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

PREFACE M H Key

Research and facility development work carried out at or in assoclation
with the Central Laser Facility (CLF) in the year ended 31 March 1986

1s reported.

The CLF is funded by the Sclence Board of SERC and its Subject
Committees and operated by the Laser Division of the Rutherford
Appleton Laboratory, primarily as a user facility providing asccess to
edvanced lasers for UK University and Polytechnic research workers.
The competitive peer review system governing access to the facilities
and the CLF's organisation and funding are briefly outlined in the

Introduction te Part I of the report.

Part I then gives techmnical details of the year's work at the CLF. It
is a compilation of contributions from users of the facilitles
deseribing thelir research results, from CLF staff reporting facility
development work and from theorists whose work 1s comnected with
research at the CLF. The report concentrates on sclentificially or
technically interesting material and does not attempt to glve a
catalogue of all scheduled work. Rapid production has been aimed at in
order to distribute useful information to the sclentific community

prior to publications appearing in the scientific literature.

The high power Nd:glass laser, VULCAN, and KrF lager, SPRITE, are the
major inatallations at the CLF and their scientific applications are
discussed in Section A. A range of smaller lasers provided for use
either at the CLF or in users' home laboratories constitute the new
Laser Support Facility and its multidisciplinary research work is
presented in Section B, while Section C covers laser regearch and
development by in-house staff and Section D presents the year's
publications. No classified work is done by CLF staff. All work is
published in the literature with the exception that the laser facility
may be used for up te 10X of available time for contract work where the

customer may choose to have commercial confidentiality-

The Laser Division of RAL also undertakes some R&D work aimed at
developing commercially useful applications of UV lasers in the

manufacture of microcircuite by UV lithography. The programme is
funded by the Engineering Board of the SERC and by the Department of

Trade and Industry. Patents and exploitation agreements with UK
companies are the major objectives and this reatricts what can be

included in the report on the project given im Part II.

The year's work has several highlights. New faeillitien for X-ray

laser research using VULCAN were brought into operation ln Dctober,
after a year's delay due to earlier funding problems. The new
facilities give the CLF an internationally unigue capability and led to
immediate important results in which 50-fold XUV laser amplification
was demonetrated on the CVI Balmer o transition at 18.2nm. Very
attractive opportunities for the development of a range of XUV lasers

are now in prospect for next year.

The SPRITE KrF laser facllity, used for scheduled experiments for the
first time, is the most powerful KrF laser available anywhere for

target firradiation, and many interesting results were obtained.

A particularly important development this year has been the expansion
of our provision of small lasers for multi-disciplinary science, with
extra funds provided by the Subject Committees of the Secience Board,
and the reorganisation of the activity into the new Laser Support
Pacility. The varied work of the LSF now includea advanced studies of
DNA repair processes 1ln molecular biolegy and picosecond measurements

in photosynthesis, in addition to a wide range of photochemistry.

T will conclude this preface by expressing my appreclation of the work
of the staff of the CLF who have shown dedication and enthuslasm in
carrying out a considerably expanded programme despite some staff
ghortages. The CLF is now providing services to a 150-atrong user
community with, at any one time, five user groups working in parallel
at RAL and several gfoups using loan equipment throughout the UK, with

considerable international collaboration in the scheduled programme.

Prospects for the future depend on the outcome of a major review in
1987 and on a new (Phase IX} plan for the development of the CLF to be
considered by the Science Board in 1987/88.
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INTRODUCTION

P T Rumsby (RAL)

The Central Laser Facility (CLF) is funded by the Sclence Board of the
Science and Engineering Research Council and in the year covered by

this report, April 1985 to April 1986, its allocation was £3.2 M.

The Science Board has provided the Facility for research whose major

themes are:

A High Density Plasma Physlcs

B High Intensity Laser Plasma Interactions

c Energy Transport in Laser Produced Plasmas

D taser Driven Implosions

E X-Ray Lasers

F Other Applications of Laser Produced Flasmas (eg as X-Ray
sources)

G Applications of Short Pulse Frequency Tunable lLasers

The programme 1s managed by the Laser Facllity Committee (LFC) whose

membership 1s given in Table 1. The LFC delegates responsibilicy to
the Rutherford Appleton Laboratory for the operation of the Facllity.

The Laser Division of RAL used 56 man years of effort, 54 of which
were 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 42% of the allocation while facility
operations and minor development costs used another 42X. The
remaining 16% of the total allocation wae spent on the Phase 1

programme of capital facility development.

The major facilities provided by the CLF and & brief indication of
theitr principal scientific applications is given in Table 3.

The Nd glass laser VULCAN 1s the major facility and about 507 of

recources was used to support its programme of research by UK
Universities.

(i)

The high power UV gas laser SFRITE hes now been developed to the
point that at least 50X of its time 18 used to provide UV and X-ray
cource facilities for University work. About 162 of total operating

resources were committed to this work.

Multidisciplinary acientific applications of excimer lasers and
excimer pumped dye lasers by UK Universities has been catered for by
the Laser Support Facility (ueing 25X of resources). This also
operates a picosecond laser system for photobiological applications at

the CLF and a laser loan scheme for University based experiments.

A target prépararfon service (6%) and a small group glving
theoretical support by maintaining computer codes (3%) support all CLF

activities.

Use of the CLF by UK Universities is free of charge to those

successful in a peer review process. Research grants of cyplcally
three years duratlon covering expenditure in University Laboratories
and research assistents' salaries may be obtained from the LFC by
application te SERC. LFC Grant holders are entitled to bid for time on
the CLF's lasers through a procedure described below.

A few percent of the time may also be sllocated to bids for short
trial experiments from University resesrchers working in the Science

Board area who do not hold LFC grants.

The SERC encourages use of the CLF by industry or other organisations
én the basie of payment for the full cost of laser time. Such use is

1imited to not more than 10X of avallable laser time.

Intetnational 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 & informal
specialist scientific groups which anyone may jJoin. Each hae a

University Chairman and an RAL secretary (Table 4}. Each group

(i1}



discusses the experimental proposals and makes modifications,
improvements and collaborative suggestiona. More formal proposals
based on these discussions are then submitted to an expert panel which
places scientific priorities on the proposals. This panel is chaired
by the Scientific Programme Chairman and its secretary is the
Scientific Programme Coordinstor. Its members include the five
Scientific Group Chairman, the Chairman of the High Power Laser
Scheduling Committee (HPLSC) and a representative of the LFC. A draft
schedule which includes as many of the high priority proposals as
poseible (typlcally 50X of proposals), fs then prepared, discussed and
modified at a meeting of the more formal High Power Laser Scientific
Programme and Scheduling Committee (HPLSPSC). All University staff
nembers invelved 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 adviscry to him.

Schedullng of Laser Support Facility lagers is performed in a
different way. The LFC has delegated LSF Management duries to a panel
whose membership is given in Table 5. Selection of experiments
requiring loan pool lasers or use of the lagers based .at the CLF is
carried out by‘:hls panel and scheduling is petfor-éd by an ad hoc

cozmittee of users chaired by the Laser Division Head;

Scheduled expérlnen:s are nhpportcd by the operating budget of the
CLF which covers travel and subsigstence costs for University users and

minor engineering work and other costs of expetiments.

The e:perlientll programme Is linked to thecretical work in
Universities which is supported by grancts from the LFC and coordinated
by the Theory and Computation Scientific group (Table &).

There 18 a large and diverse community of University researchers
participating in the programme. They number about 150 staff and
research students. ‘Host are physiciste and chemists, but recently

there has been a rapid growth of participation from blologists.

(iii)
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TABLE |

Membership of the Laser Facility Committee 1985/86

Professor G J Pert (Chalrman)
Dept of Applied Physice
University of Hull

Dr J E Allen
Department of Engineering
Sclence

University of Oxford

Dr E H Evans
School of Sciences

Preston Polytechnic

Professor M G Haines
Imperial College of
Science and Technology

London

Dr T A Hall
Department of Physics

University of Essex

Dr M H R Hutchinson
Imperial College of
Science and Technology

London

Dr T A King
Schuster Lab

University of Manchester

Dr C L S Lewis

Department of Pure and
Applied Physics

The Queen's University of

Belfast

Professor D Phillips
Department of Chemistry

Royal Institution of Great Britain

Professor J P Simons
Department of Chemistry
University of Nottingham

Dr M Vaughan

Procurement Executlve

Royal Signals & Radar Est, MOD,
Gt Malvern



TABLE 2

LASER DIVISION

2 Secretarial Staff -

~— Divislon Head - N Key

|— Management Assistant

— Deputy Divisfon Head ~ P Rumsby

{ | f | I | | '
Glase Lager High Power Laner Glass Laser UV Lithography High Power KrF Lasex Suégurt. Engineering Theory and
Experiments Prograpae ' Dgerntlonc' Laser Facility & Laser ’ Computation

Coordination | ’ ‘ Development l
H Key R Evans P Ruashy H Gower F 0'"Neill ¥ Toner J Boon D Nicholas
H Shaw l
Glass Laser Tlf;et Fabrication Laser Laser Support Electrical Hechanfcal
Developaent Facilicy
6 StafF ? Stnff 4 Staff 1 Staff 2 Staff 2 Staff 5 Staff 6 Staff 10 Seaff 1 Staff

{Sepacately
funded)



TABLE 3

Hd glass Laaer
Tfacilicy

Laser Support
Facility

Righ power ErF
leser facilicey

VULCAN

LSF

SPRITE

Plasms Physica

Applications of

intense X-ray

Photo chemistry
Photo biology
Haterials processing

Mon linear optlcs

Facility utilizing
the high X-ray
brightneas of

UV laser produced

and particle Plasns diagnostics plasmas
sources
X-ray laser Tunable YUV source
Research =~ Laser loan pool
Target Preparation Service
Theoretical support service
TABLE &
Croups of the HPLSPSC Chairoan Secretary

Laser plasma Interaction

and Epergy transport

Laser Driven Compression

and dense plasmas

KUV lasers and applications

of laser produced plasmas
Theory and Computation

Facility Development

"Dr T A Hall

Dr A E DPangor Dr R G Evens

Dr A J Cole

Pr CL S Lewis 5 Rose

Dr R A Calrns

Dr P T Rumsby Mr J E Boon

Scientific progranme

coordinator

R G Evana

Dr D Nicholas




TABLE 5

Laser Support Facility Panel

Professor J P Simons - Chairman

Nottingham Uhiversity

Professor R E Hester for Chemistry Committee

York University

Dr P B Davies for Chewistry Committee

Cambridge University

Dr C W Wharton for Biological Sclences Committee

Birmingham Uldversity

Dr C Webb for Physics Committee
Oxford Unilversity

Dr H Evans for Laser Facility Conmittee

Preston Polytechnic
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A HIGH POWER LASERS SCIENTIFIC PROGRAMME

Introduction

Thig section of the CLF Annual Report describes the sclentifle results
from the VULCAN Nd glass laser and the SPRITE KrF laser facilities.
This is the first time that results from SPRITE are included in this
chapter and reflects the emergence of SPRITE as a scheduled facility,
at least for a portion of the year.

Out of 52 experimental proposals, 29 were actually scheduled. The

major improvement in the experimental facilities was the introduction
of Target Area East with its sophisticated line focus opties for X-ray
laser research. Slignificant resultse in this area have élready emerged

with the measurement of a reproducible gain con the 1822 carbon
recombination line.

A large body of work is described on the application of laser plasmas
as %-ray sources, following preliminary results last year. It is in
this area that SPRITE has made {ts initfal contributions, the short

laser wavelength being particularly suitable for X-ray generation.

Thermonuclear reaction products (alpha particles) have proved to be a
very useful dlagnostic probe and have been used to diagnose implesion
gymmetry and Rayleigh Taylor instability in accelerated folls. The
twelve beam spherical irradiation facility has been uged to continue

the-study of laser driven implosions and of thermal energy transport-

The first attempt at generating “"beat waves” was less succegsful than
anticipated due to strong Raman scattering in atmespheric nitrogen.
This effect may have unexpected 'spin off' in generating an effectively

broad band laser source for laser fusilon purposes.



Al LASER PLASMA INTERACTIONS AND TRANSPORT

Al.1 Beat wave experiments

Al.2 A 12 beam thermal transport experiment
at 1.05 ym in spherical geometry.
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Al.1 BEAT WAVE EXPERIMENTS
AKLD Bradshaw, A E Pangor, A Dyson, T Garvey, I Mitchell {Imperial
College), A Cole, R G Evans C Danson, C B Edwards (RAL)

Al.1.1 Introduction

The resonant beating of two laser beams, frequencies wgs in a plasma

whose natural frequency mp = Op= wy will drive a large amplitude

electrostatic wave with wavenumber k_ = ko_kl' For parallel
propagating pump waves the phase velocity of the longitudinal beat
wave 1s approximately ¢ and it has been proposed that this mechanism
has potential as a particle accelerator for high energy physics
research.

(Al.1) and at INRS Quebec (Al.2), both experiments using the CO,

The fast beat wave has been observed in experiments at UCLA
rotational bands at 9.6 ym and 10.6 pm. Since the phase velocity of
the beat wave Is characterised by a Lorentz factor y = (1 - vphzfcz) L
- tl,o)‘m , the beat wave produced in these experiments 1s not really fast

enough for high energy ascceleration.

Within the bandwidth of the neodymium glass laser it ias possible to

amplify two lines at 1.053 uym (YLF) and 1.064 um (YAG).
development necessary to provide 80 Joulas at each of these wavelengths
is described in Section Cl.2.

The laser

This gives a Lorentz factor y = 100
and a resonant density of n, = 1.1 x 1017 co™3 which 15 a convenient
density to operate the Imperial College Z-pinch in hydrogen. The
planned experiment should have demonstrated a beat wave at a phase
velocity which 1s more relevant to high energy phyeics than the earlier
CO2 lager experiments.

41.1.2 Experimental Arrangement

The layout of the Z-pinch, 1.05 and 1.06 ym pump beams, and diagnostic
equipment 1s ghown in Fig Al.l. The two laser beams are focusssed into
the pinch discharge by a 3 metre focal length lens giving a focal spot
glze measured on the equivalent plane camera of zbout 400 pm dizmeter.

The existing beam I3 attenuated by wedged uncoated mirrors and

Al.1

focussed into a 30 cm Bentham spectrometer, the emerging spectrally
dispersed 1light is imaged onto the entrance slit of an S1 Imacon 675
streek camera. This diagnostic channel, referred to as the 'cascade'
channel monitors the development of spectral sidebands on the pump
light caused by forward Raman scattering of the pump light from the
beat wave. The sideband amplitude 18 a measure of the intensity of the
beat wave if the interaction length is also known. To assist in
detecting weak sidebands the 1.053 and 1.064 ym pump lines can be
masked off by a neutral density 2.0 filter strip on the slit of the

atreak camera.

PROBE BEAM (A=5265A)

) TO TV )
ALIGNMENT
PUMP BEAMS ) < PINCH )
3m LENS
EQUIVALENT
PLANE MONITOR
2 : SPECTROMETER O
<> SPECTROMETER V» SPECTROMETER
STREAK D
CAMERA STREAK
CAMERA o
STREAK
CAMERA

CASCADE CHANNEL

Fig A1.1 Experimental layout Ffor the beat wave experiment.

A portion of the transmitted light is fed to a TV alignment moniter,
to a calorimeter, and an equivalent focal plane camera.



The plasma demsity and temperature are measured by Thomson scattering

of a 0.53 pm probe lager beam. Scattering angles of 20% and 1609 . TIME
(using a mirror behind the scattering volume} give high and low

a scattering respectively while scattering at 600 and 1200 measures

the Raman and Brillouin plasma waves excited by the infra-red pumps.

These two scattering channels feed combinations of spectrometer and

streak camera simlilar to the cascade channel but using 520 streak 0:5ns
camerag. The Imacon 500 streak camera on the Raman/Brillouin channel

was provided by CERN as part of their collaboration in the experiment.

Al.1.3 Two Frequency Results

The planned use of the cascade channel to measure the beat wave
amplitude was made impossible by the unexpected near coincldence of the

beat frequency of the 1.064 and 1.053 um pump waves (98.2 cw~l) with

the 5(11) rotational line of nitrogen at 99 cml. The simultaneous

propagation of both laser frequencies through an air path of ~ 30

metres glves rise to extremely strong Raman scattering and gives the E | L
spectrum shown in Figure Al.2. Two Stokes lines and two anti-Stokes ‘2 B .
lines can be gseen on the originals. The temporal development of each E 0.5F 4
of the stronger linss 15 shown in Flgure Al.3. Whilst of no use for < [ -
the genmeration of beat waves this spectrum is of some interest in laser g | E
fusion as an approximate broad band laser source which would be E | 4
expected to reduce the problems of laser plasma instabilicies. d | -
[0 J an
0 —
YAG YLF

{(1-064p) (1-053p)

Fig A1.2 A time resolved spectrum of the infra-red pump lasers due to
atmospheric Raman scattering. The lower trace ig eorrected for film

characteristic and spectral gensitivity variations.
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t/pS Pig Al.4 A time resolved gpectrum with deliberately desynchronisred YIF
amnd YAG beams.
Fig A1.3 Temporal scans of the intensity of YLF and YAG pump beams and
the Raman geattered sidebands.
_‘.:[ 1064 pra
These sidebands were not observed at the output of the laser disc 1 1053pm

amplifiers and were a consequence of the alr propagation path.

_ e ik Sdehsl -
The extremely strong sideband generation requires that the two : I}
frequencles be present simultaneously in the same volume of air. If ! ]
the two laser oscillators are deliberately desynchronised then only : ]I'A—A—
. very weak spontaneous Raman scattering can be seen (Fig Al.4). : i —A—A;-‘
D ) N
A "quick fix' to attempt to minimise the effect of the nitrogen Raman } g U L —
geattering is shown in Fig Al.5. A small Michelson interferometer is : ) I:
introduced into the beam paths just before the 3 metre focussing lens. : SR :
The time delay between the two arms of the Michelgson 13 set to be the : !I
game as the delliberate desynchronisation of the laser oscillators. In -
the pinch discharge this means that the first (1.064 ym) pulse from one big A1.5 Tha Michalaon intenfurometan wied o miromhing the
deaynchironioad YLF and Y42 buami.  Thn dolied 1ine roproaantn @ perapax

box [inshed oith Argon.



arm and the second (1.053 pm) pulse from the second arm will be
colneident. To further minimise the air region in which both
wavelengths are synchronous the Michelson arrangement was enclosed in a

perspex box which was continuously flushed with argon.

Unfortunately, the 5{11) 1ine of nitrogen s pressure broadened at
STP and does. not become Doppler dominated until the pressure falls
below 0.5 Torr. This implies that the residual gas within the
evacuated pinch vessel still‘contributea gignificantly to the
rotational scattering. This can be reduced in future by ilmproved
vacuum pumping. ' '

With the Michelson in place and filled with argon the level of
rotational Raman scattering (see Fig Al.6) is very substantially

Al.5

——

YAG (1064p) —

YLF {1053 ) —

o
t0-5ns TIME -

Fig A1.6 A time rasolvad specirum obtainad with tha Michalnnm
intarfarometar in place. The sentral region of tha ancetvun aantaining

YLF and YAG Linaa 4ir attarinatod I a nawtval dewnity Npn,o Filtan,

reduced compared Gith Flg Al.2 but is still large enough to compete
with the expected beat wave signal. The introduction of the M{ichelson
arrangement results in only one quarter of the lsser energy being
effective Iin driving the beat wave, redueiﬂg the expected electric
field of the beat wave by the same factor, and the relative plasma
sideband intensity by a factor of six:een; Exactly at resonance the
plasma beat wave might just have been detectable, but the expected high
Q of the resonance made it 1m§ossiblé to find the small off resonant

signal and use this to tune in the plasma density.
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Fig A1.7 Time resolved Thomson seattering at four different angles obtained from a multiphoton

tonised plasma.



Al.1.4 Single Frequency Multiphoton Ionisation Resulte

One of the long term problems of beat wave experiments is that a long
path length of very homogeneous plasma 18 required, uniform to better
than 1%. This is beyond the capability of plasma discharges and
pluches and it has been suggested that the lasers used to drive the
beat wave could produce the required ionisation in & neutral gas by
multiphoton abgorpticon. For this part of the experiment the Z-pinch
discharge was disabled and the 0.53 um 'probe’' beam was used both to
produce the ionisstion in the hydrogen gas and as a Thomson scattering
probe beam. This meant that no spatial uniformity measurements could

be made.

Gas filled pressures in the range 0.5 Torr to 4.0 Torr were set on a
Vacustat mercury gauge and the range of laser energles was from 1J to
40 in a 1 noec pulse as measured after passing through the pinch
vegsel. The focal spot of the 1 metre focussing lens used for the
0.53 pm beam was estimated to 150 ym diameter gince it was only just

possible to obscure the focus with a microballoon of this size.

Typical Thomson scattering results from the High/Low alpha and
Raman/Brillouin channels are shown in Fig Al.7. Data from all
availlable scattering angles are fitted simultaneously to theoretically
predicted profiles, allowing for film response, spectral sensitivity
variations and the spectrometer glit function. Ideally the high alpha
(200) channel would give dengity directly with only a small
temperature correction but for the parameters of this experiment the
scattering a was not large enough and the computer curve fitting was
needed. An example of the curve fitting procedure is shown in Fig

41.8.

It is apparent from Fig Al.7 that there is little or no change in
density or temperature during the laser pulse and this is borne out by
the curve fitting procedures. The densities and temperatures quoted
are measured about 300 ps into the pulse but apply to the whole of the

1l nsec scattering pulse duration.

Al.7

Relative Intensity

Relative Intersity
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Fig A1.A  Intensity corrested Thomson ecattering profiie from (a) the
2¢ degree, high alpha chammel and (b) the 80 degree ctamel, together
with the commter generated best Fit eurve.



The reduced data for electron temperature are shown in Fig Al.9. The

temperature increases with laser irradlaace up to about

Measured electron temperature {eV)

20F b4 irradiance 1s increased. On the other hand the absorption 13
X proportional to the square of the density while the heat caepacity I1s
18+ only linear in the density, giving higher temperatures at higher
density.
16+
+ The measured electron density does not depend on laser energy, the
, 1% -9 lower limit on laser energy was set by the reduced level of scattered
{Po=17torr with 3-8x10"Wem™“LR:
1ar ! % s ) light rather than the absence of fonisation. The density as a funection
X lPO: 2 torr with 34 x10" Wem I-R') of fill pressure is shown in Fig A1.10 and shows that the density is
121 X
8]
10t ; o X Po =4 torr /
o pg =t torr X
18 a Po=05 torr 10 /
6 e a 8} /
/ Ful ionisation
FA " " " i N 1 : 1 1

1 i 1 Hz_.2H+
0 20 40 60 80 100 120 10 160 180 200 220 240 /

Green Laser Irradiance Wcm 2/10% ~40% of tull ionisation

6} /
/

Fig A41.8 Variation of electrom remperature vith lnger irradiance at three gas fill preacures:
8 8.5 torr; O 1.4 torr; X 4.0 torme. Tuo points are ineluded (+) with hoth infra-red and green laper
bLeams keating tha plasma.

Measured Electron Density cn3/10'®

L=
0.5 x 101" W om~2 but thereafter remains constant. The temperature is / =
markedly dependent on the fill density, going from 6 eV at 0.5 Torr to /
20 eV at 4.0 Torr. This behaviour ia consistent with the strong field 2} /
modification of inverse bremsstrahlung absorption. When the
oscillating velocity of the electron in the electromagnetic fleld of / a
the laser Yose ™ % becomes comparable to the thermal velocity
— L 1 1
v, = vkT/m, the effective collision frequency 1s modified and becomes 0 1 2 3 l:
2
v
approximately v off ™ Yo ( e ] 3/2. Since thisa FILL PRESSURE (tOI’F)
v2+ty 2 '
€ osc Fig A1.10 Variati d T .
ssymptotically behaves as v__ it will ultimately fall off as the g At iation of moasured electron dempity with gas [ill pressure. The ionication [raction ia
o8 meaoured with reepact to the nominal gas fill pressure.
Al.8
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proportional to the fill pressure, but corresponds to only 40Z of
what would be expected from total ionisation of the l-l2 molecules.
Bearing in mind the inaccuracies of the pressure gauge and the
measurement of the spectral dispersion of the spectrometer/streak
camera this result is consistent with the Formation of the hydrogen

molecular ifon H2

There 1s considerable evidence to suggest that this cannot be the
case siace at a temperature of 20 eV and density of 1017 cp~3 the
collisional ionisation rate for e + H2++ H+ + H+ + 2e is about

1.6 x 10% s~1l. There should then be a marked change in electron
dengity during the 1 nsee scattering pericd, but none is observed.
Experimental datz on multiphoton ionisation of molecular hydrogen
(A1.3) (X = 6943 A) shows an ionisatfon rate of 106 g~1 at 2.101l ¥
em~2 (with a ruby laser) and a rate scaling as 17, This glves a rate
of 1013 671 ar 2.1012 W cn~2 80 the multiphoton lenisatfon will occur
very early in the laser pulse. The rates for a laser wavelength of
5265 A would almost certainly be substantially greater tham for the
Tuby laser. At 2.10l1 § cm™2? about 10% of the observed lons were H+
rather than H2+§nd this fraction should increase rapidly with

increasing intensity.

All the background information leads to the conclusion that the
hydrogen must be fully ionised, and to reconcile this with measured
values we must assume that there 1§ an error in measuring the preaéure
in the focel region. The vacuum gauge 1s "upstrear” relative to the
focus and the pumping port, and could possibly give rise to the

necegsary pressure differential.

Al.10 l

Al.2 12 BEAM THERMAL TRANSPORT EXPERTMENT AT 1.05 uym IN SPECTRAL
GEOMETRY

5 D Tabatabael, 0 Willi, D X Bradley, D J Bassett (I ),
A J Cole, E Turcu (RAL)

1.2.1 Introduction

The transport of thermal energy by electron heat conduction in laser
produced plasmas has attracted a great deal of experimental and
theoretical study. Energy transport from the hot corona to the
relatively cool ablation front is essentlal in generating the high
pressures needed for laser fusion but the temperature gradients are so

steep that the Spitzer diffusion theory breaks down.

This section described a comprehensive geries of experimental
measurenents of observable quantities which depend on the heat flow,
ie ablation rate, temperature, density profiles, and in the case of
non-uniformily irradiated targets, magnetic filelds. The experiments
are performed in spherical geometry and for the most part with uniform
11lumination from the CLF 12 beam system. This is to produce an
essentlally 1D gspherically symmetric plasma for comparison with
hydrodynamic models. The experiment was performed by a collaboration
between Tmperial College, Lawrence Livermore National Laboratory, USA
the Los Alamos Laboratory, USA and staff of the RAL,

Al.2.2 Experimental Arranpgements

A variety of diagnostic equipment was set up as listed below and ghown
in Figures Al.l1 and Al.12. '
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1)‘ Time resolved x-ray spectroscopy of line and continuum emission

from plasme was used to obtain data for burnthrough and

Al

F:

Flat Crystal Streak Cur-neru
Space-Resolving Spectrometer S
Static low-mag pinhole Camera

Active high- mag pinhole Carera
X-ray diode cu'rﬁy

Los Alamos passive 6-pinhole camera

temperature profile measurements.

Various flat crystals were

FPig A1.11 Diagnostie equipment for the twelve beam thermal transport
expanriment.

ueed to obtain the required digspersion and spectral range. A
éeparata lager beam with very short pulse duration (~ 100 ps)
was ueed to generate an x-ray time fiducial from a thin gold

layer placed nesr the main target, see Figure Al.13.
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Fig Al.14 Time resolved A% and Si line emissions from a multilayered spherical target irradiated

uniformly by twelve beams in a 4 nsec pulse.



4) A seven—chaanel 31 PIN diode array with different filters
Bocklighting Line A covering an energy range of 2.8 - 25 Kev was used to measure the
beam emission A hot electron temperature from the x-ray continuum slope.

Au

fiducial
5) Faraday cups, placed at different locatlons inseide the target
chamber, were used to measure the ion velocity. digtribution.
t
/ 6) & high-magnification active pinhole camera was uged to monitor
. the focussing condition on every shot. This together with a
Str;euked lowmagnification passive pinhole camera placed in the opposite
Data hemisphere of the target chamber provided a complete coverage of
the focal spot sizes of all twelve beams irradiating the target.
12-_b90m Flat Crystal The latter camera was designed and made at Los Alamos Laboratory
}Jnlf(_)rm_ and was equipped with a 6-pinheole array of the same sizes but
illumination filtered differently for different x-ray energies. Another
at 105 Pm static pinhole camera of magnification 7 was placed in the same
hemisphere as the active pinhole camera but closer to the streak
Fig A1.13 The X-vay timing fiducial using the Gold backlig.htz'.ng target. camera to obtain images of the target when dot—targets were
used, as these dots faced the streak camera only, see
Fig Al.l2.
2) An optical probe was used to measure the density profile of the ED ] An array of five lon calorimeters was used to measure the
underdense plasma (ne < nc) by interferometric technique welng a absorbed irradiance by the target. They were placed atound the
40 ps 0.35 ym lager beam. This interferometric technique was inside of the target chamber viewing the plasma at varlous
elasborated later on in the course of the experiment to & novel angles. The calorimeters congisted of palrs of tantalum discs,
4-frane interferometer each separated by 350 ps in time giving a one exposed to the plasma (collecting x-rays and scattered
time history of the target blow-off conditions. 1ight) and the other exposed to the scattered light only-.
3 The magaetic fleld generated in the plasma under non—uniform

{irradiatfon was measured by Faraday rotation with a 30 ps,
0.62 ym Faraday rotation probe beam, probing densitles &8s high
an 0.6 n .

c

Al.1l4
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Al.2.3 Targets

The targets used throughout this work were composite layered types,
consisting of solid glass spheres of average diameter equal to 160 um
doped with calcium and coated with variable layers of CH ranging from
0.1 ym to 4 pm, & thin layer of aluminium of thicknesses 0.025, 0.05
and 0.1 ym and finally a thin CH overcoat layer of varying thickness
ranging from 0.06 ym up to 2.5 pm. 1In some cases larger glass spheres
of 220 and 360 um diameter were used to Increase the density scale
length. Single aluminium and silicon dots were also deposited on some
of the targets. Al.2.4 Measurements Made

4l1.2.4 (a) The mass ablation rate

Time-resclved gpectroscopy of the x-ray emission from the different
emitting layers was vsed to measure the mass ablation rate of gspherical

targets.

The dispersing crystal used was a flat TRAP crystal (2d = 25.75A) in
Bragg geometry. In order to reference the onset of x-ray emission to
the arrival of the laser pulse at the target sutrface, a short pulse
beam synchronized with the main pulse was used to burn-a thin layer of
gold deposited on a plastic disc placed 2 mm away from the main
target. The x-ray emission from the M-band of this gold backlighter
produced a time fiduclal on the x-ray streak record, see Fig Al.13.
The mass ablation rate was then estimated by taking the delay 1)
between the gold and aluminium emission as the time needed to ablate
the first plastic layer and the delay 1, between the Af and 51 lines as
the time needed to ablate the A{ and the inner plastic layer which

geparated these two elements.

