
pulse and the input and output Stokes pulses from a typlcal shot. The

effect of saturation shows in the output Stokes pulse which hag less

modulation and is of loanger duvation than the input.

C.l5

o)

Fig C2.4 Oscillograms for forward
Raman amplification in (i, at 3 bar
pressure. a) shows the input pump
pulse (top trace) and depleted pump
pulse (second pulse on bottan trace),
b) is the input Stokes pulse and

¢) is the amplified Stokes pulse.

In this shot the total incident

punp energy was 52J in 55ns. The
total transmitted energy (pump and
Stokes cortected for loss in photon
energy) was 36]. The input Stokes
energy was 10mJ and the outout Stakes
energy was 3.7J, 73t of the pump

ENErgy was in a parrow lime.

The strong depletion of the pump is also evident. The rotal Stokes

output energy in this case was 3.7J. The power extraction efficlency
was determined by the quantity:-

n= (E/t)
s g

(EF T) / 0.
pn) 9tp

where the numerator ie the Stokes output power and the denominator s
the useful pump power at the input to the light guide taking aecount of
T, the Raman cell measured transaission, 0.9 the calculated gulde

transmission and Fn the fraction of pump in the narrow line.
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Fi, C2.> Power conversion efficiency in 014 at 3 bar as a function of pump
intensity. Solid curve is the prediction of the simple 1U model

Extraction efficlency data for a number of shots are plotted in fig
C2.5 and are compared with the simple LD model which for the case of a
<< 1 {g:

n= 2 exp(YL &)

a (w fu Jexp (YI &)+ 1
p's P

vwhere a is the Stokes Input power divided by the pump input power. The
Raman gain coefficient Y is taken from Goldhar Taylor and Murray (C2.1)

-1 -10
which at 3 bar pressure and a laser linewidth of 0.07 ca is 6 2 1O

-1
cm W

Simple estimates of the beam quality of the Stokes beam were made using
dylux films The Lnput Stokes beam was about 4 x diffraction limited

and the amplified output beam was found to be little changed Erom this

value. At the same time vbservations of the second Stokes component of
the output beam were made and approximately L0 of the output was found

to be at the second Stokes wavelength for the highest pump powers.

During these measurements a major difficulty of using CHﬁ In Raman
amplifiers came to light. 1t was found that the output enerpy of the
osclllator in particular and to a lesser extent Lthe amplifier,
deterlorated with number of laser shots. Full pecformance could be
restored by changing the gas. Apparently the CHA is being decomposed
to form some absorbing impurities. T1f the gas 1s subjected to very
many laser shots then carbon deposits are easlly seen on the windows.
It is not clear whether or not breakdeown is necessary to produce these

effects.

C2.4  LIGHT GUIDED H2 RAMAN AMPLIFIER

Partially to overcome the above effects it was decided to investigate
H2 in the light-gulded amplifier. The Raman generator was changed to a
forward generator since very little energy {and then only in a single
subnanosecnd pulse) was available from H2 in the backward direction.
The problem with forward generation at | bar pressure is that very many
retational and vibrational Stokes orders are produced as shown Ln fig
C2.6. The first vibrational Q(l} line was selected for amplificacion.
Typically about 10mJ in a 20 ns pulse was produced glving less than 100
kW cm-z Stokes input intensity compared with typlcal pump powers of 50
MW cm—z- Thus saturation would require gains of about 500X. Initlal
results showed that this was quite easy to achleve even with the gas
pressure at 1 bar. Flig C2.7 shows the pump depletion and amplification
of the Stokes input beam. '

These results suggested that the gain was considerably greater than
that expected for uncorrelated pump and Stokes waves. 1In this case the
gain should be given by
L] A .} + A
Y Y, dvp /v, vP)

Where AUR is the HWHM of the Raman llne which faor H2 at lbar and 300K

1s 0.0057 em ! (€2.2) and Av_ is the HWHM of the punp laser

c.18



r1 Lo

[y ] 0m

P ANl

Qs —
wnsmsol

2008 S1H
251 -t

ain-zs

o1} SISO
3sm
A
750 260 m FIT) 280 100 m 1

e A | fwm]

aig-smn

digh resolution Raman Spectrum fram a KrF pumped forward Raman generater at lbar pressure. FPump energy
was = 100mJ in 25ns and a lm lens was used, The Raman frequencies in H2 are 5(0) = 354.4an © 5(1) =
S67.1ar 3 and Q1) = a155.2ar L. Note 1. The 5(0) tine from para Hywonly occurs as an intercabination
line associated with 5{1) and Q(1). Apart from P, S(1) and Q{1) all of the lines shown are penerated
from tne above by four wave mixing processes. Note 2: the Telative amplitudes between the pump, Q(1)
and 2q(l) groups are not to scale. Tliey also vary significantly from shot to shot.

(b)

Fig €2.7 Oscillograms for forward Raman
amplification in H2 at 1 bar vressure,
{a) shows the input pump (top trace) and
depleted pump {second pulse on bottom
trace), (b} is the Stokes input pulse and
{c) is the Stockes output pulse. In this
shot the total incident pump energy was 26J.
Tne total transmitted energy (corrected
for photon energy loss} was 17J, The
Stokes input energy was 7.5mJ and the
Stokes output energy was 4.3J. 75% of

(€)

tne pump encrgy was in a narrow line.

-1
{~ 0.035cm ). The uncorrelated gain should thus be a factor of 7 less

than the line center gain. The line center galn in H_is easily

2
calculated Erom the expresslon

- 2
1ro A 8 foN [(Ga)

huE uAuR

Where (§6/6Q1) 1s the differentlal scattering cross section at 248nm

recently determined by Blschel and Black {C2.3} to be 48 x lO_m 4:11:|'Z St

-1
« N = the scatterer density and £, is the Eraction of orthe H, at
300K which i{s 0.66. Thus at 1 bar pressure and JOOK with forward
-9 -1
scattering Yo ™ 155 = 10 cm W .

Gain measurements were cartled out at low pump power 8o as not to be 1in
the depletion region and were done as a function of laser linewidth

which was changed from its 0.0Tcm-l FWHM by removing the tuning etalon
from the oscillator which gave a linewidth of 0.7 (:m—l FWHM and to very
broadband operation by removing the tuning prisms to give "40(:111_1

linewidth.
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The results are shown in Fig C2.B and come from only five lager shors.
Each 20ns laser pulse is divided into 5as intervals and the mean Lnput
and output power estimated from the photodiode traces to give the data
points plotted. MNo gain could be observed for the case of 40 cm—l
laser linewidth. The interesting point is that after an initlal
amplification length the gain becomes equal to the single mode value.
The effect of laser linewidth 1s to change the initial gain length
required. These results are in agreement with the “phase-~locking”
theory (see for example (C2.4) and (C2.5)) which gives a sumall signal

amplification following the law

Y1
I =1 (in) (1 +1 (8P 1)
8 8 -P-'l-

which for large gains ls approximated by

Y1 &
la(out) - Is(ln) e P

M
where M is the number of modes [n the pump (and Stokes) spectrum. The
stokes intensity thus grows as though inltiated by the intensity of a

single wmode.

Kp

f
(a)y

I Kg _a

= .

I !

1 Ks J Q 1
Il | T —
) ! K!

[
— P Kp —
| Awp ! p

c
Fig €2,  a) shows how with no dispersion sl co-propagation, wave vectors

from different ends of a broad bund Spectrum aw_ can scatter fram

tiie same Raman excitation, Q. b) Shows the effect of having the
punp and Stokes wave vectors at an angle 0. In this case a spread
of y is given by ay = Amp 0/C is produced for small angles ©

The reason that this can be so is 1llustrated in Fig. C2.9a which

shows a single pump mode k_ scattering from the phased array in the
medium § to give a single Stokes mode ks. Provided they are phased
correctly other modes in the pump spectrum can scatter from the same Q.
Q can only grow from the initial intensity of a 4ingle mode viz:-
lg(in)/H- As it grows other modes scatter from the same Q. After they
are phase-locked in thls manner amplification proceeds as though all of

the pump intensity were concentrated in a single mode.

C.21



Akhmanov et al [C2.6] were the first to polnt out the compllcation that
disperslon adds to this picture. In thls case modes at different ends
of the pump and 5tokes spectrum will not interact via the same Q but
the pump spectrum &w will produce a range of Q vectors of width 4Q.
The effects of dispersion will however be small 1f the critical gain
length in the medium L atn “(To Ip)'l 1s shorter than the dispersion
length Ldls = x(4Q)"}. 1In the case of co-propagating waves in a
dispersive medium the dispersion results in differing group velocities

Vp and Vs and the inequality Lgain < Ld13 defines a critical pump
intensity Ic such that Lf
Av.
I >1 _=4(1-1" 1
P cr v vV vy
p 8 o0

then dispersion may be neglected

In our case the normal dispersion of the medium(H2 at 1 bar) is very
small but the effect of pumping the medium at an angle is similar to
that of dispersion in the co-propagating case. This is shown in Fig.
C2.9b. 1f the angle between pump and Stokes, 6 {s small then the pump
spectrum of width ﬂmp gives rise to a AQ ~ ﬁwpelc and the component of
AQ along the axis is ©AQ. In this case the critical intensity 1s given
by

I~ M\TLBZITD
where AUL 16 the laser linewidth in cm™ 1. For the three linewidths
tested 0.07, 0.7 and 40coi™! the critical intensities are 0.07, 0.7 and
40 MW cm™? respectively. The punp intensity greatly exceeds the first

two cases but not the third which was where no gailn was observed.

Finally the H2 results are plotted in Fig C2.10 to show the conversion
efficiency as a function of pump intensity. Data are compared to the
gimple ID model as used in CH& however in this case ls(in) was set to
Is (in)/M where M La the number of oscillator modes (abour 20 at

0.07¢m™!) and the galn {8 set equal to Yo-
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Hp at 1 bar avp = 00056 co! HwHM,

1 loul} av = 0.035 cml HWHM
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Fig Ce.l0  cxtraction efficiency as a function of punp intensity of a forward
Ranan amplifier in H, at 1 bar pressure. Solid curve is fran the

simple 1D wooel using single mode input intensity and'gain cocfricient

The drop in efficiency above 40 MW com™ {is due to self Raman generatlon
in the pump. At this iotensity and due to substantial pump beam
overlap in H, outside the guide, the gain exponent TOIPL for self

generation 1s in the region 20-30.
C2.5 IMPLICATIONS FOR THE SPRLTE MULTIPLEXER SYSTEM

The above results are useful in ladicating the best approach for
applylng Raman ampliffers to the Sprite multiplexer system. The most
likely scenario Ln the short term Is as follows:—

1) A forward Raman beam combiner pumped by 8 % Bns pulses from the
Sprite multiplexer to produce a single high quality Stokes beanm
of energy 150-250 J in Bns.

2) Use rotational (252nm) or vibrational {277am) shift in H, at
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atmospheric pressure or below.

3 Use window loading = ! J cm™Z.
4) Use a light guide with dielectric coatings for high R at ~ 10°

grazing angle. (Such coatings have already been tested and
found to have R = 99.5% and damage levels equivalent to a beam

fluence ® 10 J em2.)
5) Final amplifier to run at 100 x gain or less for best

conversion efficiency.
6) Use single mode pumping to maximise gain and eliminate mode

beating effects.

Conatructlon of such a system now appears to be perfectly feasible
within a reasonable time scale and will greatly emhance the target

shooting capabilities of Sprite.

C3 PROGRESS ON THE SPRITE KrF OPTICAL MULTIPLEXER

F 0'Neill (RAL)
€3.1 ASSEMBLY OF MULTIPLEXER HARDWARE

The Sprite KrF laser fitted with an injection locked unstable regonator
cavity Is now being used as a tarpget irradiation facility and the first
experiments have been described in section Cl above. Based on these
experiments we have now operational a fully dedicated KrF target
facility cﬁpable of providing on target irradiances of »>1013 4 cm2

in 50ns pulses at 249nm. Establishment of this facllity represents the
achievement of our first major goal in the KrF laser project. The next
alm 18 to Increase the power on target by pulse compression using some

comblnation of optical multiplexing and Raman conversion.