Al.15

The specific mass ablation rate Ha was calculation from (Al.4):

uhere; P iz the area density of the Initial plastic layer or initizl

aluminium and plastic layers, t. 18 the burn—through time for the

layer{s) concerned and C is a cgrrection factor close to unity which
allows for the time variation of the ablation rate due to the shape of
the pulse (Al.5). The time resolved line emission data from different
elements and their measured delay time for laser pulse lengths 0.1,

1.5 and 4 nanosecond are presented in Figs Al.l4, Al.15 and Al.16. The
preliminary analysis of the mass ablation rate together with shot

speclifications for some of the data shots i1s presented in Table Al.1l.

Al.2.4 (b) Temperature Gradient

Time-resolved x-ray line emission from low-Z and mediumZ elements was
used to determine the steepness of the temperature profile of the heat
front. The estimated effective radiatiog temperatures for local
thermodynamic equilibrium conditions at a density slightly above
eritical are, 200 - 350 ev for aluminium, 250 - 400 ev for silicon and
500 - 700 ev for calcium in the glass core. Thus an aluminium line

at 1.87 Rev (182 ~ 1la3p) probes temperature contours near 350 ev, while
using Si and Ca lines at 2.2 Kev (182 — la3p) and 3.9 Kev (1s2 - 1s2p),
probe higher temperatures nearing ~ 400 ev and ~ 700 ev respectively
(Al.6, Al.7).

The difference between the time of emission of these lines
corresponding to the low-Z and mediumZ elements is thus a measure of
the steepness of the heat front.

The data presented in Fig Al.l4 represents one of the data shots

where Ca-Hea [152-192p) at 6.35A in second-order is clearly seen. The
measured delay between the Si-Hef (1sZ-1s3p) was ~ 150 ps from the
streaked data, for uniformly 1lluminated target with a nominal pulse

length of 1.5 ns. The Ca-Hea in second order was obtained by

Al.16
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TABLE Al.1 Typical target and laser conditions of some of the data shots analyzed together with their measured mass ablation rates

laser parameters

target parameters

Inner Middle Outer
om t m t m t
a h a h a h
n 't i t i t i
u shot no average I pulse focussing type e c e c e c glass R
m of energy - ine r k T k r k core overall
b number beams| per per bheam length condition i n i n i n diam.
e beam a e a e a e
r 1 8 1 B 1 8
5 B8 B
Units --- - - J Wem 2 ns --- um pm wm um po gem 2 g7l
1 08090885 12 141 2.8 x 1013 4 obsc. layer CcH 1.5 AL | 0.05 cH | 1.1 171.5 B8.4 1.22 x 108
2 05120885] 12 95.5 2.3 x 1013 4 obsc. layer CH 0.8 AR | 0.1 ci | 1.1 157.6 80.8 1.13 x 10°
3 13140885 12 29 2.3 x 1ql3 1.5 obsc. layer CH 1.35 A2 0.1 CH 0.79 158.1 81.3 -
4 04190885| 12 64.4 1.7 x 1014 1.5 v. tight layer cH 1.36 | Ae | 0.1 CH { 1.56 | 153.5 79.8 2.02 x 10°
5 06 12 106.3 3.0 x 101%] 1.5 v. tight layer CH 1.35 | A | 0.1 CH | 0.96 | 145.7 75.3 4.0 x 10°
6 03200885| 12 113.3 6.5 x 1013 1.5 obsc. layer CH 0.6 AR j 0.1 CH | 1.5 165.0 84.7 0.1 x 10°
7 07 12 124.3 7.3 x 1013 1.5 obsc. layer ch 0.6 Az | 0.1 cH | 0.8 165.0 84.0 1.43 x 105
8 08220885| 12 12.4 2.7 x 1014 0.1 tight layer Ke 0.1 AR | 0.1 ca | 0.1 162.7 81.7 -
9 10 12 18.3 1.8 x Lol 0.1 tight layer Kc 0.1 Az | 0.1 cH | 0.1 159.8 80.2 -
10 12 12 10 1  x 1014 0.1 obsc. layer CH 0.1 AL | 0.05 CH | 0.06 | 156.9 78.7 -
11 03230885 12 26.8 1.9 x 1013 1.5 obsc. layer CH 0.74 | a2 | 0.06 CH | 0.4 151.8 77 1.67 x 105
12 16 12 971 5.2 x 1013 1.5 obsc. layer CH 4 aL | 0.025 | CH | 0.6 166.0 87.6
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attenuating the bright Af and 51 lines by choosing a suitable Filter TABLE Al.Z. Table of K-edge filters used in the x-ray diodes.
thickress which would transmit most of the Ca line intensity at 3.18A.
A more rigorous analysis involving the inclusion of the Eilm response

in the measurements is in progress. The rise time between the

effective temperatures of silicon and calcium 1s thus a small Area Deneity
fraction of the burrithrough time interval given by the streaked data. no. element K-edge
This indicates a relatively steep heat front. This measurement is yet needed used

to be compatred with a nomLTE calculation.

The scale length of the heat front was experimentally measured by

irradiating a target with a thin layer of 0.1 um thick KCR deposited units mg cm? ng em2 KeV
between the Af laye? and the glass sphere. The time of K-Hea emission -
(recorded {n second order) gave an estimate of this scale length, see 1 PVC 4.6 4,0 2.82
Fip Al.1l5. 2 Ti 7 12.2 11.3 4.97
3 Fe 18 19.6 7.87
Al.2.4 (c) The Electron Temperature (Te) 4 Ni 21 22,3 8.9
5 RbBT 42 45.1 13.47
Time resolved x-ray spectroscopy was used to measure the electron 15.20
temperature (Te ) from the slope of the aluminium recowmbination. 6 Y 57 57.0 17.04
continuum emitted by the aluminium plasma in the Corona (Al.8). The 7 mo 71 76,5 20.0
alope was obtained by mictodensitometer scans along the spectrum at 8 Ag 102 105.5 © 25,5

different times. The dispersing crystal used was the eame Elat TRAP
crystal which was used for mass ablation rate measurements. To measure
the elope of the recombination continuum accurately, the reflectivity
of the crystal within the spectral reglon concerned must be known.

Thus an aceurate calibration of the crystal was necessary and is beiqg

carried out at LLNL.

Al.2.4 (d) Hot Electron Temperature (T )

A seven-channel Si PIN diode array with different filters covering
2.8 = 25 KeV energy range was used to record the integreted x~ray
emission from the target plasma. The choice of the filters used (see

Table Al.2) gave the thermal and hot-electron temperatures from the

Al.17



x~ray continuum slope. On average, for an Incident irradiance of
about 1 x 1015 Wem™ 2, under uniform illumination with a 1.5 ng pulse,

TH and Tth were measured to be ~ 6.0 Kev and ~ 1.6 Kev respectively.
Al.2.4 (e) Density Measurements Using Stark Broadening

Time-resolved x-ray emission from high princlpal quantum number
alumindum Lyman lines was obtained to measure the electron density, n
from Stark broadening of these lines (Al.9) as emitted from thin
layers or dots. The streak camera used was equipped with a
high-dispersion flat PET crystal (2d = 8.742A) with a disperaion of

~ 15 mA/mm at the centre of the spectral range considered.

The aluminium line used was AR Lyy (ls—4p) at 5.739A. The complete

analysis of these data is gtill iIn progress.

Al.2.4 (f) Ton Velocity

An array of five Faraday-cups, placed in different parts of the target
chember, was used to measure the velocity amd relative mass of the ifon
flow (Al.10, Al.11). The cups were placed normal te the target
chamber walls a distance of r = 47 cm away from the target, viewing

different parts of the target. The peak ion velocity, Vp, wasg

estimated from:

where r 13 the cup-plasma distance and At is the delay time of the peak
of the Faraday-cup current. Vp was typlcally 4.6 x 167 cm s~1.

Al.2.5 Conclusions
This experiment has generated a large amount of data which 1s atill
being analysed. On the basls of data already available we can say

that:

a) New data has been obtained on the heat from propagation and

Al.18

ablation processes as a function of laser pulse length.

The ablation rate in the transient regime (100psec) is greater
than in the steady state regime {Insec).

b) The heat front into the solid is "steep” as evidenced by the
relative turn on of different X-ray lines. Thils contradicts
data from other laboratories suggesting that a low temperature
"foot”™ precedes the heat front, but is in better agreement with
the Fokker Planck modelling.

When more data iz analysed we will be able to compare the measured
ablation rate with theoretical models and assess the effects of
non—uniform i1lumination and magnetic field generation on electron

energy transport.
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a2 DYNAMICS AND COMPRESSION OF LASER DRIVEN TARGETS

-A2.1 . TWELVE BEAM COMPRESSION EXPERIMENTS

J Corbett, C L Lewis, Queens University Belfast
A Cole, M H Key, RAL

Follbwing the successful twelve beam compression of low aspect ratio
{~8) plastic shells [AZ.I] a systematic investigation of the
performance of higher aspect ratio (up to 20) targets was undertaken.
The purpose of the experiment was to study implosion symmetry and peak
density #s & function of absorbed power, {rradiation uniformity, shell
size and wall thickness and te attempt to quantify the extent of
effects such as irradiacion non—unifofmity and shell decompression by
comparison with the results of the one dimensional hydrodynamic code
MEDOSA. The main diagnostic used was conveﬁtional extended source
backiighting [A2.2]. A 0.53 ym backlight beam was used rather than the
1.06 ym used previously, to enhance source brightnesé, with the result
ﬁhat the backlight source was less uniform than before.

This experiment was carried out in the twelve beam target chamber of
TAW using the same geometrical arrangement and essentlally the same
dilagnoatice as described In Section A2.2 of last years annual report
{AZ.I]. The initial beam timing was achleved by observing the visible
reflections on low power laser shots from a target placed in the centre
of the chamber, using an optical streak camera, and beam arrival times
had a total spread of less than 20ps. The delay between the driver and
backlight pulses was initially set to zero and thereafter monitored
using another optical streak camers and varied by an optical path
adjustment. The beam surface positioning accuracy was also improved to
become, under surface focus conditioms, 5-?2 of the target diameter.
Maximum green energles of 300J were achieved in & pulse which was
approximately gaussian with a FWHM of 800ps. More accurate energy
absorption messurements were made with calibrated plasma calorimeters
and the revised absorptlion vs d/r curve is shown in Fig A2.1. All
compression shots were carried out with d/r = +10 giving 30Z absorption
and maximum absorbed energies of 70J (taking into account losges in the

optics). Beam balance, which is achieved by first optimally tuning the

A2.1

frequency-doubling ¢rystals and then adjusting half wave plates to
match the energles to the lowest, was impeded by 'teething troubles' in

the newly commissloned switchyard and was at best 10X, typically worse.
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Pig A2.1
of d/r.

Persentauge of inoident laser energy absorbed as a function

The targets used were hollew polymer ghells with dismeters 140-200um
and aspect ratios 7-20, mounted on 7um carbon fibres. The backlight
targets were 275/550 ym Cu/fAu lollipop-type folls 3-13 ym thick. The
active pinhole camera's pinhole limited resclution was > 6pm. The
filtering was chosen to give a transmission peak for the Au M shell
centred at 2.4 Kev with duration < 100ps or the Cu L shell emission
centred at 1.2 Rev with duration < 200ps.

Table A2.1 summarizes the useful results from this experiment. In most

of these shots the lack of uniformity of the backlight source was such

A2.2



that transmission profiles could not be obtained from micredensitometer
traces and the shell boundary measurements indicated are obtained by
direct measurements from the negatives. In many shots this is
subjective as the distribution of mass is not in a homogeeous
shell/sphere but indicates localized variations in implosion velocity.
This was more apparent for higher aspect ratio shells. Fig A2.2 shows
the shots in the table plotted along with a normalized MEDUSA-generated

sof rlouter) r/ar
o 10-0
a 125

70

rlinner)

50
{pm}
L0r
aof
20¢

10}

T limp)

Pig A2.2  Normalised MEDUSA genevated implosion tmajectories of shell
::'.mer and outer boundaries (for an aspect ratio 15.0 shall). Alao
shoum boundary positioms at probe times for aspeet ratio 10.0 (0), 12.5
{8) and 15.0 (0} shells. ALl probe timse shown asz fractiona of the
implosion time.

implosion trajectory giving a semi-quantitative comparison between code
and results. Due to the poor uniformity of 1llumination, we observed
ot many of the radiographs, taken at around 50 of the implosion time
(T(iwp)), absorption features associated with the shell indicating jets
of material directed inwards. Also, core emission features on a 10 pm

scale length vere observed but not always geometrically centred, see

.A2.3

(b)

Fig A2.3  (a) 29/10/85 3 (See table A2.1 for details).

(b) Typical

standard pinhole picture of an aspect ratio 12.5 target I{rradiance

14 -2
2.0x10" "Wem = showing chell self emiassionm.



SHOT
No

25/10
£6
25/10
*8
/11
*1
23/10
%8
23/10
$10
23/10
#11
23/10
£13
31/10
12
3t/10
14
24/10
32
24/10
*3

28/10

3
29/10
+3

- 29/10
+8
29/10
+9
30/10
£15
30/10
*17

r

(um)

80.65

76.25

78.8

4.8

80.0

73.35

75.9

74.0

78.45

76.6

r/dr

10.7

9.9

9.5

12,5

12.5

12.5

12.5

12.9

12.2

15.0

14.9

15.0

.15.6

9.3

10.6

14.5

14.5

(Wcﬁz

1.43
x10
1.43
xIO14
2.48
x1¢
2.7
xl0
1.57
x10
1.87
x10
1.33
xi0
2.6
xIO14
1.67
x10
1.87
x10
1.7
x1014
1.33
%10
1.27

xl0

x10

x10

)

TABLE A2.1

B/f INNER
WALL
(um)

Cu 61.0

Cu  59.0

Cu  12.2

Cu

Cu

Cu 50.0

Cu  59.0

Au

Au

Ce 59.0

Cu  46.5

Cu  3l.5

Co 44,0

Cu 52.50

Au

An

Au

OUTER
WALL
(um)

72.5

68.0

43.0

62.5

68.0

16.25

24,5

68.0

58.0

39.5

5l.0

60.0

29.0

23.0

23.0

T{pr)} T(pr)

(ps)

200

400

600

800

600

400

200

400

600

200

400

600

400

400

600

600

400

T(imp)

0.50

0.54

0.94

0.92

0.91

0.64

0.91

0.80

0.88

0.92

0.85

0.75

0.86

0.78

r{expt)
T (MED)

0.87

0.49

Fig A2.3(a2) and A2.3(b). On some shots the core feature appeared
elongated or even conslsted of two distinct features. Radiographs
taken closer to peak compression Indicated more spherical distributions
of shell material whose spatial scale length closely matched the
central non—emitting reglon observed on standard pinhole pictures - Fig
42.3(b). In fact the inner boundary of the self emission observed on
these time lntegrated pinhole pictures tends to Indicate the minimum
size of the bulk of the compressed material although the self emission
zones within this region are of a much smaller spatial extent. It may
be conjectured that these small emission zones are generated by the
coalescense of the jets of material travelling faster than the bulk of
the shell material and emit their radiation before peak compression.
The brightness of the emission tends to increase with both shell agpect
ratio and irradiance. Analyais of the self emission spectra was
complicated by the presence of bright emission from the glue with which
the microballoons are attached to thelr support stalks. Future
experiments (time and space resolved X ray emission and absorption
spectroscopy) will Investigate this core emission.

The smallest absorption features observed indicated bulk ghell
coupression to a radius of around 15 um from typically 75 ym ie a
factor of 5 in radius indicating densities of around 1Sgcm—3. The
presence of the even smaller self emission features within this volume
might suggest, on the basis of opacity consideratioms, that these were
formed earlier in time when the bulk of the material was in shell form.
This experiment has by nc means been definitive and further study of

the coupression of high aspect ratio shells 1s required.
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A2.2  THERMONUCLEAR PARTICLE SPECTROSCOPIC MEASUREMENTS OF
IMPLOSIONS DRIVEN BY 0.53um RADTATION

P M Evans, A P Fews, University of Bristol
W T Toner, A Cole, RAL

A2.2.1

In previous experiments with G-beam gecmetry (A2.3) we have shown that
meagurements of the residual ranges of a-particles and protons emitted
from ablatively driven implosions are capable of giving informetion
about the compression at the time of thermonuclear particle emission
and its uniformity both glebally and locally. We are now attempting
to extend this work to make a more complete study of implosion dynamics
in 12-beam symmetry. 1In this section we report on track measurement
automation, the development of a monte-carlo tracking programme to aid
in the Interpretation of the data and on a 12-beam implosion series at
RAL. Data from a six beam experiment using .26 um radiation at Ecole
Polytechnique are reported in AZ2.3.

A2.2.2 Track measurement

As all our previous experiments have been severely limited by the sma{l
number of tracks which can be measured manually, the major part of the
effort in the past year has been devoted to completing the development
of a fully automated image analysis and measuring system at Bristol
(A2.4,A2.5). CR-39 plates can now ba scanned at 4 image frames per
second (10cm2 per hour) and the dimensions and position of each etch
pit are recorded so that the energy of each particle may be
individually determined. The etch pit recognition algorithms give good
discrimination against artifacts. An important by-product of the
improved statistical precision has been the identification of
syatematice affecting energy calibration. For example, it has been
found that although tracks recorded in vacuo have the same calibration
as those recorded at atmospheric pressure, it is important not to etch
the plastic immediately after thelr return to atmospheric pressure but
to wait until an equilibrium has been established. If the plates are

A2.5

etched immediately they must be individually calibrated.

A2.2.3 Monte Carle

The width of the observed particle energy distribution depends on the
Source temperature, the time dependence of the compression, energy loss
straggling in source and detector and alse on a number of geometrical
effects such as the effective source size in relation to the diameter
of the shell in which the bulk of the energy loss takes place.
Preliminary results from a monte-carlo Medusa post—processor code
showing the time dependence of the a-particle residual energy
distribution are shown in fig A2.4, Hot matter -stopping power

corrections have still to be included in the code.



RANGE ON LEAVING TARGET
Looot T=-250pSec rr {a)
3000+
-
5
3 2000}
[
1000}
0-0 L "rr —
-100 0-0 100 200
RANGE
RANGE ON LEAVING TARGET
20000F T=- 200 pSec (bl
15000
£ 1000.0f
=2
Q
(%)
. 500.0f
0.0 : —
100 00 100 20.0

RANGE

Fig A2.4 Simulation showing the ranges of DT a particles gn leaving
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the peak of the laser pulse. Hot matter stopping power modifications

have not been included.

RANGE ON LEAVING TARGET

ool T=-150pSec -

300F

COUNT.

20.0F

10:0f

0.0 = L .
-0.0 00 100 20-0
RANGE

Fig A2.4 Simulation ehowing the ranges of DT a particles on Ieaufng
the target at times: (a) 250psec (b) 200psec and (¢} 150psec before
the peak of the laser pulse. Hot matter atopping power modifications
have not been ineluded.

A2.2.4 l2-beam compression experiment

The CR-39 plates are cut out of sheet material as regular pentagens
each containing & central hole for the passage of the laser beam and
twelve -of these plates can be mounted on a dodecahedral frame to cover

about 80% of 41 if no other diagnostics are used.

A first optimised 12-beam experiment using 0.8 nSec pulses of .53um

irradiation was carried out in November 19853. Poilnting accuracy was
verified to be at the level of 9um RMS on a 150um diameter target by
using two dlametrically opposed pinhole cameras to view surface focus

test targets. 12 beam timing was checked at the +5 psec level. Beanm
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balance, though poor on some shots was maintained at + 5% for a
substantial part of the data. Each D-T target used had its Tritium
content checked by counting X-rays produced by the p particles in the
ghell walls. Some targets were placed in the chamber, subjected to the
full alignment procedure and expesed to full laser shots on which the
pulse switchout was disabled and then removed and recounted. There was
found to be no less of gas fill.

Neutron yields and target parameters are given in Table A2.2. Yields
measutred with the standard RAL plasic scintillator system were in good
agreement with CR-39 measured yields from thin walled targets where all
the a-particles would be expected to escape. The ylelds from targets
of gimilar dimensions to those irradia;ed in the earlier 6-beam
ablative experiment were a factor of 20 below those observed previously
and scaled only slowly with energy per unit mass whereas a very steep
dependence was expected and had been seen in previous experiments.
Since the major objJective of the experiment was the study of proton
spectra from relatively thick walled targets and this would require
high yields, most of the run was devoted to the exhaustive checks
described above and full CR-39 coverage was not used in order to
observe pinhole images of the implosions. No evidence of any grose

asymmetry was seen in the pinhole plctures.

One possible, but untested, explanation of the low yields would be & .
difference In pulse rise-time from experiment to experiment.
Thermonuclear particle production in these implosions 1s thought to be
predominantly due to the first shock, whose strength would depend on
the shape of the pulse at early times.

The a—particle range distribution from shot 4/5/12/85 is shown in
figure A2.5. The distribution of energy loss is noticeably wider than
was observed in the gix-beam experiments and some particles have lost
alwost no energy in leaving the target. This may indicate shell
breakup.

A2.8

Shot

Number

5/12/11/85
5/19/11/85
8/19/11/85
13/9/11/85
1/20/11/85
2/20/11/85
7/20/11/85
9/20/11/85
12/20/11/85
2/21/11/85
11/21/11/85
8/22/11/85
10/22/11/85
1/27/11/85
4/ 5/12/85
6/ 5/12/85
8/ 5/12/85
10/ 5/12/85
12/ 5/12/85
15/ 5/12/85
16/ 5/12/85
20/ 5/12/85
24/ 5/12/85
25/ 5/12/85
28} 5/12/85
2/ 6/12/85

Incident
Green Energy

(ym)

263
289
427
322
288
334
281
255
378
240
248
164
245
309
284
278
312
399
392
451
423
409
252
389
416
215

(Energy on target is 78% of the figure quoted)

Table A2.2

Target
diameter

(um)

121.3
124
142
138
138
133
131
133
128
138
137
126
128
121
254
224
229
148
130
231
221
222
132
134
129
136

Target
wall thickness

(ym)

1.0
1.06
1.6
2.0
2.1
2.1
1.2
1.2
1.1
1.1
1.3
1.1
1.1
1.3
1.2
1.0
1.4
1.6
1.2
2.1
2.6
l.6
1.2
2.4
2.0
1.5

Neutron

Counter
Yield

4.
1.
8.
4.
7.
3.

9

1.
2.
4.
2.
1.
1.

3

4.

4
1

2.
2.
1.
1.
1.
4,
1.

9
7

6x104
7x105
anr.lt')tl
2x1014
2x10
6x10
x10
2x10
3x10
8x10
6x10
2x10
1x10
x10
7x10
x10
x10
4x10
5x10
5x10
2x10
1x10
6x10
2x10
x10
x10
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Fig 42.5 Preliminamy range histogram for T o particles produced from
a I.2pm wall thickness and 254um diameter target.

A2.3 THERMONUCLEAR PARTICLE $PECTROSCOPY OF ABLATIVE IMPLOSIONS
DRIVEN BY 0.26ym LIGHT

P M Evans and A P Fews, University of Bristol
E Fabre, D Bruneau, and A Michard, Ecole Polytechnique, Palaiseau
J Briand, University of Toulouse

A collaborative experiment has been perfomed at Ecole Polytechnique,
Palaiseau to investigate implosions, using spectroscopy of the

emitted thermonuclear particles. The technlques used were developed at
Bristol University for use at the CLF and are based on measurements of

etched nuclear particle tracks in CR-39 plastic detector [AZ.G]-

The targets used were 10, 20 and 40 bar DT filled glass walled
microballoons varying between 90 and 230 pm in diameter amd 1 to 3.5 um
in wall thickness. The 20 bar targets were supplied by RAL. The
targets were imploded with the 6 beam, 0.26 ym wavelength laser at
Ecole Polytechnique (A2.7), (AZ.8), The laser energies on target were
between 70 and 140 J with a pulse length of 0.5 pys. CR.J? plastic

detectors were placed at distances of between 30 and 87 mm-

The data were analysed using the automated system described in the
previous section (42.2).

Results have been obtained from both DT o particle and DD proton
reaction products. Figs A2.6 and A2.7 show a-particle pR spectra,
exptessed in terms of the a particle range loss in the target, in units
of CR-35 equivalent thickness. Detalls of these pR spectra are
discussed below. Fig A2.8 shows a similar proton range loss spectrum

from the DD reaction.

One of the principal effects on the width of these distributioms 1s the
Doppler motion of the centre of mass of the reacting particles. The
width of the dlatributions may thus be used to predict the temperature
of the reacting iona. Fig A2.9 shows a graph of the temperature
deduced in this way plotted against the measured DT a-yield. Each
point corresponds to a separate shot. The polnts can be seen to fall
into two groups. The first group have range distributions of the type
shown in Filg A2.6 with 2 small spread in range, but may have a non
Gaussian tail golng to either low or high range loss. The measured @
yields exhibit a typlcal (temperature)iil relationship, with deduced
temperatures in the range 600e eV to Z keV, which were the expected
temperatures for the implosion parameters used. Proton range spectra
were obtained on two of the shots in this group and yield the same
temperature as the o distributions. As the effect of energy loss non
uniformities on the proton spectra 1s five times smaller relative to
the doppler broadening than in the case of the & spectra, this confirms
that these g distributlons are dominated by doppler broadening. The
second group of dara have much broader range loss distributions such as

shown in Flg A2.7, with correspendingly much highef deduced
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temperatures, between 3 —-10 keV. 8Since these temperatures are unlikely
to have been achleved, other broadening mechanisms, for example uneven
compression of the target or thermonuclear particle generation in
several bursts at different times must presumably be responsible for
producing the observed distributfon widths. The range loss
distributions in this group (eg Fig A2.7) ahow no sharp features within
the data. Unfortunately there are no proton range losa distributions
for this group of shots. Further analysis of this data is in

progress.
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A3 DENSE PLASMAS AND PLASMA RADIATION PHYSICS

A3.1l ION GORRELATION EXPERIMENTS IN HIGH DENSITY PLASMAS

T A Hall, R W Eason, C Jackson, B Shiwal (Essex University) and
5 J Rose (RAL)

43.1.1 Introduction

A colliding shock technique [A3.1] was used to create aluminium plasmas
with high values of the ion coupling parameter. The value of T
predicted by the MEDUSA computer code is typlcally 10-20. Under these
conditions the ion motions become strongly correlated and there is a

preferred ion pair separation.

In these experiments this close range order is observed using the EXAFS
technique [A3.2]. The normal EXAFS aspectrum of aluminium is well known
and shows modulation in the x-ray absorpticn above the K edge (and the
L and H edges). These modulations typically have a depth of up to
about 10%Z and a periodicity in energy of approximately 26eV (for the
fundamental period). As a result of compression, the position, depth

of modulation and periodicity will change.

Finite temperature effects will tend to reduce the modulation depth of
the EXAFS spectrum due to the thermal motiona of the ilons about this

mean position.

A3.1.2 Experiment

The targets in these experiments were a planar sandwich of 2u of
aluminivum covered on both sides by 3-10u of N parylene. Figure A3.1
shows a schematic layout of the experiment. Two beams of the VULCAN
lagser were directed onto opposite sides of these targets driving shock
waves In towards the central aluminium layer. These shocks collide in
the aluminium producing a2 uniform compression of the aluminium layer
for about 100 psec. The laser pulses driving the shock were 500 psec
duration, .53y wavelength and 20-30J energy in each beam. The beams

were focuseed to a uniform spot of 0.5 mm diameter resulting in an
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irradiance of approximately 2 x 1013 Wem™ 2. At these irradiances the
shocke collide very near to the peak of the laser pulse. The low

irradiance and the plastic coating reduce the target x—ray emission to

minispectrometer

main target

backlighting target

A3.1  Ezperimental arrangement showing long pulae compression beams
and short pulase backlighting beams. ‘

an Insignificant level. The targets were probed using ¥-rays from a

subsidiary high Z target placed about 3 mm from the main target.

Time resoluticn was obtained using a short pulse (100Opsec) of .53y
light to produce these x—rays. The EXAFS spectra observed in these
experiments were assoclated with the aluminium ¥ edge and it is
necessary to record the absorption spectrum for several hundred
electron volts x-ray energy above the K edge. A convenient dispersing
crystal for this spectral range Iz ADP and measurements on

uncompressed aluminium uging this crystal and a bismuth backlighting



source have already been conducted [A3.3]. Unfortunately, the ADP
crystals that were available were found to have much lower
reflectivities than those used previously and produced imadequate
exposures on the Kodak DEF film used in the minispectrometers.
Increasing the irradiance on the bismuth target did not fncrease the
soft x-ray yield from the target but resulted in more intense hard
x-rays. These harder x-rays increased the background exposure levels
on the film by causing flucrescence in the spectrometer and by high

ovder teflectivity from the crystal.

A TI1AP crystal has much higher relectivity than ADP and the dispergion
in the 6-94 region is much lower, go that much higher £ilm exposures
were found to be possible. Unfortunately, the second order
reflectivity of T1AP is e&lso high, and the second order bismuth
spectrum was found to have features similar to EXAFS modulation. Since
these features occur in a8 similar region on the film to the firat ordsr
EXAFS, the interpretation of the results proved very difficult.

Several other backlighting sources were tested: the ideal requirements
were that it should have a bright quasi-continuum in the 6-94 region
and low level emission without spectral features in the 3-4.5A region.
0f the sources tried, uranium appeared to have the best
characteristics: there are two fairly weak broad features in the
second order spectrum but these are not easily confused with the EXAFS

spectrum.

The normal filtering in front of the minispectrometer consisted of 25
of beryllium. Some discrimination against the second order can be
obtained using a pure silicon filter but such a filter was not
available. An alternative technique that was adopted was to place &
further 125y of beryllium over half the aperture to the mini
spectrometer so that the first order was absorbed. Thus the first and
second order spectra were recorded side by side on the same film.
Since the second order spectrum is at a relatively low level it can be

subtracted numerically afterwards.

EXAFS spectra were obtained for varlous relative delays betwesen the
main drive pulse and the backlighting pulse.

A3.3

Figure A3.2 shows two spectra obtained in this way. One spectrum wag
obtained with the backlighting pulse coming early with respect to the
main drive pulse and effectively shows the EXAFS spectrum of
uncompressed aluminium. The second gpectrum Was taken near to peak
compression: in this case the features are spread out in energy and
less well defined Indicating both compresion and heating.
Interpretation of the data is still in progress and this will be
carried out initially using data on phase shifts and scattering
amplitudes for uncompressed aluminium. These parameters will not,
however, give the correct interpretation. Recent work by Albers [A3.4)
on the EXAFS of compressed aluminium should lead to the correct

parameters and & collaborative prograemme is being arranged.
43.2 ABSORPTION SPECTROSCOPY IN IMPLOSION EXPERIMENTS

C Chenais Popovics (Ecole Polytechnique, Palalseau, France)
P -Norreys (Royal Holloway College, London)
A Cole, S Rose, M Key (RAL)

A3.2.1 Introduction

Absorptlon spectroscopy has been demonstrated to be an interesting
diaguestic of microballoon implosiong [A3.5]. The diagnostic allews a
measure of the density and temperature of the coolest part of the
imploded shell. Absorption features in X-ray spectra have been
observed on glass shells, the inside of the shell being the emltter
and the cooler compressed part being the absorber [AS.G]. They have
also been seen In colllding shock experiments with chlorine absorption
of Bismuth emission [AB-?]. They have only recently been used as a
quantitative diagnostic of implosions driven by 10.6um laser radiation
{43.5].
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A3.2.2 Temperature and density diagnostie

An Intermediate Z element can absorb in different ways: 1Lf its
temperature is low {~50eV), its K absorption edge can be shifted by
density effects [A3.8]; if it 1is heot enough to be lonized to between
fluorine-like and helium ion stages (100-300eV), each lon stage absorbs
on a Ku line. These lines are close to each other and lie on the red
side of the Hea line of the absorber (ie Lyman @ resonance transition
of the helium like ion).

To observe such absorptions in a microballoon lmplosion, the target has
to be carefully chosen: 1ts core must emit a continuum spectrum around
the absorber Hea line. Moreover, the absorber must be buried in the
ghell at & depth to match the cool dense part of the shell at peak

compression.

When conditions are reached to have Ku abgorption lines, the line
integrated absorption gives a measurement of the pAr achieved in the
shell, where p 13 the density and Ar the thickness of the compressed
absorbing layer. The ionlc composition can be deduced from the
relative strengths of the different absorption lines. The use of a
model describing the fonisation of the plasma enables electronic
temperature determination. 7Time resolution of the spectra is useful to
ensure that the different specles absorb at the sawme time and not

successively during the temperature rise or decay.

A3.2.3 Experimental set up

We used twelve beam irradiation at 0.53pm wavelength with a 400ps FWHM
pulse. The illumination parameter d/R was kept between 6 and 10, (d is
the distance between target centre and focus position and R is the

radius of the target). The absorbed laser Intensity was between 1014

and 3 x 1014 W/cmz.

The targets were 60pym diameter, lpym thick glass microballoons filled

with 10 Bar of Weon. A 0.9um layer of chlorine parylene <CH2012) was

coated on the microballeoon. A layer of plastic of variable thickness
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aluminium K- edge

normal

aluminium

Absorbance

shock
compressed

aluminium

<-————Energy

A3.2 EXAFS spectra of normal uncompreseed aluminium (upper tracel) and
shock comprassad aluminium. The absbription peake are spread out in

gnergy in the lower trace indieating a compression of the material.



was coated on top (1 to 5um thick}.

A pinhole camera with 25um Be filter and mylar attenuators was set up
to check the core emission. The X-ray spectrum was recorded in the
region arcund 4,58 by a time resolved spectrometer consisting of a flat
PET c¢rystal in front of a streak camera. A space resolving, time
inregrated spectrometer was also set up at the same wavelength range.
The spectrometers were set to record recombination continuum emitted by
the compressed gas and hot Inner surface layer of the silicomn shell,
absorbed by the chlorinated layer.

‘A3.2.4 Experimental Results

Figure A3.3(a) shows a time resclved spectrum obtained for a target
overcoated with 1.lpm of plastic. ‘The brighter lines are the
intercombination and resonance lines of helium like chlorine ifons and
asgoclated dielectronic satellites. We kept the intensity high enough
to see the absorption features, which causes the resonance lines to
saturate the detector. These lines last for the whole interaction

duration. The limit of the series of H~like silicon lines (n=5 and

6) and the recombinatfon continuum are clearly seen. An impurity Hea
gulfur line is prominant on the silicon conrtlnuum, at 4.733. Two weak
absorption features apﬁear on the long wavelength side of the chlorine
satellites.

Figure A3.4 shows a densitometer trace of the same shot, traced at the
time when the continuum is maximum. Absorption features appear to be
very weak., They correspond to B-like and Be~like fon stages. The
Li-1ike and He-like absorption lines are coincident with the resonance
and intercombination lines and do not appeer. From densitometer
tracings, it appears that the absorption lines have a sightly shorter
duration than the silicon continuum emitted by the hot core of the
{mplosion which lasts 300ps.

A AL
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{a) Time resolved spectrum in the range 4-58.
(b) Pimhole pictuve showing a bright core of about 10um
diameter.
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Dengitometer tmace of the time integrated 8pectrum obtained on
the game shots as figure A3.4.

Flgure A3.5 is a densitometer trace of the time integrated spectrum

obtained on the game ghot. There are very weak absorption features
A3.4  Dengitometer trace of figure A3.3(a) at maximum emissivity of gimilar to the time resolved ones.

However, one absorption is at the C
the ailicium recombination coniinuum ehowing absorption features.

like ion position which was not observed on the time resolved spectrum.
This could be explained assuming that the C like ion stage 1is less
. populated than higher ionic stages but last longer.

Filgure A3.3(b) shows a pinhole picture of same shot. Tt exhibits a
bright core of 10um diameter. This plcture demonstrates that the
target is impleding. The time behaviour of the silicon spectrum proves
that the implosion time is close to the laser pulse maximum and that
its duration 1s not much shorter than the laser pulse duration. This

1s characteristic of a compression with higher laser intensity than
optimum. The duration of the emission and the weakness of the
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absorption structures suggest that the targets are not well matched for

the absorption diagnostic.

The chlorine resomance line Is emltted very early and lasts for the
whole interaction. This indicates that the chlorine layer is not

buried deep emough in the target and 1s at least partly ablated. The Te (eV)
weak absorption features demonstrate that the chlorine layer is not e Ne
totally ablated or at least lies in the heat front reglon. Indeed, L. b, .
’ 1000F" ", ~—=~ Si0;
these absorption and emission chlorine structures show the presence of : -~
\ 25—
B-like, Be-like and He~like ions. As the heat front is a very thin . . / . Cl Pury[ene
B ¥ e ~ 3 H
region, Be-1like and B-like ions must be well populated to absorb. This 100 ‘\\ If : Plastic
would imply a temperature of about 250 to 350eV according to population RS-
models [43.5, A3.9]. 10F "
slgen®) | el
A3.2.5 Code Simulations 10F ) \
, \
We have run hydrodynamic simulations with the 1 dimensional code MEDUSA 1F \

[AB.].O] in order to improve the understanding of the experimental

results. The simulations are run with laser conditions corresponding

01

" to the experiment. We 1lncluded trangport radlation and used a flux
limit., Figures A3.6 and A3.7 show the density and temperature
profiles obtained in two simulations. As in the experiment the target

is a 120ym diameter glass shell lum thick, overcoated with 0.9%m of

chlorinated paryleme. The overcoating of plastic is 6.3ym in the case

of figure A3.6 and l.lum in the case of figure A3.7. Density and ' R (}Jm)

A3.6  Deneity and electronic temperature obtained at peak compression

in a Medusa simulation. The plastic overeoating 18 Sum.
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temperature profiles are traced at
the maximum of the laser pulse and
at the maximum compression. Filgure

Te [eV) A3.6 shows what we expected to
have, le, a chlorine plastic layer

1000 U
- lying in the foot of the thermal

100F -.'\_ . front. However for these

conditions, the experiment showed

Plgcmﬁ]10‘ no bright core on the pinhole

10k pletures and therefore no

jf \, absorption fegtures on the spectra.

' 3 The gas and glass may have remained
- . too cold to emit. We had to go to

011 I --H‘\\. thinner plastic layers to obtain

the bright core but thias led to

only weak absorption features.

1
0 10 20 10 L0 R[pm]r Flgure A3.7 which is a plot under
these last conditions shows a

plastic layer completely ablated
and overestimates the temperature
of the chlorine layer. It does not

fit the experimental data as the
A2.7 Density and electronic temperatures
obtained at peak compressicn in a Medusa
simulation. The plastic overcoating is to emit at the time when chlorine
1.lum, as in the experiment. At peak
compression, the plastic cells are out
of the spatial range of the graph. experiment and simulations suggest

gilicon has a temperature too low
could absorb. Comparison of

that the glass shell was too thick
for the chlorine layer to be 1In the
compressed region. For the
intensity used it should have been
more suitable to use 0.5 to O.8um
thick glass shells, which was
technically not poasible.

A3.2.6 Conclusion

These very preliminary experiments give us useful information for

selecting the right targets for diagnosing the implosion by absorption

A3.11

spectroscopy. However, 'for ablation at 0.53ym, in contrast to earlier
work at 10.6uym, very thin layers must be used 1f the velocity is to be
high enough to produce a strongly emitting core. The aspect ratlo r/Ar
of the target determines the implesion velocity for a given irradiance,
and the total power and energy of the laser pulse limit the target
radius and therefore the layer thickness. A better scheme than the one
used here could be to use the inner gas as an emitter, and put the
absorber on a very thin substrate. It is planned to try thils approach
in future experiments.
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Ab XUV AND X-RAY LASERS AND OTHER APPLICATIONS OF LASER-PRODUCED
PLASMA SOURCES

Ad.1 INTRODUCTION
F 0'Neill and § Rose (RAL)

In the past year the Sprite KrF laser has for the first time been used
for scheduled user experiments. This followed the very succesgful

trial experiments which were reported im last year'é report.

Using X-ray sources generated by the Sprite and VULCAN lasers there. has
been considerable progress in the X-ray microscopy applications and
clear X-ray contact images of a number of blological specimens have
been recorded in X-ray resist. A start has been made on the first use

of X-ray microscopy for truly blological investigations.

This year has seen considerable activity using the VULCAN laser system
in the field of XUV-lasers, culminating in a successful demonstration
of amplified spontaneous emission at 182 A using the carbon

recombination scheme.

The topics above are dlscussed In Sections A4.2 - A4.5. In additiom, a
novel method of overcoming the problems of refraction in XUV and X-ray
laser aystems is described in Section A4.6 and further very interesting
developments and applications in the reflEXAFS technlque are shown in
Section A4.7.

A4.2 LASER X-RAY MICROSCOPY USING SPRITE AND VULCAN

A4.2.1 Introduction to the Techniques

R W Eascn {(Essex University)

From very early in the 20th Century, the possibility of using low
energy (soft) X-rays to examine biolegical, and other, material has
often been discussed (Af4.1, A4.2). While optical or electron

micrescopy are currently the standard tools for blologists, there are

Ad.l

considerable benefits to imaging with X-rays as opposed to visible
light or electrons. As the wavelength of X-rays is much shorter than
for visible light, higher resolution can be achieved. For electron
microscopy, the specimen to be viewed must also underge careful
preparation, for example sectioning and staining, so that there is
every chance of introducing artefacts. Furthermore electron microscopy
(excluding transmission work) is limited to looking at surface features
of the specimen and the interaction between the electron beam and the
specimen may alsc result in damage. The necessity for operating in
vacuum with electron mieroscopy also requires thar the gpecimen be
dehydrated.

All of these problems can in principle be overcome by using X-rays.

As the dominant attenuation process for X—-rays Is photoabsorption
rather than scattering, relatively thick samples {up to several pm)

can be viewed. Due to the inherent variation In the absorptien cross
gection for XK~-rays between different elements there Is also the
possibility for natural comtrast, without the need for atailning (A4.3).
This situation is depicted in figure A4.1 which shows that between the
oxygen and carbon K-absorption edges, at 2.3am and 4.4nm respectively,
protein shows marked contrast in water, due to = 10 times greater
¥-ray absorption by carbon (protein). This allows the specimen to be

viewed therefore in its natural water/nutrient environment.

The main attraction of using X-rays however is the possaibility of
imaging specimens while they are still living. 1f the exposure is
sufficiently short, then the image can be recorded before any
structural damage has time to occur, even though the actual X-ray dose
may ultimately prove fatal. This requirement can readily be met by a
laser-produced plasma X-ray source. By focusing the laser pulse onto
sultable :drget materlals, a plasmas s formed which emits strongly
throughout the soft X-ray region. It is also easy to arrange for the
emitted wavelengths te fall within the all-important 'water—-window'
region of 2:3nm and 4.4 nm (see Filg A4.1l).

In this section A4.2, we report the work that has been carried owt on
both Vulcan and SPRITE in the last year. The work follows on from the
initial studies performed in July 1984, and reported 1ia the 1985 Annual
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Report to the Laser Facility Committee (Ad4.4).

The contact imaging process is conceptually very simple. In a manner
entirely analagous to contact printing in optical photography, the
specimen is placed on tep of the recording medium, and exposed to
X-rays. The technique, developed many years ago {A4.3) has since been
extens ively developed to fnclude the use of X-ray resists (X-ray
senaitive polymersg) ag the recording mediuvm (A4.6). After exposure,
the latent image in the resist is chemically developed, to yield a
relief pattern corresponding to a 2-dimensional map of integrated mass

absorption coefficient in the specimen.

For imaging live specimens, the situation is more complicated. To
maintain the specimen in 1ts normsl atmospheric/nutrient environment, z
'wet—cell’ is used. The wet-cell is placed inside a vacuum chamber
some few mm or c¢ms away from the laser plasma source. The vacuum Is
req;ired to avold laser induced gas breakdown, which would prevent
laser light from reaching the target, and also to allow efficient X-ray
transmission to the wet-cell. A thin {(~ 10Cum) 1 mm? SiaN4 window 1is
vsed on the wet cell to maintain the required atmospheric pressure
difference. The SiaNu 1s deposited by CVD onto a silicon wafer, which
1is then back—etched, leaving a clear 814N, film, supported at its four
edges. This material is very strong, and due to the low Z elements
used, only attenuates X-rays in the water—window regionm by = 20%. A
apring or plunger is included in the cell design, to keep the
reslst—coated silicon wafer in close ¢contact with the gpecimen. This
is important since the resolution achievable is dependent om the sample
to resist distance, and alse the thickness of the resist itsel#f. In
practice if the combined distance 1s lym, diffraction effects will
limit the resolution to = 50nm. A schematie diagram of a wet cell is
ghown in Fig A4.2.

Resist materials that are sensitive to irradiation by eclectron beams
are also sensitive to X-rays (A4.7), so thart resists thar have been
developed for use in microcircult technology are also suitable for
X-ray microscopy. There is a2 strong correlation between the
sensitivities of resists to electron beam and X-ray radiation (A4.7).

Typical materials used include poly-methylmethacrylate, PMMA, or

A4.3
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Fig A4.2 Schematic diagram of wet cell holder.

copolymers such as glycldyl methacrylate and ethyl acrylate, P{(GMA-EA).
The resist material used in most experiments described im this paper
was a slightly different copolymer, P(MMA-MA), which is one of the more
gensitive (fastest) positive resists presently available. The first
laser experiments used a different terpolymer resist {C4.4). For a
positive reslst, the exposed areas are rendered more soluble in a
developer. In terms of energy required per unit area, P(MMA-MA) is
some three times more sensitive than PMMA (C4.8). ¢

After exposure the resists were developed for a short time in a
suitable solvent mixture. For P(MMA-MA) resists the development
procedure was typically 1-2 minutes in a 1:1 mixture of methyl isobutyl
ketone (MIBK) and isopropyl alecohol (IPA) or for a more aggressive
development up to 5 mins in ethyl cellusolve acetate (ECA). One method
that was used to ensure optimum development involved exposing several
specimens at the sgame time. Trial development of one or more resists
allowed the optimum development procedure to be established so that
this could be used on the remaining resists. 1In extreme cases, these
control samples were obtained by dividing a single resist into multiple

pleces.

Por viewing the developed resist, optical, and scanning electron
microscopes were used. In some cases a transmission electron
microscope (TEM) was also used for viewing resists that had been spun
ento SiyN, windows. These 100 nm thick windows, identical to those
used for the wet—-cell work are alsoe reasonably electron transparent,
hence the possibility of viewing in 2 TEM. An altermative method
involves floating resists off carbon ccated gupport glass wafers
(A4.9). A Normarski interference optial microscepe was also routinely
used ko monitor the progress of the development. Results obtained

using both methods are shown in subsequent sectlons.
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A4.2.2 Source Characteristics on Sprite and VOLCAN

R W Eason (Essex University), P C Cheng, R Peder (IBM Yorktown),
A G Michette (Ringe College), R J Rosser (SUNY, Stoneybroogk),
F 0'Neill, Y Owadano, I C E Turcu {RAL). ~

In the past, the development of all forms of asoft X~ray microscopy has
been hampered by the lack of sources intemse enough to allow images to
be obtained in rezsonable times, ;nd by the lack of sultably sensitive
detectors. Over the past decade or so the problem of the X-ray source

has been improved by the development of dedicated synchrotron radlation
facilities (A4.10).°

Contact x-ray'microscopy has given interesting results at several
synchrotron sources (A%4.6, A4.11) and, with the commissioning of
undulator beam lines due on several synchrotrons in the near future
(A4.12) thus increasing the brightness by more than an order of
magnitude, will continue to do so. Hewever, the exposure times
necessary using synchrotron radiation are still much too long for
obtaining images of living specimens. For example, contact images
obtained recently of erythrocytes and blood platelets required a 20s
exposure time, using the SERC Daresbury Laboratory Synchrotron
radiation source (A4.11). While this may seem short in comparison with
the first experiments of this kind which took 16 hours and 15 minutes
respectively (A4.6) it 1s stil) much too long for recording images of
living material.

Alternative sources such as gas—puff z-pinches, which generate 100ns
¥-ray pulees have also recently been used (A4.13) but there are
limitations here in terms of the minimum distance possible between
source and specimen. Debris problems can also ocecur, whereby energetic
material from the plasma hits the window/resist surface, damaging the
surface quality.

The laser-produced plasma source used for the experiments reported here
has numerous advantages over other sources. Using the VULCAN laser at
the CLF, X-ray exposure times of lns (or less) are routine. There is

also great flexibility in chooaing the X-ray wavelengths used for
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exposure. By a suitable cholce of target material (ie Z) and lager
irradiance (W cm 2), it 1s posaible to arrange for certain ewission
lines to contain a large percentage of the K-ray energy. Some target
materials can also emit quasi-continua, spanning some 2-3 nm which ¢an
straddle the water—window region. The experiments here predominantly
used targets containing cerbon, ie mylar or graphite. For the earlier
VULCAN exposures (Al.14), the fundamental laser wavelength of 1.0533pm
was frequency doubled to 0.526pm to schieve a greater conversion
efficiency to X-rays. Approximately 30-40J, lns laser pulses were
focussed to 200-300um spot sizes onto graphlte targets. Thias
corresponds to a laser irradiance of ~ 6 % 10'3W cm-2. The resultant
plasma showed strong line emission features at 3.37nm and 4.03nm,
corresponding to CVI (H-like) and CV (He—like) ilons. The intensicy
ratio of these lines could be varied by altering the laser irradiance,
thus changing the effective plasma temperature.

For most recent Work using Sprite operating at its fundamenral 0.24%um
wavelangth, laser energies on target were typically 80 - 100 J in 50ms,
of which approximately 507 wag contained in a apot size of ~ 75um
diamerer. The corresponding peak laser irradiance wgs 5 x 1013 § cm™2.
The X-ray pulse duration was measured to be ~ 35 ns (FWHAM), shorter
than the 50 ns incident laser pulse. Measurement of the incegrated
¥-ray energy over 2% steradiang from 250um thick Mylar foil targets
indicated that ~ 740 mJ fell inside the water-window spectral regiom.
Spectra taken of the ¥-ray emission in this region revealed that of the
740 mJ X-ray energy, approximately 50X is due to line emission and 50%
is from continuum radiation. The X-ray flux incident on the 513“4
window of the sample holder which was positioned 50 mm from the plasma
at ~ 300-400 to the target normal was estimated to be 10 ol (% 5 mJ)
em~2, A typical spectrum recorded om Sprite using a compact grating
spectrograph is shown in figure A4.3. The water window spectral region
is indicated, and this has been traced using & microdensitometer, and
reproduced on an expanded scale. The line emfsaion from hydrogen—like
carbon (CVI) 1s seen to be particularly strong. Space resglved
spectral measurements taken with the same spectrograph shows the soft
X-ray source diameter to be ~ 200 um (Fig A4.4).

To quantify the X-ray emisslon, calibrated X-ray photodiodes were used
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to determine the absolute X-ray energy content in certain spectral
regions. By choosing a suitable combination of filters it is possible
to simulate, for example, a dlode response predominantly In the water
window reglon. Measurements were taken with several such diode and
filter combinations placed at varicus angles with respect to the target
normal. These resulte are shown in figure A4.5 for the two spectral
regions A € 2.3nm and 2.3nm € A < 4.4nm, It is clear that in this
latter region there is a very strong angular dependence to the X-ray
emission. The angles that the specimen chambers were positioned at
experimentally (~¥30¢ ~ 40%) therefore do not appear optimum for

recelving the maximum X-ray flux.

str. *
2.3 < A
0.6l nm < 4.4nm XFQ
/:

0.4}
MYLAR
ARGE
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1 1 1 ’
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Fig A4.5 Angular dependence of absolute X-ray emiseion for the two
wavelength regioms; A<2.3nm and 2.3nmei<d.4nm. Target=250um thickness
of Mylar foil.

A4.2.3 X-ray Images of Foxglove Epidermal

A D Stead (Royal Holloway and Bedford New College),
A G Michette (Kings College)

One of the more striking contact x—ray lmages obtained in this past
year is that of an epidermal hair from the corolla of a foxglove
(Digitalls purpurea L.CV.Foxy), recorded using Sprite. The hair was
removed from a fresh flower immediately before exposure and was not
prepared in any way. The exact specimen thickness is unknown = the
hairs are typically 10-20 pm thick — but rhe one imaged was probably
flattened in the specimen holder. Scanning electron micrographs of the
developed x-ray iﬁage'after coating with 10 nm of Au:Pd are shown in
Figures A4.6c and A4.6d. The cell is from the distal reglon of the
hair and the cytoplasm ias seenm to be arranged in long strands. This
arrahgement ls not observed in the chemically fixed, dehydrated and
embedded material used for transmission electron microscope imaging of
biological material (Figures A4.6a, a cel)l from the middle of the
trichome in tangential lengitudinal section, and A4.6b, a basal cell in
transverse sectlon), althoygh similar strands can sometimes be seen in
the larger and more transparent cells at the base of each hair by iight
microscopy (Figures Ad.6e and A4.6f). This suggests that the TEM image
of this materlal may not represent the arrangement of the cytoplasm in
the living tissue.

A4.2.4 Fibroblasts

P C Cheng, R Feder {IBM, Yorktoum), R W Eason (Essex), A G Michette
(Kings College), R J Rosser (SUNY, Stomeybrook}.

The human fibroblasts used in this study were exposed on Sprite and
were grown on the surface of 100 nm thick Formvar fiilms which were
supperted by nickel index-grids. The cells were cultured in Eagle's
medium {10%Z fetal calf serum and antibiotics) under 5% CO2 ar 3790c.
The cells were then fixed in 1% glutaraldehyde, dehydrated in an
ascending series of EtOH and eritical-point dried. TFibroblasts have
been used as standard test materials in various X-ray imaging

experiments (A4.16). The advantages of using cultured fibroblasts are
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Pig A4.6 Imagee of epidermal

haire from the corolla of a foxglove.

not only that their ultrastructures have heen extensively studied, but
also that the cell thickness can be controlled by varying the type of
cultured gubstrates and type of coatings on the substratum

(ie polylysine coating can cause the cell to spread out on the
substratum), Becauge the fibroblast is relatively thin and flat, a
good contact between specimen and resist can also be achived. The
P(MMA~MA) X-ray resist used in this study was supported on the surface
of a 100 nm thick Si;N, window and the resulting X-ray contact images
wera viewed by using a TEM. Two layers of 813N, films, each 100 nm
thick, were placed in front of the specimen as filters and protecting
films. These SizN, films not only cut off UV radiation from the
source, but were alse found to be essential to prevent breaking of the
513N, window which supports the X-ray resist during exposure. The
TEH-magnified contact images shown in this seetion are the firsr series
Fver obtained from a pulsed X-ray source. Figure A4.7 shows the X~ray

image of a human fibroblast,

Fig A4.7 TEM-magnified X¥-ray contaet image of hummm fibroblaet. The
image shows nuclei with X-ray dense nueleoli. Stress fibre bundies (S)
are readily vietble in the cytoplasm.
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The nucleus wirh pronocunced nucleoli is evident. The nuclecli appear
to be X-ray denmse structures. In the cytoplasm, stress fiber bundles
are’ clearly visible. The TEMmagnified contact image provides higher
resolution that those images obtained by using an SEM. However, due to
the relative Insensitivity of detecting small changes in resist profile
heights by conventional TEM and SEM, and the potential artifacts
introduced by prolonged‘ﬂevglopment of the resist in the developer, one
can ounly fully explore the resolution of the X-ray resisc by using
Tesists which have been shallowly developed and surface shadowing |
techniques (A&.l?)f

A4.10

A%.2.5 Red Blood Cells
R W Eason, M Clague, R Cherry (Essex University).

Samples of fresh blood cells obtained by venipuncture were used here to
investigate the change in shape of the cells that occurs when
particular toxins are introduced. Figure A4.8(a) shows the developed.
regist surface for anm exposure made on Vulcan in which a red blood. cell
image is seen. The shape is rather curipus,'asiit shows. a rim around
the circumference of the cell. It is not certain what this is due
to, but possibly results from the different_ in X-ray absorption between
the integrated path at the edges of the cell when compareq to the
middle. '

Figure A4.8(b) shows the effect on the cell structure when meélittin
is introduced; Melittin, a cytolytie toxin, is the main component of
bee venom. The pictures illustrate transformation of the normal
erythrocyte biconcave disc shape to the spiculated structure
characteristica of an echinocyte upon addition of toxin.

Blood cells are particularly good specimens to study by this-
technique, as their natural aize and shape is well suited to tﬂe
dimensions of the grid structures (1.5 um deeﬁ photoresist) which have
been put onto some of the Si3Nu windows ia these experiments to act as

wells for the specimens.

Ab.2.6 Flagellae

A G Michette, M E J Holwill; N R Sylvester, J Adam (Kings College),
R W Eason (Essex University)

A scanning electron micrograph of the x-ray image of Critﬁidia

oncopelti, with flagellae, 1s shown fn Figure A4.9. This Speﬁimen_was
prepared as for electron microscopy, and the image i3 similar to those
of specimens similarly fixed and viewed directly by scanning electron

microscopy.
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A4.8 Replicag of in vivo red blood cell (a) and celle plua
melittin (b}. Blood obitainad by venipunture, washed 3 times in buffer
containing 141 m¥ RaCl, 2 nM MgC'Iz_, & mf XCL, 5 mM glucose, 1 mM EDTA
and 10 mM Trie. pH 7.5 at voom temp. Sample 5% haematocrit in sams
buffer. Melitiin prepared from erude bee venom, by extensive gel
filtration. ILow phospholipase activity. Melittin added to

produce ~ 10% release of haemoglobin from med bloodeella.

Fig A4.9 X-ray images of Crithidia oneopelti showing flagellae.
Average flagella length ie 17um and digmeter 0.Iyum.

A4,2,7 Lead Contaminated Earthworm Tissue

8 Richards (Keele University), A Rush (SERC).

A preliminary investigation into the use of the VULCAN and Sprite laser
facilities at the Rutherford Appleton Laboratory to image thin
sectioned, lead contaminated chloragogeous tissue of the earthworm

Dendrolavena rubida has been made.

A number of serial sections were cut (~ 6008 thick), mounted on
microscope grids, and studied using a Transmission Electron Microscope
(TEM) and the resultant images photographed., These sections were then
expogsed on the Synchrotron Radiation Source at Daresbury Laboratory.
The resultant l:1 images were studied using a Scanning Election
Microscope {SEM). The same sect.iona were then exposed on the Sprite

lager and the [:1 images in the resist analysed using an SEM.
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The Images produced by all three methods were compared and it was
established that both SRS and laser techniques did give information on
blological structure that could be readily understood. However, this
information was not uniform throughout the sample and the image was
blurred and indistinet in certain areas. There is little doubt that
both techniques are useful and complimentary but further research and
stricter contrels on method, both on recording and developing, are

neceasary before full recognition of the technique can be established.

The resolution achieved at the moment is ~ 1000A but this could be
reduced to ~ 250A if the following criteria were adopted.

1. The resiat to be characteriged before running to ensure
optimum development time - resist has a limited shelf life
(3 - 6 months), and varies from batch to batch.

2. The developer strength to be monitored frequently (at least
once an hour) to ensure mixture ratio Iis maintained - there

is a differentizl evaporation of the constituents.

3. The resist to be post baked after development when it is
still "goft"™ to evaporate remaining solvent - this
temperature must be carefully controlled to avoid deforming

the resist.

4. Gold deposition to be kept to a minimum so that a good image
in the SEM is obtained. It must be thick enough, however,
to avold resist 'bubbling'.

5. The SEM voltage to be kept as low as possible to reduce
possibility of "burn” and "bubbling”. Where areas of
gpeclal iInterest require higher voltages for increased

definition, exposure should be kept to a minimum.

Ab4.13

Further incresses In definition may be obtained but resolution is
reduced due to diffraction because of the finite thickness of the
sample and secondary electrons from the high absorbers within the
specimen being imaged.

A4.3 SCALING OF X-RAY MICROSCOPY SCURCE BRIGHTNESS WITH LASER ENERGY
ON SPRITE AND VULCAN

A4.3.1 Vulcan Nd: Glass Laser

R W Eason (Essex University), A G Michette (Kings College), R J Rosser
(SUNY, Stoneybroock). '

For the work performed so far, the laser energy available has exceeded
that required for adequate exposures by a large amount. While thig
enables the exposures to be recorded at large source-to-resist
distances, thus minimising debris problems, one question that needs to
be answered is how large a laser 18 needed for this work? There is
clearly a great deal of scope here as all of the parameters such as
sogurce to specimen distance, angle between specimen and target normal,
laser irradiance, resist material, and development procedure can be
altered to attempt optimum exposure. We now know that for the
experiments conducted so far this optimum was almost certainly not
achleved, so the question remains how much energy Is required from the

laser to achieve a single-shot exposure.

One method of answering this 1s to adopt an empirical approach, and
progreasively decrease the laser energy until an inadequate exposure
level is reached. This had been done, using the Vulcan laser, where
a serfes of five lms, 0.53um shots of progressively decreasing energy
were used (A4.18). To maintain the laser irradiance approximately
congtant, the spot size was reduced accordingly, while moving the
resist nearer to the p%asma source to ensure approximately constant

incident X-ray flux. To simulate an environmental chamber, the resist

was placed behind a 813Ny window for each shot.
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Gxman Spot Irradiance Source to Relative Flux Type and
Laser diamater lL -2 sample incident at time of
Energy d{um) - (L. W soparation sample devalopmant
E, {3} gy L tem - ‘n"z
T = pulaalangth
=1 nn
1] \
33.2 600 1.2 x 10 60 0.57 1:1 MIBK
1 min
——
13
1.0 430 2.1 x 1O 45 1.0 11l HIBK
1 min
14.4 64 2.0 x 101? 3o 0.95 lel MIBK
1 min
2.0 100 2.5 x 1017 10 1.2 1:1 HIBK
1 min
13
0.5 0 1.1 x lo 7 0.6 ECA
S mins.