While the design of the end stages of the KrF pulse compressor have not
vet been finalised it 1s clear that the front end will consist of a X8
optical multiplexer as was described in the 1984 Annual report. The
multiplexer has been designed to produce an output of 200J in 8ns in 8
beams using the Sprite laser as the final amplifier stage. In this

past year the construction of the room for the multiplexer optics has

C.24

been completed and all optics and hardware (e.g. beam pipes, mirror
mounts, etc.) have been purchased. A UV Pockels cell has also been
purchased and will be used to switch an 8ns pulse from the Lambda
Physik EMG 150 laser to provide the Lnput to the KrF mulriplexer. The
other major component of the multiplexer is the Goblin e-beampumped

pre-amplifier which as described below 1s now operational.

Thus all the components necessary to produce a 200J, 8ns, 8-beam output
from Sprite are now available and it 1s planned to have the optical
multiplexer system operational before the end of the next fimancial
years

c3.2 PROGRESS ON THE E-BEAM-PUMPED GOBLIN PRE-AMPLIFIER

F Kannarid, H T Medhurst, M J Shaw (RAL)

C3.2.1 Goblin Pulsed Power Performance

The routine checking on the electric performance of the Goblin e-beam
generator has been satisfactorily carried out. During the reportinmg

year approximately 150 e-beam shots were fired.

The l0-stage marx generator has been successfully triggered by a

newly developed magnetlc-switch-driven trigger generator with a low
Jtter (lo of <20ns). The measured voltage gain from the marx to line
is 0.95 and the energy transfer efficlency, which is limited mainly by
the relatively large seriles resistance of marx of 168, is 0.47.

To date the output gap has been operated in the selfi-break mode. The
charging time of the pulse forming line is 400ns. Fig. C3.1 shows the

self breakdown voltage versus pressure curve.

The e—beam diode consists of the old ELF dliode chamber and the new
cheese—grater—type cathode with an emitting area of (5x50)cm?. Fig.
C3.2 shows the typlcal time history of the PFL voltage, the diode

voltage, and the diede current.
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300 Fig C3.2 a) Timenistory of PFL voltage
> b) Upper trace diode current
% Lower trace diode voltage

2()0 i | 1 i 1

O 10 20 30 40 50 The risetime of the current 1s approximetry 20ns. The pulse width is
. 120ns, FWHM. The maximum output obtainable at + BOkV marx charging is
SFB PRESSURE (psi) 450KV and 70KA
The e-beam transmission efficiency was measured by an Al-plate
Fik ‘Cs.l Self breakdown voltage versus SF6 pressure for PrL output gap Farady-Cup and an e-beam calorimeter placed after the pressure foil.

Through these weasurements, the best combinatfon of anode and pressure
folls was decided. These were 12.5umT1 for the anode and 75um-Kapton
for the pressure foil. Figs. €3.3 and C3.4 ghow the measured
transmitted current and total e-beam energy as a functlon of diode

voltage, respectively.

The maximum current transwission efficlency and the maximum availlable

e-beam energy are 80X and l.4kJ, respectively. The e-beam deposition
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E- BEAM ENERGY

energy was also measured by filling the old ELF laser cell with Freon

12 and measuring the pressure jump. Fig. €}.5 shows the e-beam

8o deposition energy versus diode volrage. In thls case, the deposition
i efficlency was limited by the relatively small gas volume of laser
cell. The maxlmum deposition energy obtained is 0.9kJ at a equivalent
DIOOE CURRENT
60 KrF laser gas pressure of 3 atm.
Fig C3.3 Dependence of e-beam
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C3.2.2 Goblin Harx Triggering

A novel high-voltage trigger generator has been developed to fulfil the
requirement of low jitter and reliable triggering for Goblin. The
generator comprises two parts, a d.c. charged capacktor switched by a
tetrode thyratron situated outside the marx cil tank and an alr-cored
pulse transformer driven by a magnetic switch in close proximity to the

marx generator inside the tank. Flg C3.6 shows the basic clrcuit.
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Fig C3.6 Basic circuit of a magnetic switch driven high-voltage trigger

generator

There are several factors which have to be considered in the design in
order to obtaln high switching volrage and the high transformer gain
thus reegulting in high dV/dt at the output:-

9] The ratlo of the saturated inductance of magnetic switch, l.sat
{a Boat NzA, where N ig the number of turns and A 1s the cross
sectional area), to the primary inductance of transformer, Lp,

must be small for high transformer gain.

C.28

2)

3)

4)

Fig C3.7

Magnetlc svitch must saturate at close to the peak of charging
voltage of C2 (NABB~ V 1/2, where AB s saturaction Flux, t 1is
charging time of €2, and VP is peak voltage of C2).

The ratio of unsaturated inductance, L (a u NZA), to
unsat ungat '

Lp nust be large to reduce the prepulse level induced during the
charglng of CZ.

Large isolatf{on inductance s necessary between €2 and the

thyratron 1f operation of the transformer with one of gutput
ends at the earth Is required.

22 kV

Typical output voltage of trigger generator

Because these constraints can not be fully satisfied by a single design

parameter, we must find the best compromise between them.



Specifically, sufficient reductlan of the pre-pulse level {whlch
ditrectly affects the marx triggering performance) can be attained only

at the cacrifice of transformer gain.

As a result, we have used tvo magnetic cores 1n series with
2-turn-windings. Iun this case, the saturation time of the magnetlic
core is 1.6ps and the switchlng voltage Is 19kV. The half

tranaformer gain is about 7. Fig. C3.7 shows the output waveform of
half the transformer measured by a kg CuSOh probe as a load. The peak

voltage 15 118kV and the 10Z-90% risetime is 150ns:

By floating both ends of the output from the earth, a bi-polar output
around + 110kV 1s obtalned and 19 used with opposite polarities
triggering alternate midplane gaps in the Goblin marx. We have
compared the triggering performance between bi-polar triggering and

single-polar triggering.

Figs. C3.B and C3.9 show the delay as a function of the percent of
self-breakdown voltage (vaB) for dry-alr and an 5Fg filled gap
respectively. Delay and jitter were determined by measuring the time
between the voltage rise at the trigger electrode and at the
SUOQ—CuSOH dummy load. In splte of a low dv/dc valug of triggering
voltage, triggering was controlled down to about 50% of vsh for dry air
and 60% of vsb for SF5 regpectively. Comparison between
single-polarity and bi-polar triggering shows much shorter delays for
the former. However, there is no significant difference on the jltter
pecformance. Because the performance of marx triggering depends not
only on the dV/dt of the triggering voltage but also on the
later—connections in the marx generator itself, these jitter results
may be explained by the prescence of sufflcient capacitive and

reslative — coupling between stages Lo over—volt the gaps.

In conclusion, using bi-polar triggering the Goblin marx can be
guccessfully triggered down to 50 Vsb for dry alr and to 60X vsb for

SF, with a jitter of 20ns or less which is only 51 of charging time of

[
the water line.
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Part 11 LASERS FOR MICROCIRCUIT FABRICATION

1. INTRODUCTION
M € Gower {RAL)

This section of the Laser Division annual report covers the progress of
work undertaken by Laser Division staff working on the 'Microcircuit
Fabrication using Lasers' project. Thie project, which officially
began in November 1983, is a 3 year programme and is jointly funded on
a 50:50 basis by the Engineering Board of the SERC and the Department
of Trade and Industry (DTI) to a total of £780K. It invelves a
collaborative effort between the Lager and Technology Divisions of

RAL.

The alms and scope of the programme are to carry out an investigarive
study of the potentlal novel uses of lasers in microcircuit fabrication
with particular emphasis being placed on the use of laser sources in
photolithography. Hore specifically, it is hoped that results arising
from the programme will eventually show that laser sources can provide
cheap, high-throughput photolithography for device sizes down to

1-2pm.

This report covers only that part of the project undertaken in the
Laser Division, namely, investipations of novel methods of high -~
resolution image projection using lasers. This activity involves 2 man
years of RAL Laser Division staff effort supplemented by research
sandwich student and consultative support. A parallel effort, which
studies the behaviour of photoresist materials ro exposure by excimer
lager radiation, is being undertaken by staff from Technology Division

and is not included in this report.

The three techniques for image projection which are being studied all
involve the use of either 'real’ or 'lapsed time' phase conjugate
mirrors (PCM's). The first method makes use a of thermally-induced
optical nonlinearity in liquid solutions to produce real-time phase
con jugate reflections by degenerate four-wave mixing of ultraviolet

excimer laser radiation at 249mm in the type of arrangement shown

schematically in Fig. 1. Initial studies of image projection with a
355nm laser using this technique were Elrst reported by Levenson(l)
although, because of the low reflectivity of the PCM and the ensuing
optlical damage to mask and beamsplitter ccmponents, his minimum
exposure time of the photoresist was limited to approximately 30
geconds which is much too long for any practlical device. To circumvent
these damage problems we plan to incorporate a small KrF laser
amplifier between the beam splitter and phase conjugate mirror. This
amplifier is being developed under an extra-mural research (EMR)
agreement with Oxford University. Progress in this activity is
described in the second eection of this report.

In the third sectlon there is a brief description of an investigation
of the use of holegraphic techniques to high-resolution image
projection. Although such techniques were firat investigated some 17
YyEArs ago there are few subsequent reports of further work in this
field. A patent application arising from the work in this field is
currently being filed.

In the final section we report prograss on the use of photorefractive
media in particular BaTj.D3 erystals for generating dynamie holograms

(3)

to project high-resolution ilmages. Although the group at IBM have

used photorefractive LINbO crystals to project speckle-free images with

a resolution of > 800 lineapa}ra/mm using a CW 413nm ket laser, the
phase conjugate reflectivity of the crystal was sa low (<0.001%) that
the photoresist exposure time was unacceptably long (8-20min). The
high reflectivity obtainable from simple self-pumped BaTl.O3 crystals
(up to 30%) have enabled us to reduce this exposure time Lo

approximately 5 sec.

One of the main objectives of the project is to feed into UK industry
for possible future commercial exploitation the more promising results
of the research. Commercial rights are held by the DTI. With this in
mind, the project management committee 1s currently actively engaged in
consulting a number of U.K. companies with a view to commercial
exploitation. From the research carried out so far on novel methods of
image projection, the British Technology Group (BTG) on behalf of the



project 1s preparing three patent applications. The possibllity of
futuce commercial exploitaticon of the results arising from the project
necessitates that some of the work should remain proprietry. 1t is
recognised that this !s3 somewhat of a new departure for the Laser

Division where 'open research' 1is uswally carried ocut.

IMAGE PROJECTION

BEAM SPLITTER \

g P \
’. \\ PC MIRROR

MASK

PHOTORESIST €S

Schenutic of image projection using real-time phase conjugate mirrors.

2. (a) PHASE CONJUGATE IMAGING AND PHOTOLITHOGRAPHY BY FOUR WAVE
MIXING AT 249nm WAVELENGTH

M Golombok, R Harris, M C Gower {(RAL) and A P Gibson {Consultant)

Phage conjugation by four-wave mixing was flrst demonstrated at 24%9nm
by Caro and Gower(ﬁ) in a joint project between RAL and Oxford
University. The essentlal features of thelr technique were (i) The
interference of & probe and pump ("write") beam in an absorbing liquid

resulting in the formation of a phase hologram due to the resultant

spatially non-uniform heating and ({i) the subsequent "reading” of the
hologram by a second pump beam which generates, by diffraction from the
hologram, the phase conjugate of the probe beam. Gower and Caro did
not examine the ability of thelr technique to generate images though
Levensonsl)using the same mixing method, generated images in a
photoresist using the third harmonic of Md-YAG as his ultra-viclet
source (355nm). His results were nob very encouraging- In particular
Levenson found he required unacceptably long exposures {greater than
J0sec) to generate patterns ln commercially avalilable photoresists and

damaged both wask and beam eplitter.