ThBLE 1

The results of these shots are summarised {n table A4,l. Although all
five shots produced exposures, the first four (those with energy » 2J)
yielded visible images after ~ 1 min. development in 1:1 MIBK. The
fifth required 5 mins., in ECA, before any pattern became visible, As
the 1 min. in 1:1 MIBK developer has been found to be a good gauge of

adequate exposure, this fifth shot was judged inadequate.

Further tests using a Nd:glass laser capable of producing up to

3 Joules in 2 ns, have again produced positive results (A4.19). At the
1 J level it is at present uncertain that adequate exposures can be
achieved although some positive results have recently been achieved
using a 0.6J, 25 ns KrF laser (A4.20 and Section C of this Annual
report}. Several moderately priced lasers are capable of this level of
output, for example KrF excimer lasers, or small ruby or glass systems,

go that it 1s {mportant to answer this question. Experiments are
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currently under way at several different institutions (Essex, King's
College and RAL) to find a lower limit to the laser energy and

irradiance conditions needed for single-shot exposures.

A4.3.2 Work on the Sprite KrF Laser

Y Al-Hadichi, R W Eason (Essex University), A G Michette, C Hille,
A M Ropgoyski (Kings College), F O'Neill, U Zammit, I C E Turcu {RAL).

Work on the Sprite laser has concentrated on characterising the X-ray
emiggion from carbon, tungsten and gold targets at a range of energies
between 0.3J and 122 J using an NO2 abaorption cell to vary the energy
(A4.21). A passive absorption cell (to contain a gas which absorbs at
the wavelength of the laser) 1s inserted into the laser beam to
achleve this. Fig A4.10 shows a calibration curve for the NOZ cell
attenuation of the Sprite laser beam. The energy of the beam incident
on the cell was approximately 110J. The windows of the cell were
uncoated and there was some aperturing of the beam and hence a great
deal of atteauation (about 35Z) occurred even with the pressure of the
NO2 close to zero. 4s the pressure was increased, the transmission

varied as ue_BT (Y = pressure in cell, a,B = constant).
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10 _ A soft X-ray diode was used to ‘

3:0f

measure quantitatively the
KrF Energy

on Target
(ry

integrated X-ray emission from FILTERS

carbon, tungsten and gold targets X- RAY

into the water window regionm of the EMISSION @ O-Spm CH+ O-Spm A
spectrum. An X-ray filter waos (Tlsr) o) O‘S}Jm CH+ 0'2}JITIV° O-me Cr

10

placed in front of the XRD to glve a 2.5r
response mainly in the 2.3 - 4.4 nm
range. Figure A4.1]l shows the

angulax characteriscics of the X-ray

emission from a carbon rod target

for an incident laser energy ~ 100

01 8 16 2'[_ 3‘2 20 J. The X-ray emission from these

masgive targets should be compared

with the emission from 250 um thick

Mylar foll targets shown in Fig 15

NO, Pressure
{torr}

A4.5. The massive target gives much
more X-rays due to the fact that the
laser pulse was burning through the
Fig A4.10 Calibration of K0, absorber cell. thin Mylar target. This also 1.0
explains why the X-ray pulse from
Mylar was shorter than the laser
pulgse. Using massive Graphite
targets the X-ray pulse has the same 7
duration as the laser pulse ie ~ 05
60ns.

From curves like that shown in Fig A4.11 we can integrate the total
X-ray emission into all angles from the target. In Fig A4.12 we plot s

L L '] L A i A k-
o o o a
the variation of total X-ray yield with laser energy on target for : 10 20 330 l‘on 500 60 700 80
graphite and tungeten targets., The peak conversion efficiency from
lager light to X-rays 1s seen to be extremely high being > 10% for ' ANGLE FROM TARGET NORMAL

carbon and > 502 for tungsten, These numbers do however depend
ericically on the exact calibration of the X-ray diode and filters.
These items are now being calibrated on the syochrotron radiation

source at Daresbury Laboratory in order to make the data in Fig A4.12 Pig A4.11 Angular dependence of XY-ray emisaion in water window From

more accurate. mgaive graphite target.
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Using carbon based targets; i~-ray émitting plasmas were produced whose
spectra were recorded in the wavelength range ~ 20A — 230A, using a
grazing incidence grating Rocket spectregraph. Spot sizes on target
were in the range 50 ym - 100pm, and the laser energy varied between
0.3J and 122J. The spectroscoplc data is shown in Fig A4.13, for a
range of energies from 2J upwards. Below 2J, no exposure was vigible
under single shot conditions. X-ray spectra have been recorded using
aultiple shots from a 0.6J KrF laser and these are described in Section
€6 and in reference A4.20. The spectra with Sprite were recorded on
Kodak 101;01 %-ray film, with the spectrometer at ~ 487 to the incident

laser direction.

Further analysis is in progress to correlate the data in Fig 44,13 with
the measurements recorded using filtered X~ray diodes (Figs A4.1ll and
A4.12), which viewed the water—window spectral region alone.

Deductions about spectral energy Iin lines versus continuum should be
possible, and an absolute limit concerning winimum laser energy needed

will be determined.

A4.18
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Pig A4.12 Comversion efficiency of KrF laser light to X-rays in the
water window into 21 eteradiana.

A4.4 X-RAY SOURCE CHARACTERISTICS AT l.7um » A » 0.4 am ON SPRITE
M J Lamb, P McCavana, E Robertson (QUB) and I € E Turcu (RAL)
Ab4.4.]1 Introduction

The first target experiments using the KrF SPRITE laser were reported
in last years Annual Report (A4.4) and included the first observation
of ¥X-ray line emission from He-like and H-like ion species in a KrF
laser-produced plasma (A4.22), We report here on the observation of

a number of K, L, and M-shell x-ray spectra in the wavelength range 0.4

- 1.7 nm from a varlety of targets irradiated by the Sprite laser.
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Pig A4.13 X-pay apectrum from carbon targets as a function of KrF laser
energy.

The spectra obtained consist of K-shell emission from F, Na, Mg, Al, Si

and €1, L-shell emission from Cu, Zn, Br and ¥, and M-shell emission
from Yb, Ta and W.

Ai 4.2 Eigerimental

The convergent output beam from the Sprite KrF laser (140 J maximum
energy at a wavelength of 249 om in a 50 ns pulse) was focussed by a
1.2 = focal length fused silica lens to a spot size of ~ 150 microms
giving an irradiance of 1.5 x 103 W ¢p™2. The focussed beam was

incident normally on to the surface of a flat target (elther massive

or » 100 wicron thick foil) placed at the centre of an evacuated target
chamber.

Two space-resolving miniature crystal spectrometers, two pinhole

cameras and a silicon PIN diode recorded the X-ray emission from the

resultant plasma. We will concentrate here on the data from the X-ray

spectrometers. These viewed the plasma syumetrically at an angle of

459 to the laser axis. Spatlal resolution was provided by a 50 micronm

wide entrance slit. The spectrometers were positioned 2 — 3 em From
the plasma. At closer distances the target debris destroyed the

entrance slit despite the presence of various protective filters of
beryllium, aluminium and mylar. Even at 3 em these filters needed

frequent replacement.

Two spectrometers were used to provide extended speatral coverage.
Each spectrometer contained a different Bragg crystal chosen from PET
(2d = .874 nm), ADP (2d = 1.065 nm), Beryl (2d = 1.595 nm) and T1AP
(2d = 2.575 nm}. The particular pair of erystals used for a specific
target was chosen to record the appropriate spectral region and
provided a degree of spectral overlap allowing eross callbration of the

crystals. The X-ray film used was Kodak DEF which has been extensively

calibrated (A4.23).

Single shot space-resolved spectra were recorded from targets of PTFE
(fluorine), NaCl (sodium), magnesiom, aluminium, silicon, Saran

(chlorine), copper, zinc, KBr (bromine), yttrium, ytterbium, tantalum
and tungsten.

A4.20



44.4.3 Results and Discussion

Figurea A4.14 and A4.15 show the serles of K-shell gpectra obtained.

In the case of the fluorine spectrum, recorded off TLAP, the vertical
scale is in relative exposure units the original data having been
processed to account for filter absorption, film reasponse and
contributions from second order continuum. The trace for magnesium is
& composite of two spectra recorded simultaneously off Beryl (for
wavelengths » 0.8 nm) and ADP. The data has been normalised to the
intensity of the strong satellite to the Hebeta line to account for the
different crystal reflectivities. The vertical scale however ig
effectively relative photographic density as in the case of the

remaining spectra fllustrated.

In the fluorine spectrum both the HA~like and He-1like resonance series
lines can be seen clearly, the dominant feature being the Lalpha line.
The continuum radiatfon shown in the figure 1s due to recombinatien
into the He-like ion. A weak contribution due to recombination inte
the H-1ike ion 1s also present on the original, but net shown here, and

indicated the presence of fully-stripped lon in the plasma.

As we go through the lsc-electronic sequence from sodium te silicon
the He-like resonance gerles and associated continuum become the
dominant features. The relative brightness of the He-like to H-1like
resonance lines shows a systematic increase indicating a shift in the
ionigsation balance in the plasmas away from fully-stripped and H-like
iong. 1In the case of sodium the L and He lines have

alpha alpha
approximately equal brightness whilst for silicon the Healpha line 18
eight times brighter. In the extreme case of chlorine the only
spectral features are the Healpha line and its assoclated satellites
around 0.44 nm. Chlorine therefore repreasents the limit for exciting

K-shell spectra with the current Sprite laser configuration.
The plasma temperature has been calculated from the slope of the

recombination eontinuum in the case of Mg (495 eV), Al (400 and
450 eV), and 51 (270 eV). These values are comparable with those
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Fig A4.14 X-shell spectra of E, Wa and Mg recorded on Sprite.
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entimated from collisional-radiative caleulations of the fonisation
balance (A4.24).

Spectra of the M-shell emitters ytterbium, tantslum and tungsten are
shown in Fig A4.16. The emission here ia due to 4p-3d, and 4£-3d
transitions in Co- and Ni-like fone {44.25). The recorded spectra show
& systematic reduction in brightness for higher Z.

Figure A4.17 shows an example of one of the L-shell spectra obtained,
that of bromine, showing 3-2 and 4-2 transitions in Ne-like foms,
L-ghell gpectra were also ob:alneﬁ for copper, rinc and yttrium. All
of the spectra recorded reguire further analysia.

44,5 ERPERIMENTAL STUDY OF KUV LASER SCHEMES

G J Pert, Hull; R Corbert, CL § Lewls, C Reagan, S Sadaat, QUB;

G P Kiehn, R Smith, 0 Willi, IC; JE Boon, € Brown, A R Damerell,

R G Evans, P Gottfeld:r, C J Hooker, M H Rey, D A Pepler, 5 J Rose, I N
Rosa, P T Rumsby, RAL; A Carillon, P Jaegle, G Jamelot, A Klienick,
University of Paria, Orsay; T Tomie, Electrotechnical Lab, Japan ;

C Chenais-Popovica, Ecole Polytechnique

A4.5.1 Introduction

New facilities for focussing the aix beams of the Vulcan laser to six
line foci 7 mm long and 25 um wide, enabling irvadiation of XUV laser
targers of length up to 21 om, were completed in September 1985
{Section Af.z), together with & new time resolving XUV spectrograph of
high sensitivity (Section A5.1). The new fecilities wers specifically
designed to exploit the available power of the Vulean laser in the
best way poseible foro XUV laser studies.

Several XUV laser schemes studied at the CLF and elsewhere have now
reached a stage of development glving experimental evidence of
amplification with gain coefficients 'g' in the range of 1 to 10

em~l. The possibility of producing plasma lengths "' upto 2 cm with
the CLF's new facilities therefore allows the experimental study of XUV
gain uaing the exponential behaviour of the intensity of XUV laser
lines with increaaing length of plasma. The output intengity I 1is,
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and unambiguocus observation of the exponential form of the function

becomes possible for gf values greater than about 2.

The initial experiment planned for the new facilities was a rapid
survey {(three weeks in November 1985) of the most promising laser
schemes, designed to address the practical problems in recording the

necessary time resclved XUV spectra and related data.

The 1inicial study included:

® Recombination pumping in the CVI Belmer spectrum using
carbon—fibre targets

® Recombinration pumping in CVI, N VII and O VIXI Balmer
spectra from thin polymer film targets.

® Recombination pumping in the Li-like A% XI spectrum from
planar targets of Ag.

¢ Electron collisional pumping of neon-like 3p - 35 tramsitions
In Se XV

The most interesting results in the initial survey were obtained with
carbon fibre targets and a follow up three week experiment in February
1986 was used to investigate this system in more detail.

The outcome of the carbon fibre study was a striking demonstration of
exponentlally increasing intensity of the 18.2 nm Balmer a transitiocn
in CVI. The experiment 13 discussed in Section A4.5.2. Encocuraging
preliminary data from the other systems are presented in Sections
A4.5.3, A4.5.4 and A4.5.5.
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A%.5.2 Carbon-fibre recombination scheme

A4.5.2 (i) Theoretical Background.

Extensive theoretical modelling underlies the use of laser irradiated
carbon fibres to produce population inversion and amplification on the
CVI Balmer a transition at 18.2 nm (A4.26). Most of the detailed
calculations (and previous experiment with plasma lengths leas than 2
om (A4.27)) have involved use of a prepulse and about a 200 psec main
pulse to produce the plasma. Optimisation of gain required rather
thin fibres (< 5 pym diameter) which presents problems for work with

lengths up to 2 cw. Introduction of a prepulse is also an experimental
difficulty.

A reappraisal of the optimisation of gain for partial burn through of
the fibre targets led to the counclusion that thicker fibres could be
used with shorter laser pulses and with no prepulse, to create
esgentially the same plasma mass and energy content as before.
(Section A5.3.5). On this basis it was concluded that 7 um diameter
fibres irradiated with 70 psec pulses at A = 0.53 ym would give the
optimum energy content of the ablated plasma, and a galn coefficient of
about 8 cm~!, when 4J em~! was absorbed and the plasma mass was 10~7
gem L, corresponding to ablation of only a small fraction of the fibre
mass. The Initial experimental study was ailmed at recording the
veriation of the intensity of CVI Balmer lines with plasma length for

the gbove parameters.
A4.5.2 (11) Experimental System

The experimental set up 15 shown in Figure A4.18. The six line foef
were used in palrs to irradiate 7, 14 or 21 mm lengths of fibre.
Targets were introduced into the chamber via an airlock mechanism and
were aligned using & novel split field microscope system (section €5.3)
viewing along the two axes illustrated in Figure A4.18. The targets
were positioned with a few mlcron spatial accuracy and an angular
aceuracy of about 1072 rad, The line foei were aligned on the fibre
using a CW Ar—Ion laser operating at 528.7 nm to simulate the 526.5 nm

2nd harmonic wavelength of the Vulcan laser operating with an YLF
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Fig A4.18 Ezperimental arrangement.

crystal oscillator. Observation of the 'Foucault' shadows, in the
beams transmitted past the fibre, were used to optimise the focussing
of the beams on the fibre target. Motorized 3-axis micrometer drives
on each lens and mirror pair used to produce the line foei_enabled
precise control. Diagnostics for the experiment were a novel flat
field grazing incidence spectrometer viewing along the fibre axis
(described in Seetion €5.1), two linear arrays of plasma calorimeters
measuring the well collimated plasma flow perpendicular to the fibre
axis, Faraday cups recording lon flow velocity and twe X-ray pinhole.

camerag recotding X~ray images of the irradiated fibres.

A%.5.2 (111) ZX-ray Images and Plasma Energy

Measurements of the irradiated lengths of the fibres were made from
X-ray images recorded on two pinhole cameras, ome active with a
phosphor screen/intensifier assembly, the other recording directly onto
DEF X-rey f£ilm. These viewed the targets at angles of 70 to the fibre
axis. The active pinhole camera had a pinhole size of 80 ym, and was
filtered with 0.8 microns of aluminium; this had a significant
transmission in the region of the CVI resonance lines (7% at 30 &).

The passive pinhole camera had a 25 pm pinhole and was unfiltered.

The overall magnifications onto film (allowing for projecticn angles
and Intensifier demagnification) were 1.57 and 1.06 for the active and

passive cameras respectively.

Figure A4.1% shows an active pinhole camera picture of a 12 mm length
of irradiated fibre, of original diameter 7 um.

Measu?emen:s of the laser energy absorbed by the plasma were obtained
from a plasma calorimeter array which was placed 176 mm from the target
at gn angle of 300 below the horizontal on the west side of the target
chamber. Each element of the array consisted of 25 micron diameter
constantan/chromel thermocouple wires spot welded te a 10 ym thick
piece of tantalum foil, 3 mm by 3 mm. Each channel of the array
comprised twe such elements connected in different mode, with ane
element being screened from the plasma by a transparent cover, sa that

scattered light was subtracted out of the overall signal. The output
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from each channel was amplified and recorded on the main computer.

The distfibution of plasma energy in the direction parallel to the
fibre axis 1s shown for shot 4 of 26.2.86 in Figure 44.20. The
distribution is sharply peaked, with a FWEM of 1.6 em, indicating that
the divergence of the plasma blowoff was 9 x 10~2 pad.

The total plasma energy E was estimated by integrating under the
angular distribution profile, and assuming that the azimuthal
distribution was cylindrical (this may lead to an underestimate of the
absorbed energy if the azimuthal distribution is peaked in the
direction towards the laser beams). A value for E/L, the coupled
energy per unit length of fibre, was then obtained by dividing by the
irradiated fibre length as measured from the X-ray pinhole camera
photographs. For the distribution shown inm Figure A%4.20 this gives E/L
= 2.8 J/cm, with L = 10.7 omm.

The relative intensities of the active pinhole camera images were
calculated, taking a weighted average over the length of the image.
The values obtained are plotted against the corresponding values of
E/L in Figure 44.21. This relationmship between image intensity and
E/L enabled an estimate of the warilation in the local value of E/L
along the fibre from X-ray images such as that in Figure A4.19.
Typical values were * 50% RMS.

Estimates of the time-integrated electron temperatures were made by
recording the ¥X-ray intensities transmitted through 15, 30 and 45
micron thicknesses of beryllium. These thicknesses were asufficient to
cut out line radiation, thus giving valﬁeé for the relative intensities
of the continunim emmizion over different wavelength ranges, from which
the time—integrated electron temperature can be estimated. Spatial
resolution of 1 mm along the fibre length was obtained by placing a 1
oe slit in front of the filters. The lmages were recorded using a
phosphor plate/intensifier assembly. A typlcal image Is ghown in
Figure A4.22, where the distinct regions reveal that there was some
degree of non~uniformity along the fibre length. The temperature
estimated for the hotter region is about 250 eV.
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Fig A44.22 Continuum padiation transmitted through Be filters, used to
estimate time-integrated electron temperature.

A4.5.2 (iv) XUV Spectra

The new instrument for time resolved XUV spectrometry described in
Section C5.1 was used Lo record the CVI Balmer sSpectrum along the axis
of+ the targets. The streak rate was 130 psec/mm and the streak covered
a 3.75 nsec period. A 2 mm streak slit gave a time resolution of

260 psec. The spectral resclution was determined by the transverse
dimension of the plasma, the system having no spectral slit. As the
plasma expanded the source size increased so the gpectral resolution
varied from about 0.5 to 1 A over the 3.75 nsec streak peried. The
intensity profile of the spectral line was a one-dimensional Integrated

spatial profile of the emission perpendicular to the fibre axis.
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The principal experiment in February 1986 involved recording spectra
from carbon fibres, which were attached to z BUpport at one end and
free at the other, with the irradiaqed length being varied from 1.5 mm
to 11 mm. The laser beams were used in opposed pairs so that data for
lengths up to 7 mm were obtained using two beams and for lengths upto
11 mm using four beams. The beams were masked to vary the irradiated
length and care was taken to ensure that lrradiation was as uniform as
possible up to the free end of the fibre. Over 60 shots were recorded
and the regulting spectra were analysed by densitometry at various
times after the laser pulse.

Figure A4.23 show a spectrum obtalpmed for a fibre length of 1.3 mm and
Figure A4.24 shows a densltometer tracing 650 psec after irradiarion.
The Balmer spectrum lines are prominent but their relative intensities
are influenced by instrumental factors. Balmer « is relatively
suppressed because of reduced transmission of its louger wavelength
t;rough the thin-film filters and photocathode substrate of the
instrument. Balmer § is enhanced because of both its greater
transmission and some underlying 4th order CVI L a intensity (estimated
&t about 30% from spectra in which the lst order was syppressed by
filters to show the underlying higher order emission. Balmer Y 1s free
of underlying higher order emission). Balmer & has a 30% econtribution
from 4th order CVI L B.

Figure A4.25 and 4.26 present the corresponding information from an
irradiated length of 12.1 mm. There 1s an obvious increase in Balmer a

intensity relative to the other lines.

The streak records allow the temporal evolution of the C VI Balmer
series to be obtained. Figure A4.27 shows the temporal evolution of
the short fibre shot and Figure A4.28 shows that of the long fibre
shot. A similar temporal appearance exists for all the Balmer series
in the short fibre records. However, in the long fibre record a
distinctive change in the temporal evolurion of Balmer c 1s noted
compared to the other Balmer tramsitions. This different appearance 1s
congistent with the onset of amplification in the Balmer ¢ transition
resulting in a modified, peaked temporal history.
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The strongest evidence for amplification 1s shown by pletting the
length dependence of the C VI Balmer line intensities. € V transitions
and the higher C VI Balmer transitions exhibit a linear growth of
intensity with lemgth, as expected for an optically thin plasma.

Flgure A4.29 shows the line intensity of H vs leagrh at a time of

650 ps after the input laser pulse as an elample of linear growth.
However, a clear exponentlal growth of line Iintensity with length is
observed on the Balmer o transition. Filgure A4.30 gives the
exponential dependence of the Balmer a line with lemgth, at t = 650 ps
after the input laser pulse. This graph demonstrates the expected
scaling of exp (g)-1 expected for amplified spontaneous emission. The
data can be best fitted by a galn coefficlents of berween 3.5 and

4 em~!. This implies single transit amplificacion by a factor of 50 or
a gt value of 4.

During the initial survey run in November 85, the axial spectrograph
recorded time resolved spectra which showed intense narrow features
super—imposed on the ¢ VI Balmer ¢ and Balmer B transitions. The
features began approximately 350 ps after the start of the laser pulse
and lasted for ~ 1 ns. A typical streak record 1s shown in Figure
A4.31. The subsequent experiment carried out im February 1986 on
C-fibres did not reproduce these intense features. It is not currently
known whether they are instrumental in origin or reptesent a spatially
localised region of amplified spontaneous emission which 1s expected

and would be resolved by the XUV spectrometer.
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Pig A4.27 Temporal evolution of the CVI Balmer transitioms from the
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Fig A4.31 Streak reecord from a carbon fibre shot showing intense narrow

features on CVI Balmer o and B tramaitiona.

A4.5.2 (v) Discussion

These results give unambiguous evidence of astrong amplification of the
18.2nm Balmer a transition in 5+, Only the recent Se?*+ laser
experiment carried out with the Nova laser facility in the USA has
shown a similar exponential variation of intensity with length
(44.28).

The new experiment owes much to the mew line focus system and time
resolving XUV diagnostica which give a strong basis for future work on
a wide range of XUV laser schemes. Improved understanding of the
scaling behaviour of the CVI laser scheme, which led us to the choice
of better target and irradiation parameters, will be helpful in further
development of this laser towards saturated laser amplification

(gl » 15, Reference A4.29)., Particularly attractive factors are the
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| «—H_(120-50 A)

~—H, (134.95A)

«—H, [182-17A)

laser energy required in the plasma only (3J en™!) relative to the more
than 100x greater emergy per unit length required for the Se24t scheme.
The velative insensitivity to refraction for the c5+ laser is also
slgnificant. Gain occurs at n_ ~ 1019 en~3, in comparison with

1021 cm™3 in Se?%, so that refraction is 100x greater in the latter.

Wavelength scaling of the recombination scheme i1g an attractive
possibility since Ilscelectric scaling gives A ~ Z-2 and there are
reasonable prospects for recombination laser action at wavelengths
below the important carbon K abscrption edge needed for the study of
biological materials.

A4.5.3 Thin Polymer Foll Targets

Thin polymer fofl targets were used to investigate recombination
pumping of the Balmer a transition in C VI, N VII and O VIII. 1000 A
thick foils conasisting of H, C, N and 0 were irradiated with a 25 uym
wide by up to 2.5 cm long line focus with an energy of 100 J in 70 ps.
The use of these targets allows the Balmer alpha transitions in C, N
and 0 to be simultaneously examined and enables 1scelectronic scaling
of the potential lasing trangition to be Investigated. A preliminary
experiment has been performed and a typlcal streak record is shown in
FPigure A4.32 with Figure A4.33 giving a microdensitometer trace of this

streak taken at 1 ns after the peak of the input laser pulse.
The hydrogen like transitions in C, N and 0 can clesrly be seen.
Analysis is being carried out on the preliminary data set and a more

thorough experiment is plauned for the future.

A4.5,4 Lithium—1ike Altminium Recombination Scheme

After the successful demonstration of lasing in Li-like AR with gain of
up to ~ 3 em~! at ~ 103 A by Jaégle et al, a collaborative experiment
was performed by a joint French/UK team at RAL. The experiment was
part of the November 1985 commissioning run and consequently was of a
survey nature. Aluminium strips 100 ym wide and 2 cm long coated on
plastic plates were irradiated with 7GW/cm in single sided illumination
with 3 ns pulses. Figure A4.34 shows a streak record and Figure
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Pig A4.35 Microdensitometer trace of the aluminium streak record in

A%4.5.5 3p - 38 Transitions in SeZ*+

A small number of shots were taken on Se foll targets composed of a

50 ym wide by 7508 deep by 1.4 cm long Se strip conted on 10008 formvar
foils. Laser energies of approximately 300 J in 700 pe at 0.5um were

directed onto the target in double-gided irradiation. This experiment

was performed to examine the electron collision pumping of a population
inversion in Ne-like Se at 2064 and 20%.

Figure A4.36 shows a streak record and Figure A4.37 gives a
microdensitometer trace taken at 1 ne after the input laser pulse. The
sharp fall in intensicty at 17.2nm is due to the L absorption edge of an
Al filter and gives an absolute wavelength reference. Na—-like Se

transirions at 20,! and 23.%0m are identified and have been seen in

A4 .34

WAVELENGTH (A)

other spectroscople studies. The Se2%*+ J = 2-1 transitions at 20,6 and
20.9nm are expected to be located at the points indicated but are not
seen. The strong lines nearby have not been positively identified.

The complexity of the highly ionised Se spectrum and the source size
limited ingtrumental spectral resolution made it difficult to precisely
identify the Se tramsitions, Further work muet be done to fully

explore this scheme.
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Fig A4.368 Typical otreak record of a salenium shot.
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A4.6 WAVEGUIDING IN SOFT ¥-RAY LASER EXPERIMENTS
J G Lunney (Dublin)

Amplified spontanecus emission at 206.3 A and 209.6 A has fecently been
observed in a laser produced plasma (A4.28, A4.30). Gain coefficients
of 5.5 cm ! were measured on 2p53p - 2p53s transitions in neom1like
gseleniun. The plasma was prepared by double-slided laser irradiation of
1500 A thick Formvar substrate coated with 750 A of selenfum on one
aide. A line focus with dimensions 0.02 x 1.12 cm was used, and the
laser irradiance was 5 x 10!3 w/em2. This thin foll substrate was
chosen since it will explode nesrly symmetrically and give a region of
plaéma where the density gradients are sufficiently small to avoid
refraction of the soft ¥-rays out of the region of gain. By choosing
to use such a thin foill target the electron density obtained in the
region of gain 1a ~ 3 x 1020 cg™3, which 13 substantially lower than
the value of 1022 em™? at which 1t 1g predicted (A4.31) that this laser
scheme should have maximum gain. This letter described a technique to
compensate for refraction in soft X~ray laser experiments which uses
laser produced plasmas on thick targets where the plasma density

falls off rapldly with distance away from the target. 1In this way it
should be possible to carry out experiments on these laser schemes at

the electron densities at which the gain 1s maximised.

The technique will be illustrated using the calculation of Vinogradov
and Shylaptsev (A4.32) for the soft X-ray laser galn that can be
obtained in neon-like iron in a laser produced plasma. Figure A%.38
shows the electron density and temperature profiles which were
obtained for the laser irradiation of an iron target at 3 x 1012 gy

em 2. To simulate the 2-dimensional hydtodynamics of a 50 um wide line
focus the plasma expaneion from a cylindrical target with am initial
radius of 50 ym was modelled. For distances from target < 50 um the
plasma parameters are nearly the same as would be found in the laser

irradiation of an infinite flat target. The region of Interest lies
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Pig 44.38 Electron dengity and temperature profiles obtained for the
taser irradiation of a 50 wn radius, cylindriecal iron target at
3 x 102 ¥ emr 2, Also shown ia the salculated gain coeffieient on the

250 A, 3p - 3s trangition in neon-liké iron (From Ref A4.32).

between 7.5 yuw and 18.5 ym from the target, and for the purposes of
this paper the target surface and the surfaces of constant electron
density wiil be regarded as plarar. Also shown in Figure A4.38 is the
calculated galn coefficient on the 250 A, 3p — 3s tranmsition in neon-—

like iron.

The gain coefficlent has a maximum value of 75 em™l at 12 um from the

target surface. At that surface the electron density, Ne, is

4.7 x 1020 ew~3 and the electron density gradient is 3.9 x 1023 cy%.

The free electron contribution to the refractive index, n, 18 given by

N
L) (1)

n2 = (1=
[

where N: is the critical density for the laser wavelength and is given

by
N = 1.1 x 102% 3=2 cp—3
c 1.1 1 ATé e (2)

where A 1s in A. For a wavelength of 250 A the eritieal density, N ,
i3 1.8 x 1024 cop™3. No attempt has been made here to include the ¢
bound-bound and bound-free contributions to the refractive index. The
free-free contribution Is expected to predominate, but a detailed
analysis of a particular experiment should consider these other
contributions. Choosing a coordinate system where x 1s distance
neasured normal to plane of maximum gain towards the target surface and

z ia distance measured along that plane, then

dn 1 dNe Ne
[ ()

A ray of light propagating in the z direction at x = 0 will have a

trajectory
wl 21 dn ax
x 5 Z no ax for az << ] (4)
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Pig A4.39 fa) Refraction of a ray at 250 A out of the region of gain
{between dashed lines).

(b) Waveguiding within region of gain for a eylindrical

target with radius of eurvature, R1 = 9.3 cms. The u-coordinate ia
increased by a factor of 40 and the radius of curvature deereased by a
factor of 40.

where n, iz the value of o at x = 0. 1In other words the ray trajectory

i1s an are of a2 circle of curvature l..1l dn
R n, dx.

Key {(A4.29) has pointed out that a gain length product, af = 14 is
required for a mirrorless soft X-ray laser to reach gain saturation.
Thus, the reglion of plasma where the gain is greater than ~ 13/14 of
the maximum value will have approximately the same ¢ross—section as the
saturated laser output. For the plasma shown In Figure A4.38 the gain

.has a maximum value of 75 eml ar 12 um from the target surface and

falls to 70 carl at 7.5 um and 18.5 ¥m. At the plane of maximum gain
dn : .
' ax - 0.11 ew~ ! go the radius of curvature of a ray propagating

x=0
at x = 0 in the z-direction will be 9.3 cms. Asauming for the moment a .
constant rvefractive index gradient %% = 0.11 cx ! such a ray will bend
away from the target surface and reach the plane at x = =6.5 pym for

z = 0.11 cms, thus leaving the region of high gain as shown in

Flgure A4.39(a). For a = 75 cm ! the path length required te reach

galn saturation Is ~ 0.2 cms.

Hagelatein {A4.33) has proposed a methed of overcoming the problems
cauded by plasma refraction in soft X-ray laser schemes using thick
targets. He has suggested that by alternately propagating the laser
beam through plasmas expanding in opposite directions it should be
possible to bend the beam first to the left and then to the right, and

so forth, in such a way as to keep it within the regions of gain.

This paper proposes that the problem of plasma refraction can be
overcome by bending the target surface to form a cylindrical surface of
the same radius of curvature as the refracted soft X-ray laser beam.
The radius of curvature of the target will be chosen to match the
curvature caused by refraction in the region where the gain is
maximised. A ray propagating tangential to the cylinder will follow
the curve of the cylinder and so stay in the region of maximum gain.
The laser produced plasma can be formed using a line focus on a

cylindrically concave surface.
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For the density profile shown iﬁ Figure A4.38, it can be shown that
rays making a small angle with the tangent to the cylindrical surface
will be guided around the e¢ylindrical surface in a manner analagous to
a whispering-gallery. This light-guiding action can be analysed using
the coordinate system shown in Figure A4.39(b). The variables s and u
are introduced to measure, respectively, position along and normal to
the cylindrical surface of radius Rl' where the gain is maximum. Over
the region of interest the varfation of electron density 1s closely
approximated by the quadratic functions

=
]

4.7 x 1029 + 3.9 x 1023 u + 5.6 x 1026 42, 0 € u € 4.5 yum (5)
N o=4.7 x 1029 + 3,9 x ;023 u+ 2.2 x 1028 42, 0 »>u > -6.5 un:l (6)
The refractive index is then given by the equations:

n2 41 - 2.6 x 107% - 0.22 u - 310 u2, 0 € u £ 4.5 ym (7)
n?2 #1 - 2.6 x 107% - 0.22 u~- 12002, 0 3u »-6.5 un (3)
If the refractive Index is of the form

n? = ng -aE-8u

2n 2
and R © = a then using the methods described in Ref. A4.34 1t can

1
readily be shown that trajectory of paraxial rays crossing the u = 0
surface at angle ¢ 1s given by

¢ n
u = 7—32 sinf%ig) (9)
o

A ray propagating towards the target gurface returns to the surface

u =0 after a distance s = 0.18 cms, while a ray propagating away from
the target will return at s = 0.28 ems. The waveguiding action of the
plasma {8 illustrated in Figure A4.39(b). A ray crossing the surface

44.39

vt =0 at an angle ¢ = 7 x 1073 rads will have maximum and minimum

u values of 4 ym and —-6.4 pm, and will thus stay within the region
where the gain coefficient iz > 70 cu~ ), The advantages of using a
curved target can be clearly seen by comparing Figure 4.39(a) and
Figure A4.39¢(b). For the plasma under consideration here a path length
in the high gain reglon greater than 0.11 cm can only be achieved using
the curved target. It can also be seen from Figure A4.39(b) that the
wavegulding will lead to laser emission into a divergence.angle that
may be substantially larger than the angle subtended by the width of
the gain region over its length. This will lead to a corresponding

increase in total laser output.

If the viability of thils laser scheme 1s to be assesed using current
flat-field laser focussing optics then it will be necessary te measure,
or model, the change of electron density gradient caused by the

variation of laser focussing conditions along the cylindrical surface.

Bending the target surface to form a toroidal surface will gilve
wavegulding In the plane orthogonal to the case descrlbed above. This
i1s ilustrated in Figure A4.40 which shows é toroldal target surface
curved to radii R; = 9.3 cms and Ry = 200 ym. Waveguiding of this type
may be a useful way of overcoming the deleterious refraction that will
be caused by a decrease In the electron density towards the edges of
the line focus. For y << 200 ym the separation of the y - 8 surface
and the surface of waximum gain is %ﬁ;’ Thus, the variation of
refractive index along the y direction can be obtained by

subgtituting u = %ﬁ— in equatioﬁ (7) to give
2
nZ =1 -2.6x 107% - 5.5 y2 - 1.9 x 105 y4 . (10}

For vy < 25 ym the y* term can be neglected so the ray trajectorles are
approximately sinusoldal as illustrated in Figure A4.40. A ray
crossing s-axis at s = 0 making an angle ¥ = 5.5 x 1073 rads with that
axis will reach a maximum y value of = 23 pm at 5 = 0.67 cm. The
wavegulding period of rays in the y — 8 surface is much longer than the
period of rays in the v - s plane, and for plasma length < 0.5 cm the

weak guiding of rays on the y — 8 surface will not have any significant

A4.40



TARGET
SURFACE

Pigure A4.40
Waveguiding of raye in the y - 8 aurface for a toroidal target with
R = 8.3 cma and R, = 200 ym. The radiug of curvature R, and the v and

y coordinates are inereased by a factor of 200.

effect on the laser output in the scheme considered here. However, if
the gain coefficient 1s much lower and the length of the plasma much
greater, then a toroidal targer may give an lmprovement In performance
over a gylindrical one. The small radius of curvature of the toroidal
surface in the v — y plane suggests that such a target surface may have
to be formed by machining a channel of 200 um radius on a cylindrical

surface.

In concluaion, 1t seema that In soft X-ray laser experiments using
lager produced plasmas where the electron denaity gradients cause
refraction of the gsoft X-rays out of the reglon of gain, bending of the
target to & cylindrical or toroidal surface can overcome this
refraction problem. For the toroidal case this paper only consldered
the waveguiding on two orthogonal sections of the gain region. A
complete description of the waveguiding can be obtained using numerical

ray tracing techaniques.

A4.7 TIME-RESOLVED METAL SILICIDE FORMATION USING GRAZING INCIDENCE
X-RAY SPECTROSCOPY

A J Rankin, D K Bradley {Imperial College), R W Eason {University of
Essex), U Zammit (University of Rome), P M G Allen, J L Brebner
(University College Cardiff)

Ah.7.1 Introduction

An ipitial trial experiment early last year (A4.4) demonstrated the
feasibility of using grazing incidence X-ray spectroscopy to diagnose
changes in surface structure of metal silicides to depths of =~ 30A.

The subsequent study described here Is a more ambitious and
sophisticated experiment incorporating features of high quality sample
preparation, improved annealing beam uniformity and the use of a

purpose built high precision experimental rig.
The main objective of the experiment was to dlagnose the evolutien and

formation of a metal silicide using a 2 beam "pump' and 'probe'’ scheme.
An annealing beam initistes the formation of the silicide while a
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second beam provides an X-ray source to spectroscopically diagnose the
surface structure at various time delays in the range 0-300 nsec after
the anneal. A nickel silicide system has been selected for these
studies due to the commercial availability of high quality silicen
slices and the current interest Iin the semiconductor device field in
refractory metal silicides (A4.35). As 1in the previous experiment
single crystal silicon samples are used with overcoated layers of

= 100A of nickel. A highly uniform annealing beam is applied to heat
the surface causing silicide compounds of different stoichiometry to be
formed at different depths in the sample.

The diagnosis of the silicide formation was envisaged to be possible in
two ways, firastly the recording of reflEXAFS Spectra identifying the
compound stoichiometry and secondly the existence and height of the
silicon 'K' absorption edge. In this experiment the former technique
has shown to be unreliable with the EXAFS spectra proving difficult to
record. A more accurate method has shown to be the dependence o¢f the
critical angle of reflection with electron density which allows the
compound stoichlometry to be uniquely identified from shot to shot.
This technique however demands very accurate alignment which, with the
use of a high precision experimental rig has been achleved with the

results described here.

A4.7.2 Experimental

The experimental arrangement, shown in Figure A4.41, utilises three
0.53 ym beams of ln sec FWHM pulse duretion. The first beam 18 used to
produce an X-ray source by irradiating a wedged steel rod coated with
~ 5 ym of Bismuth. The second and third beams form the annealing
pulse, each of which originates from a 3 x 3 array of 25 mm square
mirrors. This intensity smoothing scheme is similar to that used
previously (A4.4) except that enhanced uniformity has been achiéved by
combining two separate annealing beams to form the 20 nsec annealing

pulse.
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Fig A4.41 Experimgntal arrangement to perform grazing ineidence X-ray
spectroscopy of laser annealed nickel coated silicon samples. The
T-ray beam ig delayed with respect to the ammealing beam in the nanga
0-280naec.

An optical streak camera monitored the temporal profile of the
annealing pulse allowing accurate tailering of the profile by empirical
adjustment of the individual mirror séparations. The power density of
the annealing pulse was measured on each shot using a fraction of the
beam relayed to a calibrated GENTEC calorimeter. The spatial
uniformity of the ennealing beam was recorded on several shots by
replacing the silicon sample with ILFORD HP5 fast recording film.

The grazing incidence geometry allows X-rays, emitted from the bhismuth
rod to be reflected off the surface of the sample at angles of
reflection between 0.5 and 2.0°, A mark II minispectrometer equipped
with an ADP crystal then records the spectrum as a function of angle of
incidence, A direct X-tray block was positioned such that- a small
fraction of the direct X-rays is recorded on the film, thus glving a
reference spectrum of the gource on each shot.
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The samples thewselves were 1 cm silicon squares prepared by flash
annealing the silicon to 8000C and then depositing coatings of nickel
in the range 100A - 200A at a pressure of 1076 Torr. The thickness of
these samples has been measured by optical ellipsometry measurements in

an E+5.C.A. Laboratory.

In order to investigate the evolution of the silicide formation
process, the delay between the X-ray source and the annealing beam was
varied in the range 0-280 nsec maintaining the annealing beam energy

density at a constant value of ~ 500 ml cm~2,
A4.7.3 Results

The anneallng pulse temporal and spatial profiles are shown in Figure
A&.42(a) and AG.42(b) together with their respective densitometer
tracings A4.42(c) and A4.42(d). The annealing beam uniformity is

estimated at & 5% in the central 1 cm? where the sample was located.

The Spectra recorded have been processed by a digitising
microdengitometer and colour enhanced to reveal the dependence of the
angle of reflectien with wavelength. In this report it is net possible
to reproduce these colour images, however the main features are still
discernable. Figure A4.43 shows a number of different spectra recorded
at different delay times after the annealing pulse. S$hot A 1s a pure
gilicon sample showing the characteristic 'K! absorption edge spectral
feature. Shot B shows a samplé coated with « 100 A of nickel which has
not been laser annealed, the edge is clearly absent confirming the
penetration depth of the X-ray is less thaﬁ 100A. Higher angles of
incidence are present In Shot B relative to Shot A due to the presence
of nickel on the sufface of the sampleAﬁhich because of its greater

density has a higher wvalue of eritical angle of reflection.

Shots é, D And E are of identical samples annealed at approximately the
same annealing beam energy density = 500 w) ew~2, In Shot G the delay
between the-annealing beam and X-ray beam is 280 nsec, by this time a
high concentraction of silicon atoms are pregent in the surface layers

of the sample and the characteristic silicon edge is quite clear. In
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Shot D the delay 1s only 23.2 nsec and the 'K' edge feature 1is only
just visible, the height of the silicon edge 1s much lower comensurate
with the reduced concentration of silicon atems in the silicides which
are present. Additionally the range of critical angles of reflection
which are present, reduce as the delay reduces since the silicides
containing high silicon atom concentrations are not formed at early

times.

Shot E 13 at a delay of 13 nsec, the gilicon edge 1s now not visible
suggesting the concentration of silicon atoms in the surface compounds
has reduced to a very low value. The angles of incidence also confirm

a very high concentration of nickel In the surface lafer compounds .

This only qualitative description of these results show some very
exciting features whiéh are being carefully investigated. Only when
all the spectra have been deconvelved with the individual direct
spectra {source function)} will accurate comparison and

microdensitometers be meaningful.

To interpret these results accurately it Is essential to identify the
compounds formed and how the stochiometry changes with depth into the
sample.

This is belng performed using both optical ellipsometry and 5.T.M.S.
analysis techniques. Provisional results from the latter approach
suggest the presence of very unusual compound formatlon which has
caused considerable attention from workers in the surface sclence

community.
Ab.7.4 Conclusions

From the ﬁreliminary analysis of this work it would seem that the
timescale of the formation of nickel silicide at an annealing flux of
~ 500 mJ coi~2 begins at 20 nsec after the start of the laser anneal.
Grazing Iincidence x-ray spectroscopy, 1f performed with very high
precision has shown itself to be a useful dlagnostic in monitoring the

formation of metal silicide compounds.
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annealing pulee. ‘



SHOT A SHOTH

ANGLE OF .
INCIDENGE | K-EDGE
_— BARFE SILICON 100 A NICKIL ON SILICON
WAVELENGUTH
SHOTC

SHOT D SHOT E

K-EDGE

K—-EDGE

Fig A4.43 Angle resolved X-ray spectra showing the temporal evolution
of nieckel silieide formation, Shot A: bare siliecon, Shot B: 100A nickel
on silicon, Shot C-E 100A nickel on silicon laser annealed (~

500mient2) at different delay times with respect to the anmealing
pulse. Shot C: 280nsee, Shot D: 23nsec and Shot E: 13nsec.
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AS THEOQORY AND COMPUTATTION

A5.1 INTRODUCTION

R A Cairns (S5t Andrews) and D J Nicholas (RAL)

For the sake of clarity, this years theory section is again in two
parts, section A5.2 on Classical Plasma physics and hydrodynamics and
A5.3 on Atomic Physics. Current contributions show a conserted effort
heing made on plasma instabilities; the ongoing work on Raman and
Brillouin moving towards more realistic models and growing effort on
the hasic understanding of plasma jete and the role of magnetic

fields in traneport through the inclusion of Hall and Nernst terms in
trangsport and an increasing discussion of the Weibel instability.
Natailed modelling of the filamentation Instability has also been made

in support of currently proposed experiments.

In atomic physics the major effort has heen directed to the support of
the XUV laser experiment, here the work has been considerahbly enhanced
by some detailed calculations using R matrix techniques, on energy
levels and line strength in Ne-like selenfum. There is also a
breadening of Interest into strong field and quantum well effects in

dense plasma and solid state physlca.

AS5.2 CLASSICAL PLASMA PHYSICS

A5.2.! Stimulated Raman Scattering in the presence of Filamentation

H C Barr, T J M Boyd and G A Coutts (University College of North Wales,
Bangorx)

The importance of stimulated Raman scattering (SRS) from the extenaive
underdense coronas characteristic of contemporary laser fusion
experiments has been recognised for some time (A5.1). While the
ohservations confirm some of the characteristics of Raman emission
there are features which do not readily conform to the predictions of
the standard treatment of the instability in a linear density profile.
If we are to understand the details of the various Raman observations
it is iImportant to mcdel the plasma realistically and in particular to

take account of the possible effects of other instabilities taking

AS.1

place concurrently (A5.2). Here we focus attention on ways in which
SRS may be affected by fllamentarion, Filamentary structures are
present in many target plasmas, these structures being localized on a
spatial scale finer than that associated with non—unifermities In the
incident beam (A5.3). There is some indirect evidence that
filamentation can affect the Raman emission (A5.4). We would expect on
the one hand that the enhanced intensity of radiation within the
filament might lead to correspondingly enhanced Raman growth while on
the other the denisty modulation resulting from filamentation is likely
to restrict the development of the Raman imstability through its effect
on the plasma wave, since phase matching 1s only satisified locally.
Experiments in which filamentation has bheen observed provide some
{nformation about the width and perhaps the length of filaments but
none about detalls such as depth or shape. In this work we adopt a
model which 15 readily amenahle to analysis and yet able to account
fully for both the plasma inhomogeneity (without recourse to
assumptions of weak inhomogeneity, a loecal approximation or to WKR

analysis) and the kinetics (Landau damping).

The Filament is modelled by an electren plasma whose zerc-order

electron density is
= +
no(Y) n, (1 +€ cos 2Ky) (13

and so ig amssumed to have a slab geometry with a wavelength X = x/K and
prescribed depth 2 relative to the mean background density n. The
lager, frequencylﬂo and vacuum wavelength Ao = 2n/k°, is incident along
the filament in the x direction. The Vlasov equation with the
ponderomotive force of the beating light waves included has been
adapted to describe driven plasma waves in the presence of the profile
given hy (1). The light waves are adequately treated using £luid
theory and incorporating {1).

The propoagation of plasma waves parallel to a sinusoldal denaity
gradient has been considered by others, the propagation characteristics
being described by the Mathieu equation (A5.5). The propagation of
1ight waves polarized perpendicular to the density gradient

{a-polarized) is similarly described., Plasma waves propagating

A5.2



obligquely to the density gradient satisify a closely related equation.

We assume that incident and scattered waves are both s—-polarized. The

propagation of all three waves may then he described in wavenumber

gpace by the difference equatioen

(a~%x 2B =q@E . +6 E ) (2)
n “n n n-1 n+l n+l

where k= k + 2nK, K=Ky, & = k /K and E_ = E(k ) 18 the electric
~n 0~ v ~n  ~n n ML 9 9239

field of the wave in question. For light waves a = {w" - mp YWKTeS,

q =€ mPZIZKZCZ, Bn=l and wp is the plasma frequency corresponding to

the mean density n . For plasma waves a = (m24mpz)/3K2VT2, q

E/6KZKD2 and Gn =k 'En is a geometric factor. Treating the plasma

“n "ol .22 2., 2
waves kinetically requires the replacement of (w 4np —3k2VT )ﬁnp by -

[1 + l/x(g;u)] where ¥ 1s the usual electron susceptibility for a

homogeneoua Maxwellian plasma.

For a glven k, the periodic solutions of (2) ylelds an indefinite but
discrete set of elgenvalues a = ay (N=0,1,2,.44+). The crucial
gquantity determining the nature of the solution 1s the coupnling
parameter g. When g is small, the wave can adjust 1ts wavenumber to
compensate changes in density and hence propagates at every density
present ie between wj? = mpz (1 +€), UWhen q is large this
compensation i1s no longer possible and the wave 1s evanescent at higher
densities. The wave then becomes trapped within the filament, 1In
addition coupling Into shorter wavelength modes implied by (2} gives
rise to enhanced Landau damping which can be the dominant effect for
sufficliently deep filaments. Just what large or small q means must be
seen In relation to the particular eigenstate aN(q). Higher W
corregponding to higher frequency requires larger values of q to trap

such waves within the filament.

2
For light waves, U = ZE(nolnc)(A/AO) where n, is the critical
density for the laser light, The parameters used throughout this work

A5.3

T
which can easfly be greater than unity implying that the first few

are n_ = D.Inc, V. = 0.035¢, * = 10A0 and v, = 0.0le. Then Y = 20e
eigenstates are trapped within the filament, the remainder being free
to propagate in what, for them, 1s an everywhere underdense p]asma.- To
11lustrate this, (Fig (A5.1}(&)) shows the intensity varlation acroesc 2
filament when € = 0.15 for the laser driver or backscattered light
{both correspond to am N=0 state as given by the dashed eurve) and
sidescattered light (corresponding to an N=6 state as given hy the
solid curve). The figure shows the "filament"”: the concentrated
intensity profile of the laser light, conalstent with the density
channel (1), and which is used as the driver in the SRS equations.
Backscattered light similarly suffers filamentation while sidescattered
barely 'sees' the density variation. -

Plasma wavesa, on the other hand, scale tc much shorter lengths and
therefore have a coupling paramester ’

2 2 2 -1
Qg = (c /3VT ) 9. " 344 € (nolnc)(A(Ao) Teey + This can easily be
very large implylng strong localization of plasma wave energy at
gpecific points within the filament. Propagation anywhere requires w >
w, the minimum plama frequency, yet Landaw damping implies an upper
limit to the frequency uw < W Within this range a finite number of
efgenstates may be supported, the number being approximately ¥ (q/4).
As the filament or cavity deepens successively more plasma waves may
be excited (A5.6). (Fig A5.1(b)) displays the Iintensity profiles for
three of the pessible 14 plasma wave states supported by a cavity for
which € = 0.15. The lowest frequency mode w = w (N=0) 1s that
localized near the density minimum while the highest is w = w+_(N=13)
localized near the density maximum, One intermediate state, N=4, is

aleo shown localized midway up the filament wall.

Of course in an inhomogeneous plasma three-wave interactions may occur
at any of the densities present (up to nclﬁ). In the context of the
present periodic system and the consequent discrete set of eigenstates
we can have resonant three-wave interactions between a whole series of
pairings of light wave and plasma wave eigenstates. In principle then
we need to solve three coupled sets of equations of the form {2). In

practice, we may simplify the problem by observing that since qe5>>qem

45.4
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Fig A5.1 Profiles of elactric field and potential (normalised o
homogeneous valueg) across a filament for light wave and plesma wave

respectively when € = 0.15.

{a} Ineident and backecattered light ¥ = ¢
{eves.); sideseattered light, N =6 (..... J.
eigensatee ¥ = 0 (...}, N=4d (....) or N =13 (....).

{b) Plasma wave

we may assume, to lowest order, that the light wave intensities are

uni form across the filament. Fig A5.2 illustrates the effect of the

€= 00
0-4+ 0-05
©
» B ]
- 0-15 )
[+]
3
~
o \
02+ \
i
0-0 L
0-56 059 0-62
l ckg /wo I

Fig A5.2 The SRS growth rate for backecatter ar a funetion of the
seattered light wavenumber assuming light waves of uniform intensity
acroes the filament.

inhomogeneity on the plasma wave alone. When €=0, the homogeneous
growth vate has a maximum growth rate Vo = kvéﬂplzﬂnws)% and band width
Tu. Reduction in growth is rapid until the bandwidth assoclated with
the inhomogeneity Emp =¥, subsequently 1t is rather slower but such
that the bandwidth for growth is determined by Ewp rather than Yo'

This 13 akin to using bandwidth in the incident laser to reduce growth.
A cold plasma theory shows that oscillations exist only at density
maximum, wew , and density minimum, w=ty_, 1in other words only where
density gradients are zero. These dominate as (Fig A5.2) shows clearly
Gﬂ+ on the left, w_ on the right) with growth rateas deduced
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2 -
analytically to be Y _ = (3/2)(ew_"H w ) 13 Y when Ew >Y . These
+ P o + )] P 0

expreasions reprodudg the numerical values to good accuracy. Finite
temperature allows states at intermediate frequencles as clearly seen
when € = 0.15 in (Fig A5.2)., The fregquency separatien between peaks
can also be deduced analytically to be 8a = ZKVT/GE. Each peak in (Fig
A45.2) 1s associated with a given eigensatate, N, which is localized at &
specific point within the filament or cavity (cf. Fig A5,1(b)).

Glven this strong localization of the plasma wave energy it is
straightfoward to anticipate just how the non-uniform light wave
intensity profiles will modify (Fig A5.2). TIncluding first only the
effects of the filament on the scattered wave, Fig A5.1(a) shows that
hackscattered light (N=0) is concentratedlaround the fillament hottom.
The numerical results show that the resonance at w_ {e enhanced whiie
that at w_ is diminished by the factors which would be anticipated from
(Fig A5.1(a)). Crowth at w_ still shows a reduction with increasing €,
albeit now rather weak, while that at w, ig all but suppressed, there
heing little scattered light wave energy near the density maximum where

this resonance occurS.

Finally, including the non-uniform laser intensity profile produces
(Fig A5.3) - now all three {interacting modes are correctly treated for
the profile {1). (Fig A5.3(a) shows the backscatter growth rates
showing a further expected strong blas towards the resonance at the
filament bhottom. For deeper filaments the net growth shows an increase
over homogeneous values which continues until the minimum denpity
reaches a values such that Landau damping hecomes strong (kAD locaily
large) after which it quickly decreases with €. Finally a stage is
reached where Landau damping is so strong that around the density
minimum SRS degenerates into stimulated Compton scattering (SCS) and
the maximally growing states are those at higher densities (1e
localized up the filament wall) where Landau damping is relatively
weaker and SRS still occurs. Ultimately, the regions of laser light
concentration and plasma wave propagation become mutually exclusive

with only $CS remaining.

Growth for sidescatter shows essentially the same features as for

(a)
o-8f
5 | e
x
~04f
3
~—
P—
00 1
{b)
0-4r £=0-0
o )
o
X ool
©
32
> 0-05
0-15
()'() . 1 1
056 0-59 0-62
| cky/uwe |

Fig A5.3 The SRS growth rvate for (a) backsecatter and (b) sidescatter
ze a function of the scattered light wavenumber including the effects

of filamentation on all waves.



backscatter with one exception. The difference is 1llustrated in (Fig
A5.1(a)) showing that sidescattered light (N=6) 1s harely affected by
the filamented profile. Relative to the backscatter case, this means
that the enhancement of the resonance at w_ 1s correspondingly weaker
as is clear from (Fig A5.3(b)). One effect of filamentatiom, which
might potentlally signal its presence, is to make SRS hackscatter
relatively much stronger than sidescatter even then the plasma 1s

sufficiently broad to allow significant lateral gain (A5.4).

In gummary this work has shown scattering to be atrongly confined to
the hottom of filaments. In shallow filaments modest increases in
growth result, due mainly to the locally enhanced laser intensity
there. The increase Is less than might be anticipated since the
inhomogeneity reduces growth, through bandwidth effects, by its action
on the plasma wave propagation. For deeper filaments, Landau damping
at the Iower densitlies present playa the dominant role strongly
suppressing growth. GSidescatter exhibits no enhancement gver its

homogeneous value and is decreased relative to backscatter.

A5,2,2 Filamentation in a flowing Plasma

R G Evans (RAL)

The filamentation of laser light in a plasma may be driven by the
ponderomotive force or by the local thermal heating. In elther case
the pressure 1s raised in the “hot spnts” of the heam resulting in a
lower density and an increased refractive index, Since the
filamentation procese requires the hydrodynamic tesponse of the plasma

it 1s clear that it can be affected by the zero order plasma flow.

The effects of plasma motion transverse to the lagser heam have been
analysed by Short, Bingham and Williams (A5.7), The plasma
hydrodynamie responee can be regarded as two counter-propogating pseudo
modes and the effect of transverse flow 13 to move one of these modes
closer to its dispersion relation and hence to increase the growth rate
of the filamentation, Here we make a simple estimate of the effects of
plasma flow parallel to the direction of laser propagation. An

idealised problem is considered, namely the steady state response of an

A5.7

isothermal fluid moving in the x-direction subject to a small external

applied pressure (eg the ponderomotive force) ADA'

The zero order solution 1s characterised by the flow velacity Ve and

density g, and the perturbed solution is:

v .t ;Vy;p+p
The fluid i{s assumed to have an 1deal gas equation of state so that
Ap = cz Ap,

The linearised continuity, x and y momentum equations are:

p 3v v
v, ——+p —Z+p —X-p
¥ ax 3x 3y
Bvx b
pv— =-—(p +p,)
¥ x ax A
pvxa -— (p +p,)
X gy

In the normal way we assume that all quantities are periodic In x and y
with wave numbers kx and ky' Elimination of Y and vy then gives the
fluld density response as:
o /o3 k +k

a - x ¥

2 2
(pA/pc b] kx + ky -M kx

where M = vx/c and ¢ 18 the isothermal sound speed.

This simple analysis shows that fundamentally different behaviour can

A5.8



be expected 1F the flow Mach number 1s sufficlently large that
Mzkx>kx+ky. In this case the local pressure increase gives rise to a
local density increase and there Is no filamentation instability. The
occurence of finite kx does not happen with normal laser illumination
since it Implles modulation of the Ii1ght intensity along the
propagation direction. If however the target is illuminated by two or
more coherent laser beams as shown In{ (Fig A5.4) then there i3 a
standing wave pattern of the required form and qualitatively different
filamentation behaviour may be expected if the flow Mach number is

large.

~

NOUNNNANN

;

Fig A5.4 Pinite k produced by interference of eoherent overlapping
beams .
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A5.2.7 Filamentation in laser produced plasmas

D J Nicholas (RAL) and $ G Sajjadi (TL.anchester}

A numerical study of beam Eilamentation in laser produced plasma is
presented. This invelves the numerical solution of the Schrodinger
equation coupled with the thermal transport equatilons for both fons and
electrons., The solution of the resulting equation with non-linear
refractive index due tn thermal and ponderomotive forces, show
self-focusing and a varlety of strong aberration effects. Intensity
amplification at the Final focus is found to he hetween one and two
orders of magnitude greater than the initial beam intensity, governed

in general by diffraction and aberration effects within the heam.

The equation for the electric fleld of the laser in paraxial Fform is

taken
2 ta_ 4 2 - -
¥4 +2jkoeoaz (eo A) + kK (e eo) A=0 ()

where ko = (w/e). This 1is solved in conjunction with the equations of

thermal transport.

For the electrons,

ar

Te 2
Cve ge - Velke? To) +Kyp AT - ayy (2)
For the ionsg,

aTi
G, ge = V0TI agy (3

where Cv and CV are the specific heats of the electrons and {ons and
e i

94 is the ion electron equipartition rate. Kih is the laser
absorption via inverse Bremsstrahlung. Both pondercmotive and thermal

self focussing are accounted for,
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A5.2.3.1 Numexical Scheme

Equations (1), (2) and (3) can be expressed as following

2

VA 417 (2) gh 4 (r,nAT,, Ty) = 0

aT

3]
T -V.[ke(r,z,Te, T, Te] - 2,(r,2,4,T,,Ty) = 0

aT
i
T V[ ky(r,2,T T, )VTi} - 2, (r,2,T,,T;) = 0

Equations (4) ~ (6) are solved simultaneocusly, sublect to the following

initial - boundary conditions.

Alo,z) = %? A(ro,z) =0

e
A

l(D

a
Te(o.z,t) = 3T Te(ro,z,t) a ¢

Qv
La]

|QJ

3
Ti(o,Z.t) = a—rTi(ro,z.r.) =0

L-F
[a ]

Alr,o0) = exp(-rzlri)

Te(r,z,o) = (Te)o

Ti(r,z,o) = (Ti)o

where r0 is the Gaussian radiue of the beam, Using the

variable-weighted implicit differencing scheme in equation (4), we

ohtain,

A5.11

2, .mtl 2, . m+l
v - v
o( A)i,j+1 + (1 -0X A)i,j +
3A m+l1

1[ewi,j+l + (1 —o)\ri'j] G2y g t

m m+1
Yy + (- 0)(c1_in,j) =0

m+l

m
Oy 4+181,141

with 0 < @ ¢ 1.