Taking the problems encountered by Levenscn Lnto account we are
atudying alternative optical arrangements to generate imapes of masks
on photoresist layers, while still using Caro and Gower's original four-
wave mixing method. Experimental work began in November 1984 with the
delivery of a Lambda-Physik 150 KrF laser designed to deliver pulses of
over 700mJ energy i{in a 20 x 20mw® beam though we have not, as yer, been
able to use Lts full capability. For our initial studies the laser 1s
belng used to feed an optical arrangement of the type shown
schematically in Fig 2, except that delivery of the quarter-wave plate,
shown in front of the mirror(M2) which generates the read beam, is
still awaited. This, in conjunction with the polarisatfon gate, will
protect the laser from feedback via mirrors Ml and M2 and allow the
laser to operate at full power. The quarter—wave plate alsc ratates
the plane of the polarisation of the conjugate beam relative to the

probe beam.
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Figy 2 An experimental arrangement for the cbservation of phase conjugation
by degenerate four-wuve mixing in an absorbing liguid. M, M2 100%
giclectric mirrors. C is a flowing dye cell. g splits off the probe
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Interference between probe (H3) and pump (Hl) beams in the cell
requires equal path lengths to an accuracy eet by the coherence length
of the laser, in our case about Jcm. In the set up shown, the equal

path length condition is met if

L= XL
2L4+X

and the angle between “1 and Ha, which must be kept small, 1s given by

tan © = X .
L+

As & increases, the alignment of the write and read beams becomes more
critfical {as sin ©) and, 1f the angular alignment tolerance becomes

less than the lrreducible divergence of the pump beams, the Lntenaity

ratlo Iuﬁlle falls. For our laser, this requlres 9<10°.

At the present time, as shown in the figure, we are using "front
pumping” l.e. beams W; and Wy are incideat on the interaction cell from
the same side. This, together with the need to keep U small, places
undesirable constralnts on the system. A back pumped cell has been
designed and 1s under test. The beam splitter assembly is currently
the subject of patent actlon. Finally it should be noted that a
relatively low-galn amplifier (see section 2(b)) is under construction

to enhance the power of the conjugate beam.

Though incomplete, as indicated above, the structure shown in Figure 2
has been used to generate Lmages of a mask on 2 photoresist layer and a
resolution better than 10um obtained. This does not, of course,

represent the limit of the technique but the limit set by the curcently

avallable components.

2(b) WIDE-APERTURE AMPLIFLER DEVELOPMENT FOR 249nm PHASE CONJUGATE
MIRROR PROJECTION

G J Hirst, V Rivano and C E Webb, {Clarendon Laboratory)

ldeally a laser photolithography system should be able to expose the
photoresist on a semlconductor substrate in a single short pulse,

thus avoiding the problems associated with substrate vibration and
pulase repetition rate which may limit the processing speed. Discharge
pumped rare-gas hallde excimer lasers, particularly the KrF laser at
249 nm, produce appropriately short pulses (typically 20 as long) with
suffictent energy (hundreds of millijoules) to carry out this task, but
simple magk-projection is not possible in a single pulse because the
intensity required to expose the resist is too high te put through
conventional masks. These are damaged unless the incident intensity ls

held below about 10Z of the value required for exposure.

One solutlon to this problem 18 to install a laser amplifier in the

path between the mask and the substrate so as to ralse the intensity to



the level required. The amplifier can be double-pagssed using a beam
splitter and if a phase conjugate mirror is veed as the retro-reflector
any phase variatlons in the amplifier medium will be corrected
automatically. To retain a large numerical aperature the complete

optical train also includes a lens between Lhe beam splitter and the

amplifier.

The deslgn of the amplifier for use in such a projection system must
take into account the required single-pass gain and numerical aperture.
It must also alm to maximise the spatial uniformity of the gain over
that aperture, aince the phase conjugate mirror is of course, incapable
of compensating for unwanted amplitude fluctuations in the signal
arriving from the amplifier. Initial calculations called for an
amplifier with a single-pass gain of ~1l and a numerical aperture of
~0.05. Typical values of the small-signal gain in KrF(S)
the gain region would need to be ~20 cm long and the amplifier

guggeat that

crose-section ~2Zcm aquare. The aim of the present project is to
construct such an amplifier and to Lnvestigate the magnitude and
uniformity of the gain ae functfions of the electrical ard prelonisation

subgystems and of the gas composition.

The laser head consists of a 20cm diameter wetal tube containlng the
eleccrode structure and internal capacitor assembly. The circuit and

laser cross—section are given in Fig 3.
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Fig 3 Uischarge circuit and cross-section of KrF laser amplifier.

The values of the capacitors are those currently in use but it seems
likely that these will need to be increased to achieve optimum
performance. The electrodes consist of a solid cathode which ls shaped
to produce the required gain profile (efforts to optimise this profile
are still in progress at the time of writing) and a flat, partially
transparent mesh anode through which ultraviolet prefonisation
radiation can enter the laser discharge volume. The preionlsation is
provided by two parallel sliding-spark arrays made from lengths of
cupro~nickel tube mounted on polytetrafluovoethylene (PIFE) aupports.
Each array carries 25 intense sparks for ~ 170ns before the main
discharge breaks down. The entire preionisation agssembly is mounted
within an insulating liner made from polvinylidene fluoride (PVDF),
this plastic being both mechanically strong and completely fluorine
compatible. The advantage of prelonising through one of the electrodes
is that the unavoidable preionisation density gradient is then parallel
to the main electric field and its effect on the spatial distribution
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of curreat in the discharge is thus minimised. PVDF is also used to
make the end flanges for the amplifier, allowing the tube length to be
kept down to 30 cm without electrical flashover from the 25¢m long
high-voltage cathode. The windows are recessed into the end flanges
and are mounted at 10* to the laser axis to suppress potential lasing

between them.