A two step alternating-direction implicit method (ADI) is applied to
equations (5) and {6), to ohtain, Firast step,

(At)_l(T?tﬁ,n+l - Ti.g,n) - [vr(kmvrTm)]i-j-“+1 )
[Vz(k%z"’mﬂ)] La,me "1, 7 O

second step,

(At)—l(TTle,nﬂ - T‘i).j,n) - [vr(kMHTMH)]i.j:ﬂH )
[v, ) 1,9,041 " “thf.nﬂ =0

_ @
where, Vﬂ: Y

A5.2.3.2 Results

Although we have considered problemé in both uniform and non-uniform
plasmas, we shall limit our disecussion here to the latter case.
Calculations are carried out at electron temperatures Te a 0.5, 1.0 and
1.5 keV and at two laser wavelengths of 1.06um and 0.54um., The
calculations are carried with radial sywmetry (r,z} the initial
filament being Gaussian in prefile given by Io(r,o)exp(—rzfri) with T,
get at 6.1%um., For example in (Fig A5.5) a Gaussian beam with a peak

AS5.12



TENSITY J} CILCTRON TEMPERATURE = 15keV {HIENSTY A
NON -UNIFORM PLASMA Wem™?
WAVELENTH - 10B6pm
lg= 1 26x 10" Wem2

ELLFCTRON TEMPERATURE = 05 keV
MON-UNIFORM  PL ASMA
WAVELENGTH - 106pm
Ip = 1.28x 10" Wem?

m-2

3= 10" 2tx 10"

“ l l't | h \\\ .J\“\l o

"_'___._ ==
e
=i

|
1500 ), ll
MICRONS] ] i (MICRONS)
|1
/ZV
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IMICRONS}
[MICRONS)
Pig A5.5 Numerieal simulation of laser beam self-focusing in a
{ = = = 14 2,
non-uniform plasma at A = 1.06u. I; = 1.5keV, Iu 1.28 x 10\%Wenr Fig A5.6 As for Fig A5.5 but with Te = 0.5keV. I,=-1.28 ¢ 10 Man-2.
. . . -2,
Intengity at first foeus = 3.4 x 101°Wem Intenaity at first foous = 2.1 = 1015Wom-2.

intensity of 1.28 x 1014 Wt;m_2 propagates threugh a non-uniform plasma

with T = 1.5 keV. The heam focuses at distance z = 58.2 um, where the
peak intensity on the axig reaches 3.4 x 1015 m_2. Successive foelil
at the distance of 38.lym and the focus has a lower peak intensity

2.1 x ll)lswt:m—2 than that shown in (Fig A5.5). However, the beam

are also weaker.

If the plasma temperature decreases the thermokinetic pressure continues to form a succession of focil in this case the fourth

decreases and the ponderomotive force readily displaces the electrons appearing quite near to critical density. In (Fig A5.7) the general

and the lons. Under such conditions the self-foecussing distance dependence of the self-focusing distance Z g on the {nitial peak
decreases. For example with Te = 0.5 keV, (Fig A3.6), the beam focuses intensity I° of the filament 1s shown for various eleetron temperatures
TE and for the two last wavelength 1.06um and 0.546um. Also shown are

the critical intensities Ic for the process at each plasma temperature,
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Pig A5.7 Variation in self-foecusing distance Zsf with initial filament
intensity Iu for non-uniform plasma. Continuous curves give resultis
for = 1.06um, hatched curves, the resulte for A = 0.546um.

For non-uniform plasma the ecaling laws far the threshold intensities
depend on local conditions. In the linear region at lower temperature
T < 500 eV then

.~ TS5 x lOUTO'63

whilst on the entire temperature range investigated the pealing behaves
as T" where 0.05¢ m< 2,5, This is very much in keeping with the
general experimental results where the gcaling law was dependent on
whether thermal or ponderomptive self-focusing forces were dominant.

When the ponderomotive force dominates, the threshold power varles In
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approximately linear fashion with temperature. OCn the other hand when

the thermokinetic forces dominate the scaling law behaves as T1°g.

Another important factoer with these instabilicles Ia their growth
rates. Assuming, a spatial growth rate in the form I = Icﬁuz our
gimulations can readily be used to estimate growth rates. It can be
geen that at low intensities and at the start of the filamentation the
process is linear with rates of 10%-20% um"l. However the growth rats
quickly become non-linear with final values {(in the non-linear regime
near the focus) » 73% um-l.l Most of the theory that we have discuseed
and made comparisions with is applicable in the linear, early stages of
the growth of the instability. 1t would appear that there 1s a need
for additional theoretical atudy of the insrability into ite highly

non-linear regime.

A5.2.4 Weibel Instability in_an ablating plasma

A R Bell and E M Epperlein (Imperial College)

We have reported previously (A5.8) on steady-state ablation from an
infinite planar target when the illuminating laser irradiation has a
small non-uniformity which is spatially ginusoidal. We solved the
perturbation equations for hydrodynamics with magnetic field, including
the Ynx¥T source, Nernst convection, Righi-leduc heat flow and
collisional diffusion. The thermomagnetic instability (A5.9) is
included in these equations and wag shown to have a positively
gtabilising efect, reducing the pressure non-uniformity. In contrast,
the Weibel instability (A5,10) {s a phase-space phenomenon and is not
ao ineluded. The Weibel instability has a faster growth rate than the
thermo—-magnetic instability when bnth have positive growth rates
(A5.11), and in the overdense plasma the thermo-magnetic growth rate is
negative. Clearly the Weibel instability is importamt in any
deacription of 2-D ablation structures and we report here its inclusion
in the calculations, The mechanism of the Welbel instability comsists
of a feedback loop between the magnetic field and the off-diagonal
terms of the pressure tensor, and operates in isolation from

hydrodynamic processes. In consequence, 1t can adequately be modelled
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by the inclusion of a growth term In the egquation for the generation
and convection of magnetie field. A kinetie treatment of the
collieional Weibel instabllity is needed, and we use the growth ratee
calculated (AS5.12) For a Lorentz plasma on the assumption that the
perturbation wavelength 1s much smaller than the scalelengths of the

zeroth order solution.

In an ablating plasma, the Weihel instabllity amplifies the magnetic
field produced by the grad(ne)xgrad(T) term as it convects toward the
snlid, In the present model, the production and amplification of
magnetic field ia balanced by its convection to the solid where it is
dissipated by collisional diffuaion; thus allowing a steady state. Qur
equations exclude the possibility of a perturbation which not only
grows 1n space, but grows exponentlally Iin time. If a temporally
growing solution existe, our calculations undereatimate the effect of

the Weibel instahility in an ablating plasma.

Fig (A5.8) plots the perturbed momentum flow when Weibel amplification
ie included.- We give results for Z=10, We multiply the Weibel growth
rate Y" by a factor p which gives the correct growth rate when p=1.
This enables us to examine the sensitlvity of the results to the exact
growth rate by making p larger or smaller than one, Curves a) and c)
of Fig (A5.8) give the perturbed momentum flow when pu=1l. They differ
negligihly from the corresponding curves with Weibel amplification
lgnored, Iindicating that the instability is not atrong enough to
overcome smoothing., Curves b) and d) give the results when Weibel
amplification (Y") ts multiplied by five (u=5), TIngtability then
dominateg at short wavelength leading to a large non-uniformity in
momentum flow (presasure) at high density. The sensitivity to p implies
a relatively fine balance between amoothing and instability. The
competition 1s yet more sensitive to changea in the Nernst convection
velocity, 1In the present calculation, the Nernst veleocity for
convection of magnetic field to high density exceeds the oppositely
directed plasma flow velocity be between 40 and 70 percent depending on
the Mach number. Thus a 50 percent reduction in the Nernst velocity
would be sufficlent to reverse the overall convection velocity of
magnetie field in part of the plasma, producing a completely different

solution, However, such a reduction appears unlikely (A5.13). There
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Fig A5.8 A plot of the amplitude of the peturbed momentum flow rP+pvz)
when Weibel amplification is ineluded. It 1 plotted ae a funeticn of
kD where k ip the spatial fraqueney of the perturbation and D is the
distance between the critical and solid surfaces.

al p=1 at the eritical surface b} p=5 at the eritieal surface ¢} p=I at
Righ density d) y=5 at high demsity. In each case the denpity at
eritical ig 1921 electrona cm_s, the temperature at eritical is 5KeV,
and Z=10.



is a further complication with respect to convection velocities.
Because the Weibel fastability conaists of a feedback process hetween
the magnetic f£leld and the off-diagonal terms of the pressure tensor,
it 1s Iimportant to know the convection velocity of the relevant moment
of the electron diastribution, which need not be the same as the

convectlon veloeity of the magnetic field.

We tentatively conclude that the Weibel Instability is not strong
enough to overcome the smoothing processes, but we admit that a more
complete caleulation, particularly through the adoption of non-planar

geometry, may concelvably reverse the conclusion.

A5.2.5 Local and non-local treatment of the collisional Welhel
instability

E M Epperlein, T H Kho and M G Halnes (Imperial College)

A collisional version of the Welbel instabhility (A5.10) has been
investigated by many authors in recent years in the context of
sblatively driven laser-plasmas (A5.12, AS5.14, A5.15)., A limitation of
these previous studies has been the assumption of a prescribed
equilibrium, In (A5.12), a stabllity analysis was developed based on
Cartesian tensor expansion of the electron Fokker—Planck equation.
This was applied to an "equilibrium™ composed of drifting hot and cold
Maxwelltan distribution functiona, to moek up the non—linear electron
heat Elow. 1Tt was found that the unstable Weibel mode, driven by the
anisotropy in the distribution function caused by the heat flow, can
have significant growth rates (‘10108-1) occurring at densities above
critical.

(
Here we calculate local Weibel growth rates Y [(AS.IZ), equation (10)]
for a more realistic situation, that of a plasma heated by

inverse-Bremsatrahlung.

The distribution function f of the plasma is calculated by means of a
time dependent one-dimensional electron Fokker—Planck code (a5.13),
which uses the aproximation f=f°+vzfz/v {z being the direction of the

heat flow) with the full electron collision operator for fo and the
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angular scattering operator of fz (an approximation that 13 expected to
he valid for high-Z plasmas) (A5.16). Fixed ions are assumed. The
value of Ezz, necesaary for calculating v, is cbtained from the

approximate relation (A5.17}

2v

a
et w B - GED Y G

zz

where Ez {18 the electric fleld, e is the magnitude of the electron
charge, m 1g the electron mass and v=[ﬂnn(2+1)(92/m)zlnﬂ]/v3 is the
electron collisien frequency {n heing the electron number dengity, Z
the fonic charge and 1nA the Coulomb logarithm), We find that fz makes

only small contrihution towards the total Weibel growth rate,

The simulation 1s performed for a 100um overdense plasma slah of z=111,
with a background exponential density profile of scale-length 43um
(giving a density Jump of ~10) and an Initially uniform electron
temperature of 200eV. The heating 1s achieved via inverse-
Bremsstrahlung absorption of !,.06um laser light at critical density,
corresponding to an absorbed intensity of “1013W/cm2. Fig (A5.9) shows
the profiles of temperature and (Fig AS.10) shows the profiles of heat
3/2]

flow [ normalised to the free-streaming heat flow gfsnnm(T/m) , at 2,

30 and 60ps.

For a given time in the evolution of the plasma Y 13 calculated as a
functionof the transverse perturbation wavelength A at every spatial
point. The maximum growth rate Tmax and respective wavelength X « 4Te
then plotted as functions of space z in (Figs AS5.11 and A5.12}. These
calculations have heen repeated for an assumed Maxwellian f0 (at the
temperatures and densities shown in (Fig A5.9.1), and fzz bagsed on
linear transport (A5.17), namely:
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where ln,TF [3zln(n,T)]—l, A= (aiT)lilT and vT=(2T/m)l/2.

The new values of Tmax and Amax are plotted in (Figs AS5.11 and A5,12)
dotted curves. We also plot as dotted curves in (Fig A5.10) the new

values of heat flow based on f:.

(Fig AS5.11) highlights two major defficiencies in the instability
calculations based on f: and f:z. They overestimate fmaxclose to
critical and underestimate it at higher densities. The first arises as
a result of the depletion of the hot electron population relative to
the thermal Maxwellian. The second arises from the transport of these
relatively collislonless electrons to higher densities, thus giving
rise to the appearance of the instability ahead of the hulk of the
thermal fromt. An explanation for both effects comes from the fact
that electrons with energies between 9 and 12T provide the main

contribution towards Y. At thege high energies fzz/fo ~1 whereas

L)
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f:z/fz '102, thus confirming the hreakdown of the 1inear thermal
transport approximation., Such phenomena are equivalent to having
"inhibited" heat flow and “pre-heating” (as shown in Fig (A5.11),

familiar in the context of laser-heated plasmas(AS'lg).

The fact that the instabllity doea not penetrate as far Iinto the cold

plasma as the heat front follows from the increased magnetic diffusion
=3/2

rate, which scales as T / (T being the temperature of the thermal

electrons).

It is interesting to note éhat the ahove local analysis of the Weibel
instability predicts asymptotic growth times of the order of 0,5ns and
wavelengths of about 20um, which appears to be In good agreement with
experimental observation of plasma jets (AS.2,A5.20,A5.21). There are
however severe limitationms in the present theoretical treatment, such
as the agsumption that the instability grows locally in space, the
neglect of the ion response and the linear approximation. Of these,
the first one is probahly the most important as it may directly affect
the onset of the Weibel instability. 1In the past few months we have
tackled this problem by numerically solving a perturbed generalized

induction equation,
2
3,8 +3 [(v,4v)B] =23 (D2 B) - kDB +S

where Yu ig the Nernst velocity (AS5.13), v, is the 1on velocity, Dm ig

the magnetic diffusivity and S is a sourceiterm ariging from
perturbations in the electron stress tensor (or more preclsely from
perturbations in fxz). The source term is obtained by solving the
perturbed kinetic equations for fx’ fz and fxz and Maxwell's equations,
for a given B~field. A simple equilibrium model based on planar
ablation has been used to derive the profiles of n, T and v, (A5.22).
The diffusion and source parts of the induction equation are solved

half-implicitly and the convective part is sclved using FCT (A5.23).

Preliminary results indicated that the instability source is strongest
close to the critical surface (ylelding maximum local growth rates of

the order of 109s_1). Due to the stroang localization of the source,
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however, longitudinal diffusive process (1ie diEfusion of B and Exz in
the z-direction) have the effect of reducing the overall growth rate of
the plasma relative the maximum predicted local growth rate. With the

further inclusion of Yy and v,, which act to convect the B-fleld away

il
from the critical surface (A5.22), the source is not strong enough to

sustain growth and the plasma becomes stahle.

We may envisage other equilibria, based on more strongly driven
laser-plasmas, where the source of free energy (in the form of pressure
anisotropy} for driving the Weibel instabllity is much larger.

However, our present results based on a classical planar equilibrium
indicate that transport effects would tend to drastically reduce the
instability, 1f not kill it altogether.

A5.2.6 Heat Flow Inhibition due to Curvature

8 Jorna and L Wood (St Andrews)

We have investigated the effects of geometry on heat flow by solving
the one dimensional time dependent Fokker-Planck equation in spherical
geometry, Our aim was to quantify the results presented in (A5.24 and
A5.25), predicting a reductioen in the heating of the cold boundary, in
a two boundary heating problem, with increased curvature, The width 1s
kept constant ag we vary the radius. The geometty la then deseribed by

the aspect ratio (R/AR).
We present results for cold and hot boundaries at 1 and 2KeV

respectively separated by 12um. The width of the system 1a several

times the mean free path of the thermal electrons. Fig A5.13 shows the
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Pig A5.13 Planar and epherical heat flowe divided by free streaming
heat flows plotted against radial position for timea t = 2ps and
t = 2.25ps-

calculated heat flow divided by the free streaming heat flow,
calculated loecally at each radial point, plotted agalnst radial
position for an inmer radius (Rl) of lem (planar) and 40um at times 2.0
and 2.25pe. Comparing the spherical and planar results we find:

1. A decrease in heat flow of 15-20% for the case with R/AR-3,

2. A decreage in penetration due to curvature.

It was found that when the inner radius exceeds 120um the results

corresponded to the planar case.
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To quantlfy the effects of geometry on heat flow we considered a
collisionless system with two counterstreaming Maxwellians. Applylng
the houndary conditicns used in the Fokker—-Planck calculations with no
net flux through the boundaries at R, and R,, the ratio of spherical to

planar heat flows is given by

qspherical R%

2
qplanar Ry
which predicts a 40% reduction in heat flow for a collipelonless gystem.
Collisions slow down the fast heat carrying electrom driving the system
to a more collisicnal regime. Our results of 15-20% reduction agree

reasonably with the collisionless predictions.

Our Fokker-Planck code now has incorporated the complete Rosenbluth
potentials making no assumptions about igotropy of the distribution
function. We expect shortly to verify or contradict the commonly made
assumption of isotropy in caleulating these potentials.
A5.2.7 The influence of self-generated magnetic fields on the

Rayleigh —Taylor ingtability

R G Evans (RAL}

It has long been recognised that the Rayleigh Taylor Iinstability 1In
laser accelerated targets generates large amounts of fluid vorticity
(AS5.26 and A5.27) and that there should he an accompanying magnetic
field. Tt has been speculated that this self-generated magnetic fleld
might affect the growth rate of the Rayleigh Taylor instability through
the } x B force, through the interchange of energy between fluid and
magnetic field (AS5.28) or via the reduced thermal conductivity if the

Hall parameter wt spproaches unity.

Some experimental data on the Rayleigh Taylor growth is available
(A5.29 and A5.30) but does not include magnetic field measurements.
The avallable experimental data is consistent with fluid simulations

that did not consider the self-generated magnetic field.
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The e¢onnection hetween Magnetic Field and Vortieity can he briefly

described as follows:

the vorticity £ In a Fluid evolves in a manner which 1s ohtained by
taking the curl of the momentum equation and using well known vector

identities:

g%—= curl({y x £) - curl (§Vp) )

The evolution of the magnetic field is obtained by using the
generalised Ohm's Law and’ Faraday's Law:

B c2 2

9B _ & vy

T o B¢ curl{y x B) + % curl(%: Epe) (2)
The maximum rate of generation of vorticity in the Reyleigh Taylor
instability is in the high density, relatively cool material near the
ablation surface, The resistivity in this region is not small enough
to neglect the magnetic diffusion but 1f we do sc we obtaln an upper
1imit on the magnetic field strength., The simllarity of equations (1)
and (2) shows that this upper limit on B ig simply propoftional to the
filuid vorticity £ (A5.27).

Tn this collisionless limit Mima et al (A5.27) showed that the quantity
(E4wci) 1¢ conserved, where the ion cyclotron frequency Wy = eB/mic.
This result 1s ohtainable directly by taking the curl of the canonical

momeatum (p + ed/c), which Is congerved in the absence of dissipation.

If we allow for the small difference in electron pressure and fluid

pressure:
- Z+1
L FA e
then
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B=~2 3378 (3)

™
T
The importance of the magnetic field im being ahle to influence the
Rayleigh Taylor growth rate through the ] x B force can be obtained by
comparing the energy in the magnetic field Ezfan with the energy
density in the fluid vorticity ipvz, where E = k x v, k is the Rayleigh
Tayler wavenumber and v is the perturbation 1o the fluld velocity (the

haslc plasma expansion is irrotational).

“B } (c mi)kz 2

£ ulgme (Z+1)2

cﬁup i5 the electron collisionless skin depth, so we see that the fluid
and magnetic energies are about equal 1f the Raylelgh Taylor wavelength
X is of the order of the lon collisionless skin depth. IXf the ablation

=3

surface has a density of 1023cm and (Z+1)/Z = | then the two energles

are equal 1f A = 5.5 Z_*um.

1t must be remémbered that this analysis is an upper limit on B and the
magnetic diffusion will reduce B in real plasma. It is still possible
to say that if the Rayleigh Taylor wavelength is greater tham the above
value then the magnetfc energy ls insufficlent to affect the linear
Rayleigh Taylor growth., Investigation of the effects of magnetic field
on the Rayletgh Tayler growth rate using expensive computaticnal
methods should therefore concentrate on wavelengths of a few micronse or
less. Even though the resistive diffusion reduces the magnitude of the
magnetic £ifeld, it may influence the Rayleigh Taylor growth by
tranaferring energy from the fleld maxima (where the vorticity is

greatest} to the field nulls (where reconnection ia greatest).

In the non-linear regime when the amplitude of the Rayleligh Taylor
“gpikes” becomes large the wT reduction in heat flow may significantly
affect the hydrodymamice by leading to differential ablation, or the
magnetic pressure leBn may become comparable to the fluid pregsure.

The conventional idea of "saturation” of the Rayleigh Taylor modes is

A5.26

that the amplitude A grows as A = Aoexp(Tt), with Y2=kg. When the
acceleration A exceeds the gravity g the epikes are 1n "free fall” and

no longer grow exponentially le saturation occurs for
2
Y A=gor k=1

Since the vortleity £ = k x v, then when ka=1, EmaxﬂT’ and the
gaturated value of the vorticity 1s numerically equal to the growth

rate.

In order to calculate the effects reduced heat flow due to the finite
Hall parameter wT it 18 necessary to include the resitivity in order to

he consiatent. The evolution of magnetic field 18 taken to be:

3B kzcz e m ag
5t Yo BT e T4 It )
then
- Y c m ¥
Bmax a k2c2 e (Z+1) (5)
Y mo

If the magnetic diffusion is moderately strong ie

kzczlﬁﬂﬂ oy = (kg)%, and we write
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e

(6)

N{usm

Since Tei is not constant in the ablation flow it 1s difficult to make

use of this relation. As an order of magnitude take TE=502V,
ne=1022cm—3 and g=1016cm5_2. Then CLI 6} where A 13 the Raylelgh
Taylor wavelength in cm. Since wavelengths in the range Sym — 100um
are expected the Hall parameter wt remains small near the ablgtion
surface but may become significant close to the critical density where
the temperatures are much higher, but the density and temperature
gradients are weaker. The non-linear evolution of vorticity in this
reglon together with Weibel instabilities and Nernst convectlon due to
the large heat flow {A5.31, A5.32) is not amenable to thils simple model
and needs study using computer modelling. The cases of Raylelgh Taylor
instability driven by non—uniform illumination or by target
non—uniformity may well behave differently since in the former case
there 1s a source of vorticity in the low deunsity high temperature

plagma.

A5.2.8 Inertial and Nernst effects in Olm's law

M G Haines (Imperfal College)

There 18 currently much interest in the convection and amplification of
magnetic filelds in laser—produced plasma. Nishlguchi et al {A5.32)
have shown, using the lineat transport theory of Braginskii (A5.33),
that the Nernst effect (the current flow driven perpendicular to a
temperature gradient and a magnetic field) can cause the convection

of magnetic field. This effect arises only because of the velocity
dependence of the collision frequency, as does also the thermoelectric
term. The velocity of convection of magnetic field described by the

Nernst effect Is

A45.28

- " g
_ _ e (B, x +B, )T _ e
Vr= "ms ! 07 e = 377n T, (1)

where A=, T the Hall parameter; and Bl BO and & are defined in

e
Braginskii (A5.33), where W, is the electron cyclotron frequency and

TE=U-1 15 the electron-ion collision time. The physlics behind the
Nernst convection 13 that the magnetic field tends to be frozen more to
the hotter electrons that are responsible for the heat flux than to the
colder and more collisional electroms through which the magnetic field
can more easily diffuse, In laser fusion the heat flux from the
critical surface to the ablation surface must be larger than the
outward enthalpy flow ;nekTeg agsoclated with the centre-of-mass
ablation velocity v, and therefore any transverse magnetic fleld will
be convected inwards. Furthermore, because the density increases
between the critical and ablatlon surfaces by several orders of
magnitude in the case of 1.06um laser irradiation, there is a resulting
large nepgative value of V.ET and hence an amplification of the magnetic

field by flux compression.

Recently Kho and Haines {A5.13) have verified that this phenomenon
occurs even under non-linear heat flow conditions when the lowest order
isotroplc component of the electron disribution departs markedly from a

Maxwellian.

That this 13 not unexpected can be analytically shown from an
artificlal model of a plasma with a collislon frequency v that 1s

-2 -
proportional to v instead of v 3;

In carrying out this theory 1t 1s possible to extend the model further
to include electron inertial terms. These are also of current interest
in modelling the dynamics of magnetic fields 1in laser fusion. In a
collisionless particle-in-cell code, VENUS, Forslund and Brackbill
(A5.34) predict that a self-generated magnetic field just outside the
critical surface of an irradiated target rapidly propagates with hot
electrons In a transverse direction along the surface of target, and in

a layer of thickness a few c/mpe where c/mpe is the collisionless skin
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depth. Amirvanoff et al (A5.35) have aproximately reproduced this
effect Iin a fluld code by including inertial terms in Ohm's law.

Employing the Cartesian tensot expansion of the electron distribution

function, f,

. ceavees )

derived by Shkarofsky et al (AS5.36), the component of the Fokker—Planck
equation describing the evolution of E1 for a Lorentz gas in the fon

rest frame is

l +v9E -eE 3f =~ e Bxf =l—v£l (3

where terms in £2 are ignored. If agl/at is ignored and v 1s set equal
to UTVT3/V3 the transport coefficlents of Braginskiil, and the
corrections recently found by Epperlein and Hailnes (A5.31), can be
found., The maln features and trends of having a velocity dependent
collision frequency can be derived analytically in a simple, exact
expression by artificially writing Iinstead that v 1s vTvT/vz where

vT=(2Te/me)§ the thermal speed and v, is some maln collision frequency.

The terms that result from v being leocity dependent will be slightly
larger in magnitude for a real plasma with umv—3 if f0 1s Maxwellian.
One merit of this model is that Ohm's law can be derived without any
agsumptions on fo, and hence is likely to be valid under extreme
condltions of non-linear heat flow or of large inverse bremsstrahlung
absorption where Langdon {1980) has shown a exp(-vslvTS) velocity

dependence of fO.

Employing the definitions

A5.30

@
in e 3
i=- T £dv v El
- 2nm, I:v Vof (5)
7 3 . i1

@«
eq (3) can be multiplied by 4= vs and integrated jdv to give

2 My an vfs_vBav + 208
m, 3t 3 o 3

This i3 a more general form of Ohm's law, valid for arbitrary fo- It
can be seen that the inertial term involves the total energy flux ar
and the effect of magnetic fleld 1s through 9y = B. That this occurs
because of the velocity dependence of the collision frequency can be
shown by having v=v

yields

o a constant, Instead. Then the moment that

iis Idvi%'uj x eq (3}, giving
o

<« @
_ l_gi_+41_vff v &v + 4n e E [f vy -
edt 3 of m, e ° e
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The even moments of fo can be defined as

2
r, = anjfov dv (8)
0
Pi:.!‘.nv2=.ﬁ—ﬂ—j;vl.dv g
m 2eT 3 o (%)
[ -] 0
o
R 13 6
=15 [y v (10
a [}

so that eq(7) becomes, again in the lon rest frame

m 3

e 1,1 - 1=B_ 1
2 a3t + n vpe +E n_ec a (i
ne e e
2

where ¢ = mevT/(nEe Y. 1In contrast eq (6) becomes
2m agT m 2v_m

e e 2 qT xB __Te
S5ep 3t * ep VR +E+ 3 P, SE2n 3 (12}

Before comparing these results it {s clearer if the electron heat flux

9. measured In the electron centre—of-mass frame, Is employed, le
2
MV

3
e "A4r" % ¢ 4

where terme in the traceless stress tensor and in j3 are neglected.
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Furthermore 1f t‘0 19 a Maxwellian the moment R can be expressed as
R=p 2/(nm ) (14)
e e

Then eq (12) becomes

2 x B
sp-dxp e i (15)
= n_ec 5p ¢ 1
e e g
vhere 01 is 2 G

2

The effects of including a velocity dependent collision frequency‘are
many: (a) An inertial term in agelat now appears in eq {15) and the
term in 3j/9t of eq (11) now is of the form B(Tei)lat: {b) The
thermoelectric term, absent in eq (11) 1s the fourth term in eq (15);
and (c) the effect of the Nernst term, which in Braginskii's notation
would be B(b x VTE)/e where b is the unit vector in the direction of
the magnetlc field, 18 shown to describe the advection of magnetic
fleld by a velocity !T’ as described in eq (1). For a real plasma with

-3
vavy

this term is a little larger than that given in eq (15).

an artificial collision frequency v proportional to v-2 rather than v
displays in simple cloged form the important features of having a
velocity dependent collisfon frequency, principally the occurrence of
the thermoelectric effect and the Nernst effect. From eq (12) the
magnitude of these terms can be detérmined also for a non-Maxwellian
distribution function as occurs in non~linear heat flow in laser
fusion. The Wernst term Is also of relevance to magnetic confinement
where convection of magnetic perturbations associated with MHD
instabilitles and magnetic islands will have an additfonal velocity of
convection in, say, the poloidal plane of a tokamak, through the large

Righi-Ledue heat flow in the plane of the magnetic surfaces. Finally
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the electron inecrtial terms in Ohm's law now have a agelat term which

might be important during the transient surface propogation of magnetic
field and heat flux in long wavelength laser experiments, though 1t
must be remembered that In the ordering, the ccllislonal frequency is

assumed to be greater tham 3/3t.

A5.34

A5.3 ATOMIC PHYSICS

A5.3.1 The effect of orbital relaxation on transition energies in

radiative cpacity calculations

S J Rose (RAL)

The calculatlion of plasma photoasbsorption was first of interest in
astrophyslcal studies, particularly in the calculation of stellar
gtructure. In the last few years the opacity of laboratory
(particularly laser—produced) plasmas has been of interest. Because of
the lack of experimental opacity data (except for cold material),
calculated values have to be relied upon. Several excellent papers
have appeared in the literature which have reviewed the gubject
(A5.33-45.37).

Although some workers (A5.37) use experimental data and data obtained
from accurate calculations, many opacity calculations employ a single
set of one—electron orbitals for a particular temperature and density
which are obtained by solution of the one—electron wave equation in an
average—-atom potential. However, because each orbital is associated
with a single energy, thls one-electron picture predicts only one
energy for each one-electron transition. In reality, transitions occur
between different energy levels of the ions in the plasma and in
general many transitlons, each ocecurring at a different energy, involve
the same one-electron transition. Average—atom opacity calculations
have to be corrected for this. It 1s possible to consider the
transitions occurring between configurations or at a more detailed
level, between terms resulting from the configuratiens. As was first
pointed out by Mayer, (A5.38) this splitting of the one-electron
transition energy is particularly important for calculation of the
Rogaeland mean opaclty which is very sensitive to windows in the
absorption spectrum. The contribution to the Rosseland opaclty [rom a
gingle line below an ahsorption edge can be considerably different from
that of a number of different lineg, slightly different from one
another in energy, absorbing in roughly the same part of the spectrum.
The same effect occurs for absorption edges; Instead of one edge for

each one-electron energy level, a number of edges slightly different in
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energy are found. In order to calculate the contribution to the
opacity of the transition between one configuration and another, it is
neceassary to know both the transition energy and also the probahility

of the initial configuration occurring in- the plasma.