Rare-gas halide lasers in genmeral and wide aperture amplifiers in
particular are reported to be sensitive to impurities in the gas
mixture. Therefore in addition te using only fluorine-compatible
materials within the laset head, we also circulate the gas through an
Oxford Lasers GP2000 cryogenic gas purifiersﬁ) This traps out
molecular contaminants formed within the discharge and increases the

stability and longevity of the gas-mix considerably.

The high voltage design of the laser head and of the external circuit
are now more or less complete and we are moving on to examine the
dependence of the amplifier properties on gas mlxture, valtage and

deiver ¢ircuit configuration.

The optical set-up used to atudy the performance of the amplifier is
ghown in Fig 4. The output beam from a small RrF oscillator module 1s
passed through two 1 mm diameter pinholes placed 1.2m apart to produce
a low-divergence probe beam whose intensity is ~160 kW em2, A beam
splitter and filter divert 2% of this beam into the amplifier while 927
is transmitted directly into a photodiode to provide a reference
measurement of the energy from shot to shot. The beam which has passed
through the amplifier is then spatially filtered to remove unwanted
amplifier fluorescence before being passed to another photedicde which
is used to record its energy. Each photodiode has a cell containing an
organic dye (Coumarin 6 dissolved in methanol) in front of it. The dye
fluorescence 1s monitored by the photodiodes since this is more diffuse
and less intense then the laser light and does not suffer the same
problems of photocathode response nonuniformity. The photodiodes are
connected to a ratiometer constructed in the Clarendon Laboratory to
produce the ratio Z/X of the energles in the two beaws. The system was
checked using independently calibrated UV neutral density filters and

found to be linear over the range of use to better than 2%. Some

effort was also devoted to ensuring that the oscillator and amplifier
were triggering simultaneously. The short pulse lengths involved
required that the Jitter between firing of the two lasers was not
sufficlent to lead to fluctuations in the energy extracted from the
amplifier. By running the two lasers from Che same pulsed power supply
and by careful adjustment of the inductance of the oacillator circult
it was possible to synchronise the two lasers reproducible to within

one nanosecond of one another.

To measure the spatial varlation of the gain, the amplifier was mounted
on a rranslation stage which allowed it to be scanned In both the
horizontal and vertical directions. A map of the gain as a function of
position canm thug be built up. Moving the laser avolded the complex
problems of trylng to maintain precise optical alignment while scanning
the probe beam. The only complicatlon involved was the need for

provision of a flexible high voltage feed to the laser tube.
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Fig 5 Typical pain profile (horizontal scan) for KrF laser amplifier with
wwptinised electrodes.

A typical gain profile, ecanning the laser horizontally through the
probe beam, is shown in Fig 5. The gas mix used in the amplifier was 5
mbar Fys 120 mbar Kr and 2500 mbar He and the external storage
capacitor was charged to 40kV. The peak single-pags gain is ~80
implying a small-algnal galn of ~¥17.5% ¢o!. The intensity at the
output window should then be ~260 kW ca™? which is well below the
saturation intensity of KrF, so we are operating safely in the linear
regime of the amplifier. The uncertainty in the poeition of the centre
of the probe beam is +25um and the uncertainty in the mecasured value of
the gain results mainly from shot to shot fluctuations and is
~0.25%ca”!.  With the present unoptimised electrode profile the
discharge FWHH is only lS5ma. However, Indications that & much breader
bean ie posaible were obtained in earlier experiments using a similar
but longer (60cm} device which achieved outputs that were l9mm wide.

The long laser was set up as an osclllator and the beam width was

11



measured from burn-patterns on exposed Polarold film so there was
little information available about the shape of the galn profile.
Difficulties associated with measuring the large gains produced by
this laser caused us to transfer our attention to the present, much
shorter unit once we had solved most of the electrical problems on the

earlier device.

The first results avallable from the short amplifier suggest that its
gain 15 more than sufficient to meet the design criteria. This allows
some freedom Iin the cholce of gas mix to improve the discharge width.
(Reducing the Fy concentration should widen the discharge at the
expense of reducing the peak gain). We could also reduce the operating
voltage of the laser which uouid aimplify the design of a
thyratron-based pulsed power circuit. The use of a thyratron would, in
turn, allow easietr Interfacing of the amplifier to the rest of the
projection system. Surprisingly we have been unable to detect any
dependence of the amplifier performance ou the discharge polarity. The
obvious preionisation zsyametry might be expected to lead to a polarity
asymmetry based on the tendence of the pre-breakdown electric field
across the main discharge gap to cause bulk movement of the
prelonisation electrona. It may be, however, that the rapid electron
attachment rate in gas mixtures containing F, ensures that the
preionipation density depends predominantly on the ingtantaneous value
of the current flowing through the preionigers, i.e. electrons are more
likely to be attached than to be moved very far by the electric field.

Further work will invelve a more detailed study of the amplifier
properties and, based on the results of that study, we will produce a
finished device which will then be fitted into the prototype projection

syatem. '
Dr ¥ Rivano would like to acknowledge the "Fondazione Angelo Della

Riccia™ for financial support during his stay at the Clarendon
Laboratory.
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3. HOLOGRAPHY IN PHOTOLITHOGRAPHY
I N Ross (RAL) and G M Davis (Oxford)

Phagse conjugation techniques can be regarded a2s 'real time' holography.
NHormal 'lapsed time' holography offers many of the same advantages such
as high-resolution and {nexpensive optics while offering one or two
additional possibilities as a vesult of beilng a two-stage process.
These well known advantages of holography have suggested that we should
investigate 1ts possibilities in photolithography alongside and in
comparigon with our work in phase conjugation. In consequence we have
initiated some early trials into the feasibility of high-resolution
holography uaing ultraviolet light from excimer lasers. Holograms made
with such a pulsed source in the ultraviolet {probably the first group
to do this) have shown considerable promise and this programme will

continue.

b4, DYNAMIC HOLOGRAPHY AND PHASE CONJUGATION
M C Gower {RAL)

The photorefractive effect refers to the light-induced refractive index
changes which occur In certain erystals due to the migration and
retrapping of charges in the presence of spatially nonuniform light
fields. It was first notlced nearly twenty years ago as the mechanism
responsible for causing the self-focussing of lager light in crystals
of LiNbO3 and LiTaOa. Photorefraction has since been observed in many
wore crystals including BaTil, Bi; ;51054 (BS0), Bi,;Ge0,;,(BGO),
KTal—bexOB(KTN)’ Srl_xBabeZUB(SBN), KNb03, RbZZnBra,
514T13012,Cd5,1nf and GaAs. It was sgoon recognised that when usged as
volume holographic recording media, photorefractive crystals could
produce extremely large storage densities (up to 1012 bies/emd) while
possessing exposure sensitivities comparable to the best photographic
emulsions (< 100 pJ/cm?). Furthermore, just as with emulsione or
photoresists, the hologram may be permanently '"fixed' by applying a
suitable biasing voltage across the crystal during recording. However,

unlike conventional media, photorefractive crystals can also be used
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for dynamic or 'real-time’ holography in which the writing and reading
processes ogccur virtually continuously and gimultaneously. Some recent
remarkable discoveries in the fileld of dynamic holography using
photorefractive materials may lead to a host of applications in the
general area of real-time optical data processing — from optical image

(a)

anplifiers, enhancers and pattern recognisers to optical switches and

(7

memories. Unlike the relatively slow serial processing of current
electronic devices, dynamic holograms offer the possibility of

rapid parallel bit processing of information. Because the image wave
is a complex or phase comjugate of the subject wave, real-time
holography is closely analagous to the nonlinear optical method of
degenerate four-wave mixing as uged in producing phase conjugate
{wavefront reversing) mirrors (see Fig. 6(a)). Thus these crystals can
also be used as phase conjugate mirfors to correct for distortiens on

optical wavefronts and to project complex image patterns.

The migrating charges in photorefractive crystals = in BaTi0; for
example they are positive while la BSO and BGO they are negative — are
generated by photoexcitation of electrons or holes from impurity or
donor levels in the band gap. The interference pattern set up between
the subject and reference waves during recording causes the moblle
charges to diffuse or drift {photoconduct) and become retrapped in the
darker reglona of the interference pattern, while leaving behind
trapped ionised centres (for the case of negative mobile carriers see
Fig. 6 (b)). 1In some polar ferroelectric crystals the photoveltalc
effect can also produce charge motion. This spatial separation of (b)
charge creates local plezo-electrically induced stresses and strains

caused by electric fields whose gradients (by Polsson's equation) are a

maximum in reglons of maximum space charge demsity, psc- Thus as shown

in Fig. 6 (b}, the space charge fleld, Esc’ is often shifted in phase

from the original interference pattern. Thia space charge field then
produces local variations of the refractive index, &n, throughout the
medium due to the linear electro-optic {Pockels) effect. In a similar

manner the hologram is erased by uniform jllumination of the crystal.

The maximum modulation of both the interference pattern and the induced
space charge field occur vwhen the recording beams have the same

intensity — irrespective of their absolute values. Thus, 1n contrast
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to most other mechanisms used to produce phase conjugate mircors, the
normalised image wave light intensity (phase conjugate reflectlvity)
produced by the reading process ls insensitlve to the absolute values
of the recording beam {ntensitles. In BaT103, for example, which has
an extremely large electre-optlc effect, an lmage Intensity galn of 100
has been observed using low-powered continuous laserass) Since this
phase conjugate mirrer had galn, oscillation could be produced between
it and a relatively poor (non—aligned) reflector, such as a palr of
scissors placed neatr the crystal! {see Flg. 7). If the sclesors are
moved then oscillation reappears at their new positlon demonstrating

that the mirror can automatically track the location of the sclssors.

If the intensity of the recording reference beam L8 chosen Lo be F)(ZFA
fntermediate to that of the subject beam which contains a patterned

object, then maximum reflectivity upon reading occurs for transmitted \\\

light near the edges of the pattern where the intensaitles of the two
recording beams are equal. Thus the edges of the lmage can be
preferentially enhanced which is often beneficial when trying to

recognise complicated patterns. The holographic recording and erasure

rates depend on the photoconductivity of the crystal, which in turn is
proportional to the intensity of {llumination so that the maln effect
of using high light intensities in recording and erasure 1ls to make

these rates faster. 1n BaTi0, for example, Lf the writing intensity I

0.
1s in units of W/em?, a recording time of ~ 1 sec is observed. Thus
when using a low powered He-Ne laser, hologramas are recorded in a few

seconds, whereas when an Intense (20 MW/ca’) pulsed laser is used iy 7 Pnase conjugate mirror with gain causes oscillaticn to a reflecting

recording occurs in less than !0 neec. On the other hand, provided it surface (a pair of scissors, for example). The two spots on the
s ‘ nese © » prov ppper right of the photograph are caused by oscillation to different
18 kept in the dark the recorded hologram can be stored in the crystal parts of tie scissors. Movement of the scissors causes these spots

for long periods - from a few hours {n BaTi0,, BSO and KTN to up to 10 to autematically track their position.

years in LiTa0y - limited only by the dark conductivity of the crystal

which eventually redistributes the chatge carriers.

Because the volume hologram written in the crystal is often phase
shifted from the origlnal optlcal interference pattern {aee Fig. 6(b)),
the two writing beams can exchange energy by theilr self-diffraction
from the hologram. This 'two-beam coupling' effect, while complicating

the understanding of many of the obsetvarions made Ln the field of
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photorefractive dynamic holography, leads to some remarkable effects.
If a weak and a strong beam Lntersect in a crystal (Fig. 8) then the
ma jorficy of the energy in the strong beam can be transfered to the
transmitred weak beam (since the first-order Bragg teflection of one
wave is phase shifted by v /2 from the zero order transmitted wave of
the other, then if the hologram is additionally shilfted by n/2 then
each of these Ewo waves will interfere constructively or
destructively). For example in BaTlOa, for wﬁich diffusion processes
alone cause migration, the hologram phase shift 1s a/2 and intensity
galne of uyp to 600 can be observed for the transmitted weak beam.