We denote the transition energy involving the one-electron excitation
from orbital 1 to f as AEex(i,f) and the ionization energy of an
electron in orbital 1 as AEion(i)- Tf the initial and fiAaI
configurations are constructed from the same set of orbitals, the

excitetion and {fonization energles are given by

BES (1, E)=T(£)~1(4)+] " )(nk—ski)(n(f,k)—ﬂ(i,k)]. (1)
n, »1

k( Kk

e O A RS LI C Y (2)
k(nk>1)

I(a) is the expectation value of the one-electron operator and H(a,b)
is the average-of-configuration interaction emergy between an electron
in ghell a and one in b. 1In average-atom opacity calculations, for a
particular temperature and density, a single set of average—-atom
orbitals is used to evaluate the transition energies AEex(i,f) and
AEion (1) for each of the different initial configurations occurring in
the plasma using Eqs (1) and (2)}. It is the purpose of this paper to
examine, for a specific case, the effects of orbital relaxation which

are neglected 1n average-atom calculations.

There has recently been much experimental interest in photoabsorption
apectroscopy of chlorine ionas in laser—produced plasmas (A5.39,A45.40).
We have therefore considered the examples of ls-2p and 1ls=-3p excitation
and ls ionization in chlorine fons with configuratiens 1922322pn
(n=0-6) and 1822a22p%3s23p™ (n=0-5). Firstly, A% (1s,2p),
nEex(ls,Bp) and AEion(ls) are calculated as the difference in energy
between average-of-configuration isolated-ion self-consistent-field
calculations*, separately optimised for each initial and each final
state {method 1). [#Although non-relativisite notation is used
throughout, values shown come from relativistic calculations {AS5.42) on
which an appropriate average has been performed]. This 1s the most
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accurate method of calculatlons reported here and has heen shown to
give transition energles within a few eV of experiment (A5.41). For
comparidon, the excitation and lonization enerpgles from a configuration
with nk electrons in orbital k are calculated (methed 2) from Eqs (1)
and (2), with the I and H integrals for each transition evaluated from
orbitals obtailned from average-of-configuratfon isolated-ion
self-congistent—Ffield calculations* for the initial configuration
involved in the transition. Lastly (method 3) AEex(ls,Zp), AEex(ls,3p)
and AEion(ls) are calculated from Egs (1) and (2) for different L
using a single set of I and H integrals evaluated from orbitals
obtained from an average-of-configuration isclated-ion self-consistent—
field calculation for a particular inftial configuration. Because
there are several possible different initfal configurations, method 3,
unlike methods 1 and 2, allows several different calculations of
excitation and ionization energies. An average-atom opacity
calculation uses the game procedure as method 3 to calculate the
different transition energies except that Iin an average-atom
calculation the orbitals are optimised on some {in general)
non—integral ifonization stage and the effects of plasma density are
included in the calculation. AEex(ls,Zp) and AEion(la) calculated by
these three methods for initial configurations 15223221:n {(n=0-6) are
shown in Figs (A5.14) and (A5.15). TFigs {A5.16) and (A5.17) show
AEex(ls,Bp) and bEion(la) for initial configurations 1322322p63523pn
(n=0-3). There are significant differences between the two methods,
which have implications for an average—atom opacity calculation of a
chlorine plasma. Comparison of the results of methods I and 2 shows
that the effect of relaxeation cavsed by removal of the K-shell electron
causes an overestimate of the trénsition energy (in the worst case by
30eV). Secondly, method 3 shows a much larger change in the transition
energy with unit change in the ionization stage than 1s found from
methods 1 and 2 (which show approximately the same change). This
result suggests that in an average—atom opacity calculation the effect
of orbital relaxation between cone ilonization stage and another is to
overestimate (in the worst case of 1s—3p excitation by a factor of
three) the distribution of transition energies. Also, comparison of
Figs (A5.14) and (A5.16) and of Figs (A5.15) and (A5.17) shows that
although the effects of orbital relaxation are not negligible for
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transitions involving the more highly-ionised open L-shell, the effects

are very significant for transitions involving the open M-shell.

We have shown here that the neglect of orbital relaxation in average—
atom opacity calculations introduces two catepgorles of errors In the
calculation of transition energles. The first results from the
difference in the orbitals between the initial and final states of the
transition and the second results from the differences in the orbitals
between the different lonization states present io the plasma. Instead
of performing many geparately optimised lonile structure calculations,
the computationally less expensive procedure of Liberman and

Albritton (A5.43), which has already been used to predict emission
gpectra, may be the most appropriate method of overcoming the problem
of orbital relaxation in average—atom opacity calculations. In
additlion to affecting transition energies, orbital relaxation will also
affect transition oscillator strengths although we do not present

calculations of this effect.

It should also be noted that the calculations reported here do not
include term-splitting and that the constructlon of terms from a single
set of orbitals neglects the effect of orbital relaxation between aone

term and another.

45.3.2 Modelling of gain in the Carbon Fibre XUV laser

M H Key (RAL, 6 J Pert (Hull)

The production of population inveraion and gain on the n = 3 to 2
transition of hydrogenic CS+ ions, during adiabatic cooling and
recombination of a plasma of C6+ ions and electrons, has been
extensively modelled for self similar expansion of a plasma cylinder
of gaussian density profile and uniform temperature (A5.44) a3
1llustrated in figure (A5.18).
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Pig A5.18 Computed variation of gain with initial plasm energy for
plasmae expanding from 30 uym initial radiue with variable initial

density of ions (labelled in unite of 102 enr3) After Ref (45.54).

Maximum gain {s produced when the initial temperatute has its lowest
value consistent with limiting the build up of ground state C5+
population to a level below that which quenches inversion through
trapping of n = 2 to 1 radiation and enhancement of n = 2 population.
This requirement mist be satisfied at the stage where expansion and
cooling have moved the collisional (LTE) limit above the n = 3 level
allowing 3 to 2 inversion. The smaller the mass of plasma the more
rapld the expaneion, allowing lower initial temperature and greater n =

3 population density at the LTE limit as indicated by Saha's equatlon

A5.39



hZ 3/2 n 2
a(3) = 32 [5—z) = exp (I(/kD) (n

where 1(3) is the ifonisation potential and n{3) the population density
of the n=3 atate.

These qualitative gtatements can be represented quantitatively by an
analytic fit to the numerically cemputed data 1lluptrated in fig
(A5.18). The optimum energy density € 1s seen to vary with initial

3/4
radius R and ion density N in the form e ~ (NR) ! . The mass per unit

length M gscalesa as NR2 and the expanslon time T as R/Vt, where VE~31I2

6/17 -
13 the thermal velocity. Hence e~M / T 6/[1_

Finally, introducing a
constant of proportionality from numeriecal simulaticns in which 1 is
the duration of the heating pulse, we can speclfy the optimum absorbed
energy per unit length (A5.45 and A5.46).

E=1.7x 106 M17/11 1—6/11

J em ! 2>
The gain dependa on the mass and the optimum gain scales over a limited
range as G~M-17/22 ~8/1l, gn our earlier experimental work we have
used this computed optimum energy content Equation (2) and compared it
with the computed maas and energy content of plasmas produced by laser
heating and ablation from a carbeon fibre. The latter has involved a
complex 1D hydro code representation of thia problem (A5.47) and gives
results not only for the globhal plasma mass and energy content but alsc
for the radial varlation of plasma parameters ag illustrated in fig
(A5.19). Optimised conditions were found empirically when the ablated

plaswa mass and energy matched the trequirement for maximum gain as
11lustrated in fipgure (A5.20).

Thie optimisation is only approximate since the actual temperature and
density profile 1s somewhet different from that in the simple self
aimilar model. Moreover the emplirical finding of optimised conditions

i unhelpful in assessing the Importance of experimental varlables.

4 more helpful approach is to determine the global characterlstica
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(mass and energy coantent) of the ablated plasma from an analytic

model.

Many guch models have been developed to treat ablation with different
assumptions and regimes of validity (A5.48). A new model of particular
relevance to the present problem has recently been developed and is
valid for non steady state ablation {appropriate for short pulses) and
absorption dominated by inverse Bremastrahlang (appropriate for low
intensities) (A5.48).

This model gives the result:

-3 -1/3 -1 7/8 -4 =-2/9
M= 2x10 «a v Z IA / A /9(1nA) / r2/9E5/914/9

em! &)

relating the ablated mass per unit lemgth M to the absorbed energy per
unit lemgth E, pulse duratiom T, laser wavelength A, atomic mass A and

number Z, fibre radius r and Goulomb logarithim Inh.

Cood agreement in the relevant parameter range 1s obtained between
equation 3 and the results of 1D hydro simulation as illustrated in
fig (A5.21), which also shows the optinum E and M for maximum gain from
equation (2) and from numerical simulation with the self similar model.

The latter two approaches are alsc in good agreement.

The beat matching of ablation and gain requirement occurs at the
{ntersection of the 'burn' and 'gain' characteristlics in fig A5.21.
For a 5Sum fibre and 200 psec laser pulse at i = 0.53 ym the optimum
absorbed energy 1s approx 5J cm_1 giving & gain coefficient of 8 cm_l-
variation of E causes a relatively slow departure from optimised
behaviour because increased enmergy per unit length ablates more mass
and more mass requires more energy for optimum gain. A factor of 2

change in E reduces G by about a factor of 2.
The Intersection of the 'burn' and 'gain' characteristice can be

represented analytically given equationms {2) and (3) and we can derive

the scaling relationships: for A = 0.53 ym and carbon fibres,
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E/ldem } = 1.1 = 107 ¢r/1 um) 2 % (2/100 psec) (4)
or

-1 -9 1.6
M/lgem ~ = 5.3 x 10 ~ (r/1 um) ~ (1/100 psec) (5)

for the optimum energy per unit length E and the corresponding mass per
unit length M.

On the basis of these relationships it was decided to choose
experimental parameters, for the work described in section (A4.5) which
presented fewer practical problems but remained optimised. Relative to
fig (A5.21}), thicker fibres were chosen for better stability in long
lengths and better absorption fraction when placed in a 25 um wide line
focus, and the pulse duration was reduced accordingly to keep the
plasma mass and gain similar. (Equations 4 and 5). Thus fibres with ¢
= 7ym and pulse length of 70psec were chosen. The analysis also
suggested that it would be possible to obtain similar gain values
without the experimental complication of a prepulse, sc this was
dispensed with. Results of experiments using these parameters are

broadly in agreement and are presented in section (A4.5).

A limitation of the modelling diacussed so far 1s that it does not
treat the radial variation of gailn by solving both the. atomic rate
equations and the full hydrodynamic behaviour simultaneously. This 1s
a difficult problem particularly because of the complexity of treatment
needed for radiation trapping effects in the general case. Results of
such calculations are valuable and allow estimates of the effect of

variation of absorbed energy along the length of an irradiated fibre.

Although the expanding plasma contains a range of temperature and
density, fig (A5.19), any given fluid element will experience a broadly
similar time history of its thermodynamic state. In consequence we may
enticipate that different parts of the plasma may give optimum gain at
a given time at different radii. Fortunately at times of peak gain
both the denaity and temperature profiles are relatively Flat over an

annular region ~ 200 ym wide embracing a cold core ~ 20 ym wide.

A5.42

However the guestion of axial uniformity is not Fully resolved.
Preliminary results confirm that the system {s quite tolerant In this
respect and can tolerate conalderable variatiom without significant
loss of galn, but the analysis of the spatial variation of gain still

lacks a proper treatment of the crucial Lu re—absorption problem.

The modelling analysis is ongolng in support of the experimental

programme.

A5.3.3 Electric Field Effects in GaAs-GaAlAs Quantum Wells and
Superlattices

E J Austin {(Oxford) and M Jaros (Newcastle)

A number of novel semlconductor devices (A5.49)} based on GaAs—GaAlAs
quantum well structures have been proposed. The small size (10-500 R)
of these gystems leads to the confined carriers in the wells being
subjected to very high electric fields. Previous theoretical work
(A5.50,A5.51) has nevertheless used 'weak field' techniques

(perturbation and variatiomal methods) to study these structures.

In the present work an exact solutlon of the Schrodinger equation,
valid at arbitary field strengths, fs obtained for model quantum well

systems.

The model used 1s the envelope function effective wmass approximation,
in which the rapidly-varying Bloch component of the wavefunction is
factored out and the problem reduces to a one-dimenslonal Schrodinger
equation for the slowly-varying envelope fumction along the layer
growth (x) direction, with the quantum well represented as a finite

gquare well:

2 2

—Fh—*u+(v—-eFx)¢=E¢ x < a
2 [}
2m dx
(1)

_h2 2
v i-% -eFxy = E§y x > a
2m dx
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*

Here m 1s the carrier effective mass, VD is the depth of the potential
well, F is the magnitude of the electric field, and the well width 1s
2a.

The effect of the Fleld 1s to shift the energy levels of the
quantum—confined electrons and holes; at the same time, field-induced
tunnelling broadens the zero—field bound states into resonances. The
solutions of Equation (1) can be obtained as a linear combination of
Alry functious; application of the method of phase ghift analysis
(A5.52,A5.53) allows the positions and widths of the Stark resonances

to be obtalned.

In addition, the change in the density of atates &p can be obtained
from the phase shift O:

N 2 de(e)
be = 7 " )

Ap can be related to the spectroscopic lineshape for electrom-hole

recombination transitioms (A5.54).

The Stark shifts obtained from this calculation are found (A5.53) to be
in agreement with recent (A5.55) experimental results. We also
calculate (AS5.53) that carrier tunnelling out of the wells 1s rapid at
high fields; this is in agreement with experimental results {A5.56) on
the variation of luminescence lifetime with field. Our calculatione
also demonstrate the importance of nouperturbative effects. At fields
of around &4 x IOSch-l (which are readily attainable experimentally),
large anomalous Stark shifts, extensive carrier tunnelling and the
appearance of confined antiresonance states are predicted. These
results have implications for hot electron tranmsport im quantum well

devices (A5.57) and are being studied further.

Calculations on double wells (A5.58) have demonstrated field-induced
carrier localisation and delocalisation effects. This work is
currently being extended to larger multiple quantum well and

superlattice structures. Of particular interest here is the effect of

AS5.44

the Ilnevitable deviations from perfect geometry present in real
systems. Preliminary calculations suggest that carrier localisation
induced by irregularities can be counteracted by the application of an
electric Fleld; this phenomenon may have Important implications for

device efficlency.

A5.3.4 Optical Potential Studies of Resonance Levels and Dissociation

Processes

E J Austin (Oxford) and G Jolicard (Besancon)

Resonances play an lmpertant role in the discussion of collision
phenomena, atomic lonization, and molecular dissoclation processes.
Numerical calculatlons of resonance energies and widths depend on
differentiating the resonance from nomresonance continuum
wavefunctions; many of Lhese methods exploit the gquasi-hound
(localisation) properties of resonance wavefunctions. In the
gtebiligation method (AS5.59,A5.60) the resonance problem i1s treated in
a bound state formalism; the Hamiltonian is diagonallsed Iin the form
of discrete, exponentialy decaylog functions. The resonance
eigenvalues are characterised by remaining essentially unchanged as
the basis size varies. In the complex sealing method
(A5.61,A5.62,A5.63) a coordinate Totation allows the resonance
wavefunction to be obtained in square Integrable form. The optical
potential calculation described here is to some extent intermediate

between Lhe stabilisation and complex—-scaling methods.
We congider the model potential

1 2
U(r) =5 , re<0

2

1 2
-Gt exp[-Ar l,r>0

and modify this potential by the addition of an imaginary optical
potential -iArB. Since U(r) + 0 &8 r + = the potential Equation (1)

gupports no bound states. It is anticipated that the rescnance states
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should be identifiable by their insensitivity to the value of the
parameter A, provided that the optical potential is sufficiently

distant from the inner potentlal region.

The use of the optlical potential allows bound state techniques to be

used, as in a stahilisation calculation. A matrix dlagonalisation in a
40-state harmonic oscillator basis was performed. Due to the presence
of the Imaginary optical potentlal, the resonance energy is obtalned as
a complex number EO—iT/Z, where T 15 the resonance width. As expected,
EO and T show stabllity over a range of several orders of magnitude of
the optical potential A. The values obtained for E0 and T (A5.64) are
in sgreement with those obtained by the stabilisation method Equaticn

(13-

The optical potential approach provides a simple direct method of
calculating resonance posfitions and widths for this simple model
problem. Further studles are necesgary to elucidate the precision

which can be expected from calculations of this type.

In addition to the study of scattering rescnrances, it 13 anticipated
that this technique should be relevant to two other types of problem:
{a) Multiphoton fonisation and dissociation processes can be treated in
a time-independent formalism by adopting the Floquet (atomt field)
(A5.65) approach. Addition of an optical potential could be used to
indentify ionizatlon and dissociation resonances.

(b) Non-linearly coupled oscillators such as the Henon-Heiles system:

Vix,y) = xz + yz + A (xy2 + x3) (2)

are being intensively studied (AS.EG) both as models for dissociating
molecules and as examples of quantum non—linear dynamical syatems. The
potential Equation (2) supports uo bound states, but has a large number
of quasi-bound (resonance) states. The energies and widths of these
states should be calculable using the method described here.
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A5.3.5 Atom Data for modelling of neon—-1like ion systems which are

proposed for a seft X-ray laser

P G Burke, K A Berrington, G P Gupta and A E Kingston
(Queen's University, Belfast)

There 1s consdierable interest in developing a soft x~ray laser. Most
of the proposed schemes have relied on high power visible lasers to
provide the high energy density needed to produce population

inversion against the short radlative lifetimes. Population inversion
has been inferred in many experiments but recent experiments at the
Lawrence Livermore National Laboratory showed unambiguous strong
amplification. Thelir ex%eriments invelved the production and
excitation of neon-like selenfium in a laser produced plasma about lem
long and showed gain length products of arcound é on the 2p53p to 2p533
transition at about 2063. Considerable gain has also been observed in
the iscelectric transition in yttrium so it is clear that other

elements are also of interest in this context.

Flg (A5.22) indicates the main features of the inversion process for
Se XXV. The ground 2p6 state is connected by strong optically allowed
transitions to the 2p53s states but the transitions from the 2p53p to
the ground state are very small. These 2p53p states are excited by
electron excitation from the ground state and radiate to the 2p535
states. The theoretical mordel suggest that the lines at 183, 209 and
2068 should have approximately the same Intensities. However, the
experimental observations show that the 183 line is very weak. The
most sophisticated models of this system by Barbara Whitten of the
Lawrence Livermore Laboratory suggest that the observed and predicted

intensities of the 1834 line differ by almost an order of magnitude.
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2p’ 3d
(,5) In this calculation we have used the Hartree Fock Is2s and 2p orbitals
223 and have used Alan Hihberts's CIV3 c¢ode to obtain 3s3p and 3d orbitals.
(%%L In Table 1 we compare our calculated wavelengths, for some of the
important transitiong, with the observed wavelengths. There is
28 g\ reasonably good agreement between theory and observatlons. We also
(1 Wpl3p QP g\ carried out a very large configuration interaction (CI) for these
353 “
22/050 < transitions and obtained excellent agreement for twe of the transitions
£ TABLE 1 Calculated wavelengths for Se XXV
'p (__ Transition Calculated Dbsexved
1 f
p (3!
R 3s, 3p, 3d Large CI Observed
5 1 1
(2p " }(3p) Si - (2p5)(35) PT 178 181 183
S
0-0o o 1 S
— ¢2p°)(3p) n§ - (2p )(35)1P? 212 210 210
. . . 5 3 e 5 3o '
Fig A5.22 Energy levels of Se XXV. The numbere in ( ) are theoretical (2p”)(3p) P1 - (2p7)(33) Pl 209 206 206

A values.

It has been suggested that the discrepancy between the observed and and the difficalt 1838 line is only in error by 1Z. Using this code we

also are able to calculate the Eingteln A-values for the transitlions in
theoretical intensities 1s due to the use of inaccurate atomic data in

1ik leni d Iin Tahle 2 we compar resent results with
the modelling. In the Department of Applied Mathematics and neom ¢ selenfum an pare p s

results which have been used in the modelling and it is clear that
Theoretical Physics at Queen's University Belfast we have started a

there is reasonebly good agreement between the present calculations and
geries of calculations on the enerpy levels, A-values and electron

the earlier calculations for A-values. The collision calculations are
excitation rates of neon-like lons.

Because of the great interest in selenium experiments we have decided
to carry out calculations on selenium firat. This poses some serious
computational problems as to carry out a proper calculation onm selenium
we should include each of the target states for each J separately.

This 1s a very large calculation and it is indeed one of the largest we
have carried out. As an initial calculation we have decided to carry
out a calculation in LS coupling which we will transform to give

results in JJ coupling.
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TABLE 2. Some Calculated A(s_l)values for Se XXV

Present Earlier Calculations
(2p6)ls§ - (zps)(ss)3p‘1’ 3.45 (12) 3.88 (12)
2p's? - 20”0353 8 2,09 (12) 2.71 (12)
(2p5)(3s)3ple - (2p5)(3p)152 1.97 (10) 2.05 (10)
(zp5)(3s)11=‘1’ - (2p5)(3p)ls;‘ 2,23 (10) 2.36 (10)

now well underway and as we would have‘expected there is a large amount
of resonance structure in the calculated cross section. In Fig (A5.23)

we present some Initial calculations for transitions from the ground

SEXXV  2p%('s)-2p5 3¢ (F)
x10'3”

2] =1
(=] =]

2]
L)

£
j=)

o)
(=]

o

Total Collision Strength
(%)
=

LALBIN VY

070 W7 078 1082 1086 1080
Electron Energy {Ryd)

Pig A5.23 Electron excitation collision strength for exeitation of the
ground state of Se XXV to the fimet LS ezcited atate.
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state In selenlum to the Eirst excited state. The very small
background of ahout .002 is in quite good agreement with earlier
distorted wave calculations but the large peaks are associated with
resonances which are not included in the distorted wave calculations.
These results are very preliminary as they are only over a very short
energy range and 1t is difficult to estimate their effect in an
Integrated Maxwellian rate. Past experience would suggest that this

transition the rate could be increased by at least a factor of 2.
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A6 HI1GH POWER LASER FACILITY OPERATIONS AND DEVELOPMENT

Ab.1 SPRITE

A6.1.1 Sprite Cperations

M J Shaw, H T Medhurst, F Kannari and E Hodgoon (RAL)

This year has seen the transformation of Sprite from a system largely
used For laser R&D to a fully-fledged target-shooting laser with fts
own dedicated target area. During this reporting period Sprite was
operated as an injection-locked unstable resonator providing a single
beam of 50ne duration for target irradiation, A total of 696 laser
shots were fired, 510 of them were logged as shots on target, the
remainder were used for machine testing and diagnostice. Fig A6.1
gshows the histogram of laser energy on target. Over three—quarters of

the target shots provided more than 8(J on target.

Ab.1
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Pig 46.1 Hiatogram of Sprite target shots as a function of laser
energy on target.

During this year there were 78 target shooting days in two petlods as
shown in Fig A6.2 which gives the histogram of the number of shote per



-|140
=
1120 _
227 aé’
820° § 1100 S
P 2 Jeo
167 ia =
14f " ’ 5 Is0 g
12r 5 / <
g1 : ?/ vy RN Lo &
B . #
Sl 4
Z 4t 4 "”’ 1‘2?”
2 A//I' / / 6 ddy's; 2 ‘d0y5‘4‘
114185 2717 B N2
TARGET SHOOTING DAYS -~ 1985
FIg 46.2  Distribution over the year of number of target shots per day

(shaded) and maxzimum laser energy on target.

day together with the maximum energy on target recorded on that day.
Since most days called for at least one shot of maximum energy, the
latter figure is a good lndication of the capahility of the laser
system. The large improvement in energy in the Autumn was due to the
installation of anti-reflection coated windows on the oscillator for
the first time and shows the importance of reducing losses and
parasitic oscillations {n the Sprite cavity. The number of ahots per
day was mostly limited by turn—around time in the target area. There
appears to be no problems in operating the laser with a repetition rate
of one shot every 10-15 minutes or eo. The laser energy on target was
limited by the need to operate the pulsed-power system in a non-gelf

destruct mode which meant that Marx charging voltages of less than 65kV

A6.3

were used in order to avold breakdown 1n the output water lines. At
this charging voltage the Marx stores 12.6 kJ thus during the target
shooting run 1in the Autumn the target was belng irradiated with better
than 1% wall-plug efficiency. With the new output water lines which
have since been fitted {see below) operation at up to 75kV should be
possible with predicted energies on target being In the region of
175J.

A major new lunovation this year has been the installation of a TV
frame store system to record both the near and Ear fleld laser
intensity distribution., This system 1s described in more detail in
section C2.3.

A6.1.2 Sprite Laser Development

M J Shaw, F Kannari, H T Medhurst, D Baker, E Madraszek, J Boon,
C Lockett, D Wood and S Hicks (RAL)

Thig treporting year has seen major improvements to the engineering of
the Sprite system both electrically and mechanically and significant
progress on the multiplexer system.

The main mechaniecal work has involved the replacement of the old 4"
copper output lines of Sprite with a completely new design of line
using 6" dia aluminium tubing and machined aluminium blocks which

double as "tee" or elbow sectiong as shown Iin Fig A6.3, The new lines

Ab.4



109 WATER _LINE

COPPER SULPHATE RESISTOR

Fig A6.3 New water transmission lines for Sprite.

are very much easier to assemble whilet maintaining concentricity
between the inner and outer cylinders. Each line terminates in a 2004
copper sulphate disc resistor before entering the diode chamber. These
resistors serve the dual purpose of voltage monitors and energy
dissipating elements to cope with post-pulse. During the main
power-pulse the resistors cause a 5% loss in energy at the diode
however in the {mmedlate post pulse and before diode closure, the diode
impedance goes very high thus residual line energy is preferentially
diverted to the resigtors. It is hoped that the use of these shunt
registors will help to reduce post—puise arcing and hence prolong anode
foll 1ife.

Another significant improvement to the Sprite system has been the

Ab.5

introduction of a second commercial discharge laser (Lambda Physik EMG
103) as a trigger laser and the development of an entirely new

triggering system as shown in Fig A6.4. The Sprite Marx is now

H,0
CAP A

[DODES ]

., TO TARGET

L]

EMG 150 ————%
F

OPTICAL DELAY LINE

Fig A6.4  New control syetem for Sprite imcorporating digital delay
unite (DU's) and injection via an optical delay lime.

triggered with a magnetically switched pulse transformer as used on
Goblin (see last year's annual report). The whole system Iinstead of
being slaved to the Marx erection as previously is mnow command
triggerable to within 2 few nanoseconds. Central to this improvement
has heen the In-house development of Inexpensive digitally programmable
delay units (Fig A6.5) which provide pulse delays of 0 - 2,569 ns in 1

ns increments.



+5y pulse, i3 done purely optically. The same laser pulse from the EMG 150

M.SD. BCJ BCg BCD BCO LsD. ia split into tw? beams. One 18 used to trigger the PFL spark gaps and
SWITC L WHCH% ?ﬁgq41l ?ﬂgﬁyﬁ 12V the other, after approximately 100 ns of optical delay, injects the
&= DELAY Sptite unstable resonator. The use of the programmable delay units
-t 13351 permits easy coptimization of the switching lines of the water capacitor
BCD-TO-BINARY CONVERTERS; 4 E 4 and pulse forming lines for maximum laser output. In use, the main
problem with this new aystem was found to be due to poor beam quality
Lx SN76184 +9V = and instability in the optical delay line. In order to overcome this,
i better thermal insulation has been provided in the oscillator room and
F__—§M21 an image relaying section has been Incorporated into the delay limne.
‘; * Development of the multiplexer has proceeded throughout the year,
however nokt as smoothly as had been hoped. On the poeitive side, -the
. : vaat majority of the engineering work on the multiplexer hardware has
DIGITALLY PROGRAMMABLE DIGITALLY
DELAY UNIT PROGRAMMABLE i;;; %EhAY been completed and short pulses have been generated in the oscillator
PDU-13256-10 1 ggbﬁrﬂzgiz {TTL) room, transferred to the multiplexer room and a aeriea of pulses have
(10ns per step} {Ins per step!} = been amplified in Goblin (these results are reported more fully in
gection €2.2), On the negative side however the Lumonice discharge
laser purchased as a multiplexer pre-amplifier has been a
disgapointment in this application. Gain, beam uniformity and beam
quality out of this amplifier have all fallen short of expectations.
FPig 46.5 Cirvewit of the digitally programmble delay module. At the present time it is not clear whether or not this laser can be
made to reach the required performance.
As a stop-gap measure, and 1n order to make the short pulse
The operation of the new trigger system is as follows: (see Fig 46.4). amplification measurements on Goblin, the Goblin amplifier was uced as
A master oscillator, MO sends out a trigger pulse every 1.5 secs and a its own pre-amplifier (ie double-passed twice for each pulse). Output
logic unit, L sends these trigger pulaes via delay units DU2 and DU3 to energies of 0.75 J per beam were obtained with saturated gains of about
the two discharge lasers. These lasers are set firing a few minutes 20 for the final double-paes. This emergy should be enough to
before the required shot and the delay units are adjusted to pive a efficiently extract enmergy from Sprite in the multiplexed mode. An
pre-determined delay betwen the laser outputs. This adjustment is important addition to Goblin this year has been_the incorporation of a
necessary to compensate for the drift in the internal delay in the two magnetic guide field to the electron—beam diode. This field which 1is
discharge lasers. During thia time, shutters prevent the laser beams approximately 1kG in the laser chamber is produced by a pair of
from reaching the spark gaps or injecting the oscillator. When a shot Helmholtz codls which are powered by the discharge of a 1 Farad
is required the Marx 1s charged and the fire command given in the usual electrolytic capacitor bank, The time to peak field 1s 50 ms and the
way. Thie opens the shutters and the next master oscillator pulse electrolytic bank {s set to fire at this Interval before the Marx bank.
triggers the Marx via DUl in addition to the two discharge lasers. ?he The cost of this installation was essentially zero since capacltor
most ctucial timing sequence, namely that of the fnjection~locking bank, SCR switches and coils were scrap items from previous

A6.7 . Ab6.8
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75mm

Pig A8.6 Vertieal and horizontal beam profiles of the output from
Goblin run with a plarar rescmator both with and without the mmetie

gutde field raa). The profilee wera taken with the system deecribed in
gection C2.3.

experiments. The effect of the Field ig to hoth Iincrease the output
energy of the laser, and to Improve the deposition uniformity

egpecially along the beam direction as can be gseen from f£ig A6.6.
Ab.1.3 Sprite Target Area Operations and Development
F 0'Neill, I C E Tutcu, Y Owadano (RAL)

In last yeara Annual Report the first target experiments using Sprite
were described. Theae experiments on X-ray generation were carried out
uging a simple box-type target chamber and only basic plasma
diagnostics were employed. The laser beam was focussed onto target

using a simple plano—convex fused silica lemn.

In the past year the Sprite target area has been significantly
up-graded and the redundant six-beam target chamber from VULCAN has

been installed as shown in Fig A6.7, The laser beam travels from the



TURNING
MIRROR (1)

AR

TURNING
MIRROR (2)

FOCUSSING
LENS

Pig A6.7 Sprite eingle beam KrF target area.

Sprite laser area in a beam tube and is then directed into the target
chamber using two dielectric—coated turning mirrors. The focusing lens

forms the input window of the target chamber.