In BaTi0, two-beam coupling between a single laser beam snd scattered
light propagating in the appropriate direction in the crystal can lead
to gelf-defocussing or 'fannlng' of the beam. If this fanned beam is
then totally internally reflected from the far corner of the crygtal
(see Fig.9) then phase conjugate reflectiona can be produced with a
reflectt;;ty of up to 30T by ueing just one input beam to the

crystals In this self-pumped arrangement there are at least two
coupled Lnteraction regions for which degenerate four-wave mixing can
take place. In reglon 1 in Fig.9, waves E) and E; act as pump beams
for the E; probe wave. E; and E, {a EJ*) can alao act as pumps for an
E; probe beam to produce E, (3 E, ) in this region. Thus maximum
feedback will be obtalned when E; and E; are phase conjugates of each
other(lo). A similar arguement aleo applies to the coupled reglfom 2 in
Fig. 9. As far as tequiring only one beam for its operation this type
of self-pumped mirror retains the remarkable simplicity of a stimulated
Brillouin scattering {SBS) phase conjugate mirror. However unlike the
5BS mirror it can operate at extremely low (<100uW/cm?) intensities.

He have used such a self-pumped BaTiO3 crystal to project high -
resolution Lmages. This {mage projector which consists of a
self-pumped crystal and beam splitter cube combination as shown in Fig
10 has & numerical aperature close to uniéj. Using a 488nm CW Ar+
laser source with this arrangement {Coherent Innova 90-5), as shown in
Fig 11 we recorded on film the image of a test pattern. The laser
speckle inherent in this image ig due to scattering from the grains of
photographic emulsion. As ghown in Fig 12 laser speckle effects were
completely absent when a photoresist was used as the recording medium.

As first observed by Levenson et a1(3) the phase conjugate mirrer
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IMAGE PROJECTION USING SELF-PUMPED

BaTi0, CRYSTAL

caxis
-]
chTiO3
Py
BEAM SPLITTER B
CUBE
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¥iy 10 High-resolution image prejection using self-pumped BaTi.03 crystal and
bean splitter cube,

+
Fiy, 11 Image projected using a3 self-pumped BaT-iOS crystal and OW 488mm Ar
laser. Photographed using a XSb microscope objective. The narrowest
lines are lum.

CW Ar* LASER SOURCE
A= 488nm t = 2min

exp =

Puve = SZ'W/C N

s

59

Fiy 12 Scanning electron micrograph (SEM} of image projected into 0.5um thick
AZ 1550 photoresist spun on glass substrate by self-pumped BaTiO,

crystal and CW 488mm Ar' laser.



CW Ar  LASER SOURCE

A=458nm
Pye = 57 W/cm?

exp = D S€C

. +
Fig 1o As Fiy 12 but using the 458mm line from the Ar laser. Note the
reduction in photoresist exposure time.

Fiy 14 As Fig 12 but using a 460m, 80pps pulsed dye laser.

= & 2 =
Pme = SW/am”, texp 5 sec

corrects for all speckle efforts which may arise by scattering from
surfaces between itself and the beamsplliter. Several beansplitter
cubes were teated from a variety of manufacturers and those with the
least ifmperfections were selected for use in the projector. The
exposure tlme needed to record the image shown in Flg. 12 was ~ 2 min
which 18 much too long for any practical photolithographic system.
This time was considerably reduced when the crystal was self-pumped
with the 458nm Ar+ laser line. lum mask features (unexposed lines)
projected at this wavelength were recorded in 5sec In the Shipley 1350
resist (aee Fig 13). Although at this shorter wavelength the AZ 1350
photoresist Is ~15 times more sensitive than at 488nn, an
measurements by Jahode et al(lz) suggest that the reflectivity of the
self-pumped BaTiO3 crystal may be reduced by nearly this amount which
would negate any lmprovement in exposure time., Clearly for our crystal
the results in Fig. 13 show this not to be the case and that a
slgnificant reduction in the exposure time can be achieved in running
the self-pumped image prolector at short wavelengths. Indeed the Ssec
exposure time used for taking the image shown in Flg.l3 represents the
shortest time yet achieved fn any high resolution phase conjugate

lmaging system.

We are currently working to lacrease the fleld of view of this device
from the present 0O.2em to lcm while retainlng exposure Cimes of a few
seconds. One approach has been to use a high reperition rate pulsed
dye laser source operating at 460nm which had the same average
inteneity s the Ar+laser. High peask powers tended to damage the
chrome on glass masks as well as the optical cement used in the
beamsplitter cube. As shown in Fig. 14, a 5sec exposure time could
also be achleved using this source. Since the size of single domaln
BaTiO3 crystals which currently can be produced 1s limited to
dimensions of ~5-7mm cubes, the size of this type of PCHM 1s most
conveniently increased by using a matrix of crystals, as shown in Flg
15, An average intensity of ~5W/cm? could be maintained over a much

larger area when using the pulsed dye laser.
The high—resolution exposures shown in Fig l6(a) was obtalned over an

8mm oblect field (for a low resolution picture see Fig 16(b) using this
two- crystal projector (the crystals were actuakly positioned on top of
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one other). The large (3cm) cube beamsplitter Ln comjunction with the
lem PCM used Eor thias experiment produced a numerical aperature NA ~
0.12, The measured ¥ 1.8 pm resolution obtained from this device was
consistent with the value calculated from the Rayleigh limit ~ AIZNA'
Work is continuiag on this projector te further increase the object

fleld area while continuing to reduce the resist exposure time.

LARGE AREA IMAGE PRQJECTION USING
SELF- PUMPED BaTi0, CRYSTALS

C ot BaTiO,
Caxis
BEAMSPLITTER
CUBE
PHOTORESIST

bl R MASK

(b)

Fig 15 A larger area self-pumped PCM using two BaTi03 crystals.
Fig 16 (a) high resolution SEM of 2.25m lines and spaces cbtained in
AZ1350 pnotoresist using two crystal projector

18 (b) Low resolution SEM showing part of Bmm field
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