By installing the 6-beam target chamber on Sprite, users are able to
use the full range of diagnostice equipment as used in the VULCAN
target areas and the Sprite facility e now scheduled for experiments
in the same way as the other target areas, Beam focusaing onto target
has been improved by using a singlé—aspheric fused silica lens. The
sprite laser beam is still converged into the target area (see laat
years Annual Report) to keep the optics gize to a minimum and the

effective focussing aperture onto target is £:10.

46.10

DIODE VOLTAGE 0
(kv) -300
- 600

DIODE CURRENT 100

(kA) 50

0

LASER POWER S
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Fig A6.8 Sprite diode voltage,
diode current and laser output

power versus time.

The laser pulse shape on target

is approximately square shaped
as shown in Fig A46.8, The
intensity profile of the
focussed beam in the target
plane has been measured by first
attenuating the beam and then
moving a knife edge through the
laser spot on a shot—by-shot
basis while measuring the
unobscured fraction of the
energy with a calorimeter placed
behind the focal plane. By
asguming a Gaussian beam profile
we can deconvolve the Intensity
profile from the measurements as
ghown in Fig A6.9. These
results show that the laser spot
gize is ~ 50um and that half the
laser energy on target falls
within a circle of BOum

diameter.
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The main KrF beam parameters available on target are summarised below.

Wavelength

Energy

Pulse duration

Spot Size at t intensity
Peak intensity

Shot rate

249 nm

140 J

50 ns

50 um

~ 10M w/em?

average 10 shots/day

This performance represents a considerable improvement over last year
and user experiments utilizing this new facility are described in
Section Ad. This target area has also been used for target experiments

-with & 1J discharge—pumped KrF laser as described in Section Cé.

Ab.12



A6.2 VULCAN

A6.2,]1 Introduction and Operation Statistics

P T Rumsby (RAL)

This year has seen another major step In the present phase of the glass
laser facility upgrade programme with the successful bringing on line

in August of the new Target Area East (TAEast).

This area contains a versatile and multi-purpese 6 heam and
backlighting target irradiation facility which 1s particularly suited
to work in XUV laser research. $Scheduled operations on VULCAN are now
carried out in this area and the recently commissioned 12 heam area,
TA West with the old 2 beam area {TA2) retalned for non-scheduled

instrumentation development and test work using one beam only.

Commissioning of a second 6 beam target area served by the laser has
involved the construction of a complex remotely controlled beam
switchyard area within the laser room, Details of TA East and the new

switchyard area given below.

Operation of VULCAN For scheduled experiments has been intensive and
reliable with a total of over 3500 shots fired during the year up to
March 20th., Almost 1400 main shots involving the full laser system
were fired into target areas for experiments during the year with

TA West receiving 645, TA East 488 and TA2 257. Shot fzilure rate due
to system faults has remained at below 3%, The usual pattern of 3 or 4
week experimental periods followed by a one week maintenance,
development and modification period has been maintained during the year

and consequently the laser has been avellable for cperational use for

AB.13

36 weeks out of 52. During scheduled experimental eperation perlods
the longest period of time when the laser was unavallable for shots was

half of one day, caused by an electrical fault,

The flexibility of the glass laser facillity has heen demonstrated
during the yeatr during heat wave experimental runs in June 1985 and
January 1986, As discussed in detail in Section Cl, these experiments
have required major modifications to the oscillator and amplifier
configurations in order to produce and amplify pulses of two different
wavelengths. Such modifications have been made and removed very

successfully in very short periods.

A6.2.2 Probe Beam Developments

C Danson, S Hancock, N Rizvi, P Rumsby (RAL)

Optical probing has always been a major dlagnostic technique employed
by experimentors, and consequently for some time a small diameter heam
has been avallable for this purpose. The beam was derived from the
main laser short pulse amplifier chain by splitting out 50% of the
energy after the 16 mm rod amplifier and could operate for extended
getting up periods on a 9 second cycle giving a few mj in 100 ps or
could deliver up to 50 mj on a 2 minute eyele or on main shots.

The installation of multiple frame diagnostic cameras in the target
areas during the year (Section Al.1) has meant that up to 200 mj of
energy were needed on main shots and hence the probe beam system has

been modified to permic this.

The new scheme now splits out 20% of the beam at a much later stage In
the short pulse chain after the 32 mm rod amplifier where the single
pulae energy 18 over 1J. As this pick off point is after a Faraday
rotator unit it 18 not possible for this route to supply high
repetition rate, low energy shots for setting up. Consequently the
original probe beam snlit off before the Faraday has been retained and
can be selected remotely when required by the laser operator by
inserting kinematically locating mirrors. Both output probe beams are

collimated and adjusted to be collinear. The time delay between them

Ab.14



is known.
Using this double system energles up to several 100 mj in 100 ps have
been dalivered for optical probing measurements on main shote while

rapid setting times have been retained.

A6.2,3 Computer Control and Data Acquisition

C J Reason, P Gottfeldt, C B Edwards, D A Pepler and B Espey (RAL)

The GEC 4080 computer and its associated CAMAC system has run reliably
during the year except for a short time when an earth loop caused
pickup problems. The coufiguration of the 4080 is the same as last
year but the CAMAC system has been further expanded. The crate in TA2
which was on the parallel branch has been removed and installed in TAE
on the serial branch and a new crate has been installed on the serial

branch in the old capacitor room.

A facility for testing complete flashlamp assemblies in dise amplifiers
has been installed close to the main capacitor banks, In the past,
ampliffers have been assembled with individually pre-tested flashlamps
which have occasionally exploded after a few ehots in actual operation.
To prevent costly damage to laser glass the amplifiers are now
subjected to 50 shots prior to glass installation. One of the main
capacitor banks has been fitted with & two-way motor driven switch teo
allow the bank to be connected to the amplifier under test when
required. Flashlamp pulses are monitored using current transformers
feeding into a specially designed mulri-input digitiser. The Eurocrate
also houses power supplies and modules for timing, e digital to
analogue converter and computer control although it will run a8 a self
contained unit. In operation the digitiser and the two—wey switch are
controlled and monitored from a CAMAC module in a crate on the fibre
optic coupled serial branch, Boéh PILC and main pulses are read inte
the computer for checking and graphical output is available if
required. Under the control of the main laser program, complete shots
can be run to check this amplifier. The laser control program itself
18 interlocked to prevent shots being fired to the test amplifier

during laser shots.
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The laser control program (LASR) has been expanded during the year to
include new facilities to keep 1t in line with changes on the laser.
Also a start has been made on re—writing entire sections of the program
and splitting them into new processes, thus allowing concurrent use of
some of the facilities on the laser, The first section to be
re-written is the layout diagram ueing a new colour graphics system.
This will allow faster operation and a more rapid response to changes
in the laser layout, It is also proposed to re-write the interlock

gection and the touch screen section.

New data acquisition programs have been written for the experimenters
as they are required but the plans to fire shots from the south control
room have been shelved because of suggestions that the operation of the
laser is becoming more complex and the poseibllity of experimenters

firing their own shots is now thought to be undesirable.

The Falcon computer running in a Hytec housing in the CAMAC system in
TAW has had its program blown into PROM and has run reliably. The
program in a similar system in TAE‘ia gtill being developed and is
running from RAM. This system is more complex than the one in TAW and
various facilities, such as the control of the timing trombones and
controlling alignment crosses on the TV screens, have not been included
because of memory size consttaints. A change in the micropower pascal
gystem 18 being investigated to use the memory more efficiently teo
allow these to be included, The 4080 computer now communlcates with
both Falcons via the CAMAC to‘arbitrate between them having access to
various pleces of common equipment. This has involved temporarily

running the TAW eystem in RAM,

Some of the data acquisition has been distributed to small computers
that communlcate back to the 4080. A system has been developed in a
collaboration between the Division and Essex University Electronics
Centre to monitor the beam quality of the laser., This is based on a
Syntel computer system consisting of a 6809 CPU board on a G64
backplane bus with up to 15 BT framestores interfaced into it. The
goftware, written in C and called from BASIC, allows beam profiles to

he snatched on each shot, processed to determine 1f the quality of the
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beam has deteriorated and the results displayed to the operator in

false colour, The programs and data are stored on two floppy discs.

In addition to the above, two systems hased on commercially available
framestores and Apple computers have been installed. One monitors the
laser pulse length from an EEV CCD camera coupled to a streak camera
via a fibre optic reducer, and the other measures component optical
quality based on fringe information from a Zige Interferometer, A
framestore interfaced to an IBM PC has been installed to gather data
from the phase conjugation laboratory, and an IBHM PC has heen installed
to collect data on the plcosecond laser facility in the LSF.

A6.2.4 Target Areas

A J Cole, R Hawkins, C J Hooker, M H Key, D A Pepler, S Wilcox, P Apte
(RAL)

46.2.4 (a) Target Area West

Target Area West has operated as a twelve beam, symetric irradiation
facility for the majority of the reporting period. Conversion to
operate at 1.053 pm was successfully carried out for the spherical
trangport experiment described in sectionm Al.l, The complete
wavelength changeover operation, comprising of CW laser and beam
expander conversions, more than 50 mirror and splitter changes and main
lens spacer changes required one week of "down” time for the target

area.

TAWeat has also been used to carry out cluster beam experiments,
gpecifically the EXAFS studies of dense plasmas reported in

section Al.l. Two cluster schemes have been used. The first, shown in
Fig 6.10(a), conaists of two opposed sets of three nearest nelghbour
beams. These beams were run long pulse to Iirradiate both sides of &
foil target. The 50% heam splitters were removed to allow these six
beams to be tun at the full output energy of the laser. The
backlighting beam was operated short pulse to provide an x-ray
backlighting source on a separate target.

A6.17

(1aj
UN

Diagnostic
port

NE
Beam

ns 0-53pm

3

Beam 1ns
0-33pum

B/Light

: >/
eam

Opposite cluster '

., 01ns 0-53pm
D H

not shown comprising L&,

US, LS + SW beams ¢ NORTH

all Ins 0-53um
F ns

LN Beam

053pm

(b) UN Beam

Diagnostic
port

NE Beam 0‘:@ @

Opposite SW beam
Ins 0-53pm

)
QK

G0 1w
\ Beam

fed by B/L beam

SE Beam injected

Ll

NORTH —]
LN

through the B/L

j lens

Beam

UN,LN,NW + BL Beam
all 01ns 0-53pm

Fig A46.10 Cluster beam arrangements used in Target Avea West.



The second cluster arrangement is shown im Fig 6.10(b). In this case
four full energy short pulse heams were uged to provide a very high
brightness x-ray source for x-ray backlighting. These were injected
through the backlighting beam lens and the three surrounding nearest
neighbour beams are 1llustrated. The backlighting beam from the laser
was operated long pulse and split into two in the target area. These
beams were then injected through the NE and SW lenses to irradiate the

main foil target.

Both of these cluster beam schemes proved to be successful and will
allow TAWest to Fulfil a wider role than was originally envisaged.

A6.2.4 (b) TA East

Tatget Area East wags commissloned in September 1985 and has since
operated continucusly uslag a range of irradiation geometries. The
target area layout and principle beam systems were descibed in last
year's report (A6.1). The control system, based on a Falcon micro-
computer, is essentially the same as that in TAWest, a description of
which cen be found in the 1984 annual report (A6.2).

Following several weeks of beam alignment aund timing, the first target
shot was fired on the 6th October. A spectrum was successfully
recorded on 8 flat-field x-ray gratlng spectrometer.

The Firat experiments were studies of x-ray laser schemes and utilised
the full flexibility of the TAEast system. Line foei, produced using
the optical system designed by Ross and Hodgson (A6.3), of up to 21 mm
length have been achived. The longest lengths were obtained by
staggering pairs of beams along the length of a fibre target. Double
sided 11lumination of narrow stripes on foil targets have alao been

successfully achieved.
Target alignment of fibres and atripes is carried out using a novel
optical technique described in sectlon C4.4. Further detalls of these

experlments can be found in section A4.5.

Three beam experiments for laser ammealing studies have alao been
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performed. This required the installation of a 200 nsec optical delay
line in the target area. In additlon, two of the beams were spatially
and temporally averaged using segmented mirrors (see section A4.6), to
provide a uniform annealing beam on the target. The high degree of
accessibility in the TAEast target chamber greatly facilitates this

kind of experiment.

The beat wave experiment described in section Al.2 was performed in
TAEast. In this case the targeb chamber itself was not used, the
experiment being performed in a “stand-alome” Z pinch system. The
large amount of clear space in TAEast allowed this complex experiment
to be performed without disturbing the conventional beam line optics.
This agalin demonstrates the highly flexible nature of this target

area's facilities.

A6.2.5 Beam Switchyard

¢ J Hooker, D Riley, W T Toner, $ Hancock, P Gottfeldt, R Hawkins

The beam switchyard plays a vital role in the Vulcan system since it
controls the way in which beams are fed to Target Areas Fast and West.
The optical layout was designed for complete flexibility, and in fact
allows any combination of Infra-red and green beams to be fired iunto
efther target area. There are also a number of laser dlagnostics, such
as energy and beam profile monitors. The switchyard 1s a small
enclosure within Laser Area 3, and is intended to be as environmentally
stable as possible. There is no air conditioning, to minimise
air-currents, and heat sourcés are excluded from the enclosure. The
harmonic generating crystals are used without windows, which requires
the humidity to be kept below 40 per cent: this has been achieved by
dehumnidifying units.
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beam switch yard.

Fig A6.11 shows the layout of one level of the area, which handles two
heams from Vulcan; there are three levels in a2ll. The most novel
feature is the turntables which carry the harmonic-generating crystale
and thelr associated waveplates. PEach turntable is centred at the
point where the beam paths to TA East and TA West intersect, and allowa
the crystal to be rotated by 90° so that either area may recelve a
gteen beam. The crystal mounting has a tilt mechanism for turning, and
the waveplate can be rotated to vary the green energy output; both
thegse adjustments are controlled from the target area computers, If
infra-red i8 required in one area, the turntable is moved to the
position that would supply green to the other, and the beam passes

between crystal and waveplate,
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The switehing mlrrors move on vertlcal slides to switch the beams from
TA East to TA West. When fn place for shots into TA West the mirror
mounts rest on 3-point kinematic supports. At present the ad Justments
of these mirrors are not motorised, although in the final swltchyard

configuration they will bhe.

The six beams from Vulcan reach the TA West shutters simultanecusly, a
neceasary condition for compression experiments, since the beam paths
inslde the area are equal. For TA East, the philosophy of maximum
flexibility requires beam-timing to be variable, so each path to TA
East in the switchyard includes an adjustable delay with a range of

12 nanogeconds- Each delay-line consists of a palr of mirrors mounted
on a carriage, which 1s driven by a motorised Iinear slide over a range
of nearly 2 metres. The mirrors are not individually adjustable, but a
vertical tilt motion on the carriage allows irregularities in the slide
movement to be compensated. The slides are controlled from a termimal
in TA East via & customised microprocessor system which ias independent

of the maln target area computer.

All other switchyard devices are controlled from the Falcon
microcomputers in the target areas, via a common Eurocrate rack in
Laser Area 3. The target area programs have been modified so that only
one area can gain control of the switchyard at one time. Which area
has control is determined by the 4080 in the main control room, and
depends on the state of the ghutters into the two areas; however, once
access has been granted the centrolling Falcon cannot be excluded, and
retains contrel until it signals to the 4080 that it has finished-
During operations, the crystals and waveplates are left in standard
positiong; each area makes any required offsets before a ghot, then
restores the standard position before giving up control.

The switchyard was set up at the same time as TA East, and commissioned
during the September 1985 X-ray laser run. A number of teething
problems occurred with both hardware and software, but these have
largely been overcome, although inexplicable changes of crystal tuning
still occur form time to time. For so complex a system, the swltchyard
performs remarkably well.
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A6.3 TARGET PREPARATION

C Brosm, B Child, ¥ Prior, P Rumsby, S Taylor, S Whittaker (RAL)

The last year has seen the introduction of a new target irradiation
facility on the SPRITE UV laser (A6.1.3) and the commencement of
experiments in the new VULCAN multibeam, multipurpese target area T A
East (A6.2.4). As a consequence the number and complexity of Eargets
produced by the target preparation group during the year has increased

algnificantly.

Target Area East now provides optics which enable high quality line
foel up to 20 mm long to be produced for XUV lager experimenta (Section
4,5) and hence a wide variety of targets to support this continuing

campaign have been developed and made.
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Fig A6.12 §&.E.M. photograph
of short (3mm) carbon fibre
mounted on carbon fibre
supports.

For the carbon recombination laser

scheme carbon fibres of 7 um
diameter in lengths up to 23 mn have
been pelected and mounted.
Horizontally oriented fibres with
lengths up to 12 mm can he mounted
at one end only with acceptable
hending but beyond this length
double ended mounting 1s needed.
Techniques to tenslon fibres and
attach them to carhon fibre supports
have been developed succeassfully.
Fig A6.12 shows an SEM photograph
of a short (3 mm) fibre mounted in
this way. Stralight fibres up to 23

mm long are now made routinely.

Mask coating techniques have heen
developed to enable 50 to 100 um
wide and 21 mm long stripes of
various materials to be coated on
both thin feill and massive supports

for other XUV laser schemes,
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Transport experiments have required
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latge numbers of multi-layer
spherfical targets for ablation rate

measurements and In addition have
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necessitated the development of

techniques for applying dots and

stripes to hoth spherical and planar

targets. Hasks have been acqufred A6.3 1 Ross and E Hodgson J Phys E 18 169 (19853).
and equipment built to enable dots
of various materials in diametets
from 10 um upwards to be deposited
in known pesitions on microballoon
targets. Fig AH.13 shows an example
of such a target with two, 30 um dia
200 nm thick aluminium dots applied
to a glass shell target.

Polyatyrene shells have been coated
with one dot of aluminium and the
other of 510 positioned to
correspond to beam centre and
overlap points in the TA West 12
beam chamber. Such targets, when

overcoated with parylene N have been

used to measure mass ablation

uniformity using streaked X ray

Fig A6.13 Example of glass
target with two 30um ¢
aluminium dots.

spectroscopy techniques.
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B LASER SUPPORT FACILITY

Introduction
W T Toner

The Laser Support Facility (LSF) began operations on 1 May 1985 and the
reports In this section are an account of its first year's work. The
LSF was get up in response to requests from the academic community to
expand the scope of the very succeasful Ultra Violet Radiation Facility
(UVYRF) and funding was increased by contributions from the subject
committees of the Sclence Board. A Laser Loan Pool was Instituted as
part of the facility to complement the RAL-based programme and a
versatile tunable plcosecond laser was added to the RAL-based
facilities, The lasers and equipment which previously constituted the
UVRF were moved ro new Laboratories outfitted for the purpose. The
facilities at RAL and in the loan pool are described in more detail in
chapter B&.

The new facilities have quickly been put to good use. In additiom to
fourteen contributions from groups using the excimer and dye lasers
taken over from the UVRF, this sectlon contains eight reports of work
done using Loan Pool lasers and four reports of experimental work with

the picosecond aystem.

The experiments cover several fields in the three subjects chemistry
(Bl), bilology (B2) and physics (B1). They are selected from proposala
made to a panel (the Laser Support Facility Panel) whose members are
drawn from the academic community, on the basis of peer—reviewed
assessment of sclentific merit. Although there 1s no explicit or
directed scientific programme, the nature of the facillities provided

results in a degree of coherence of technique and subject matter.
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B LASER SUPPORT FACILITY

Introduction

W T Toner

The Laser Support Facility (LSF) began operations oo 1 May 1985 and the
reports In this section are an account of ite first year's work. The
LSF was set up In response to requests from the academlc community to
expand the scope of the very successful Ultra Viaolet Radiation Facility
(UVRF) and funding was increased by contributions from the subject
committees of the Science Board. A Laser Lean Pool was instituted as
part of the facility to complement the RAL-based programme and a
versatile tunable picosecond laser was added to the RAL-based
facilities. The lasers and equipment which previously constituted the
UVRF were moved to new Laboratories outfitted for the purpose. The
facilities at RAL and in the loan pool are‘deacribed in more detail in

chapter B4.

The new facilitles have quickly been put to good use. 1In addition to
fourteen contributions from groups using the excimer and dye lasers
taken over from the UVRF, this section contains elght reports of work
dore using Loan Pool lasers and four reports of experimental work with

the plcosecond system.

The experiments cover geveral fields in the three subjects chemistry
(Bl), bilology (B2) and physics (B3)}. They are selected from proposals
made to a panel (the Laser Support Facllity Panel) whose members are
drawn from the academic community, on the basis of peer-reviewed
assegsment of scientific merit. Although there is no explicit or
ditected sclentific programme, the nature of the facilities provided
results In a degree of coherence of technique and subject matter.

Bl  CHEMISTRY

Bl.1 TIME RESOLVED RESOWANCE RAMAN SPECTROSCOPY OF ELECTRONICALLY
EXCITED STATES

J N Moore, D Phillips and I McCubbin (The Royal Institution) and R E
Hester (University of Yark)

Sulphonated anthraquinone derivatives

During this year, & study on the resonance Raman spectra of transients
from a variety of sulphonated aﬁthraquinone‘ﬂérivatlves (Pigure Bl.1)
has been completed. Some detalls were giwen in the pée&ious‘ ’

year's report, hut for clarity will be given again here.

The pump and probe experimental arrangement (shown in Figure Bl.2)
permits the recording of well-resolved Raman spectra frpm transients
with decay times In excess of ahout 30 ng. The reaction scheme, Figure
Bl.3, which describes the consequences of excitation of a typical
anthraquinone, the 2,6-disylphonate derivative, Iindicates five
transient species in this time domalp, these being the triplet state,
the radical anjion, the semiquinone radical and two transients of
uncertain structure, labelled B and C in Figure Bl.3.
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Fig Bl1.3 Photochemical reaction scheme for AQ2eDs.

The work carried out in 1985 has been aimed at obtaining an
understanding of the etructure of these transients, and thelr
relationship to the other species. The polarisation of Raman spectral
bands has been particularly useful In this regard. Figure Bl.4 shows
a typical polarised spectrum of the transient Raman spectrum of the
radical anion, and Flgures Bl.5 and Bl.6 similar speectra for transients
B and C, respectively., From these results, the spectra of all five
"transients of AQ26DS have been assigned as in Table Bl.l. It can be
geen that the spectra of tranalents B and C resemble that of the
radical anion closely, which indicates they are strong-charge-transfer

complexes in which considerable charge transfer from water to



anthraquinone occurs in the ground state. At high probe laser
intensities, the spectrum of the transient is lost, that of the radical
anion belng obsexved, ludicating that photo-excitation of the
charge-transfer complexes resultg in complete electron traunsfer from
water to anthraquinone.

The observation of the band assignable to the C-0 stretch confirms

the structure of transient C as that with the water molecule attached
to the ring (Figure Bl.7(a)), whereas this band is absent in transient
B, which thus has the water molecule attached via the carbonyl group
(Figure BL.7(b)).

Similar studies have been completed upon other 'strong'
photosensitizers, AQ25 and AQ2MS. Results are typified in Figure
Bl1.8.

Quite different Raman spectra were obtalned for the triplet state of

the weak sensitizers AQl5DS and AQIBZMS, which confirms that in these
X 3 * *

compounds, the triplet state 1e wm 1n character rather than 3nn , &8

in the 'strong' gensitizers.

This study 18 now concluded, and full papers are currently being
written up for publication.
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Fig Bl.4 Polarised Raman spectra of AQ26DS obtained at several probe

laser wavelengths.
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Bl.2 SURFACE~-ENHANCED RESONANCE RAMAN SPECTROSCOPY

R E Heater, H Virdee and J de Groot
University of York

It is well established that several orders of magnitude enhancement in
vibrational Raman band intensities result from adsorption of a wide
range of molecules on selected metal surfaces. This enhancement
process enables spectra te be obtained with good sensitivity from
surface~adsorbed species and has a wide range of potential
applications, from the study of heterogeneous catalysis mechanisms to
the characterizstion of molecular species at electrodes. The technique
becomes particularly powerful when combined with the additional
resonance enhancement which results from excltation of the Raman
spectra with radiation of a wavelength which 1s coincident with a
strong vibrenic absorption band of the adsorbed molecule. For example,
good vibrational Raman spectra have been obtained from cytochrome ¢ in
aqeous solutlons of nanomolar concentration levels by means of
surface—enhanced resonance Raman spectroscopy (SERRS), whereas it 1isg
necesgary to work with concentrations approaching molar levels in order
to obtain spectra of solute molecules without resonance or surface
~enhancement effects. Since many chemlcal and biochemical systems
which are of interest to us have thelr vibronic absorptions in the
ultraviolet rather than the visible reglon, a2 source of laser radiation
which can be tuned through the uv region holds the promise of 2
powerful and sensitive probe into moleculatr structure and bonding

through the expleitation of SERRS effects.

Previous studies have indicated that SERRS excitation profiles {ie
dependence of Raman band intensities on the wavelength of the
excitation source) follow closely the shape of an absorption band of
the adsorbed species rather than that dictated by the specific metal
surface. Thus, athough the SERS effect on sllver — the most active of
the metals investigated to date = reaches i{ts maximum Iin the red end

of the visible spectrum, the SERRS excitation profile of a dye molecule
which absorbs in the blue region also peaks Iin the blue. It is the aim

BL.3

of this work to examine the possibility of SERRS in the ultraviolet
region. One use would then be to enable us to probe enzyme active
sites through the use of colloidal metal dispersions and another study

modified electrodes coated with organic polymers.

In the RAL Annual Report for 1985 we described an extensive series of
experiments involving adsorption of the model compounds pyridine, NADH
and pyrrole on silver z2ad gold aqueous sols. Excitation of resonance
Raman spectra (RRS) was observed with suitable ultravicdlet laser
excitation but no SERS or SERRS effects. In view of these resuits
there gseemed little point in going on to experiments with enzymes on
metal sols, but we have concentrated our efforts on improving the
gensitivity of the Raman instrumentatlion - as described at greater
length in section B2.2 of this report - and on variations of the SERRS
experiments with small model compounds. Negative results are often
more difficult to evaluate than positive ones: there are usually
geveral possible reesons why a spectrum 13 not obtained! Nonetheless
we are Increasingly persuaded that rapld sample degradation under the
influence of high peak power laser pulses probably is responsible for
the fallure of our ‘experiments with silver and gold sols to produce
SERR spectra.

We have also done more experiments with surface-modified silver, gold
and platinum electrodes. In order to minimize the problem of gample
degradation at the point where the (defocused) Raman excitation laser
beam impinges on the electrode surface, the electrochemical cell

shown as Figure Bl.4 in last year's report was redesigned to
accommodate a rotating working electrode. Electrode rotation ensured
that the lager energy was distributed over an annular ring of sample on
i1ts surface in experiments which involved the integration of signals

from many laser pulses.

Two types of electrode surface coating have been studied:

polypyrrole and thionine. Both of these forms of electrode modifier
have yielded good quality SERR spectra with low power cw laser
excitetion 1in our York laboratory. In each case the optical absorption
properties of the surface coat changes with electrode potential, and

thua the oxidation state of the coat, such that ultraviolet laser

Bl.6



Table Bl.1l .
excitation (UVSERRS) could yield further interesting structural

WAVENUHBERIcnrl ASSIGNMENT Information. However, as with the colloidal metal systems reported on
above, no SERR spectra have yet heen obtained using the pulged laser
- systems. Even with average powers well below those uged to give good
AQ26DS AQ26DSH AQ26DS 3AQ26D5 AQ26DS (B) AQ26DS (C) Reman spectra with cw laser excitation, clear indications of rapid
sample decomposition in the pulsed laser beam have been found- 1 mJ at
1668 - 1496 - - - bu( ¢=0 ) asym 10 Hz gives an average power of only 10 oW, but it has to be remembered
that since the EMG 150 excimer laser pulses have a temporal
1669 1606 1347 1210 1347 1345 a'( c=0 ) sym half-width of only ca 5 ns the power within each 1 mJ pulse is in
8 exceas of 2 x 105 W. Our experiments appear to Iindicate that energy
1625 - 1598 1597 1598 1595 b ( C=C )} str dissipation mechaniems for surface—adsorbed specles are inmadequate to
& cope with the pulsed laser conditions.
1596 1576 1498 1556 1555 1513 a { C-C ) str
8 Bl.3 RESONANCE RAMAN SPECTROSCOPY OF METAL AND METALLACARBENE
- - - 1490 1521 1485 { C-C ) str COMPLEXES
- - - - - 1286 { -0 ) str J J McGarvey, S E J Bell and J Bechara
Dept of Chemistry, Queen's University of Belfast
1177 1177% 1182% 1182% 1180% - a ( C-H ) tp bend
’ Introduction
- - 1101 1126 - - ( c-C ) str /
( C-C ) def We have continued our studies of the resonance Raman (RR) spectroscopy
of copper(l) complexes, Cu(L)2+, |where L= 2,9-dimethyl-1, 10-
phenanthroline (DHP) or 2,9-d1pheny1—1,10—phenanthr011ne(DDP)], with
Observed frequencies and assignments of AQ26DS and derived species. Bands indicated the aim of establishing the nature of the metal-iigand charge-transfer
with an asterisk are those also observed in the ground-state spectra. Assignmenta (MLCT) excited states of these photoelectrochemically interesting
are given for the equivalent AQ26DS CZh mode. specles. We now have definitive evidence that the excited electton 1s

ligand-localized.

A new line of investigation hae alsc been started, in which RR
apectroscopy 1s belng used as a atructural probe of photo-generated
transients in catalytically important metallacarbene apecies such as

the Fischer complex, (CO)SH-C(OMe)Ph (Figure B1.9).
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Fig B1.2 Structure of the Fischer complex.

The present report summarises the principal findings for both the

copper and tungsten systems.

1. Resonance Raman Spectra of Charge~Transfer Excited States of

Copper{I} Complexes

Experimental

Ground state RR spectra of the complexes were generated by means of the
Innova Ar+ laser at 363.8nm. Excited states were populated and probed
by dye laser pulses at 360nm and 540nm. In all experiments, solutions

3 mol dm_3 in methanol) were argon-purged and

of the complexes (ca 10
flowed through quartz capifllary sample tubes. Raman spectra were
recorded using the Triplemate spectrograph (1200gr/mm grating) and

gated diode array, as described in the 1985 Report.

BI.&

Results and discussion

As a strategy for establishing the nature of the MLCT exeited states,
the RR spectra of the Cu(DPP)2+ complex‘were compared with those of the
mixed-1ligand specles lCu(DHP)(Pth)zj+- (PhaP = triphenylphosphine).
Thie complex hags a long-lived (t~300ns in methanol) MLCT excited

state In which the transferred electron is necessarily localised on the
sole DMP ligand. Ground and excited state RR spectra of this

mixed-1igand complex are compared in Figure B1.10. The most striking

1307

Pig BI.10 Resomance Barun spectra of [CU(DMP)(PhsP)g] in methanol

Upper: Ground atate (Ar", 363.8nm, 50m¥) [Lower: Excited etate (dye,
380.0nm; pulee energy at eample: 3mJ).

difference between them is that the strong band in the ground state
spectrum at 1307 cm_1 (attributable to neutral ligand) has disappeared

in the exclted state spectrum, hence providing a convenient

BL.9



gpectroscopic marker for the converalon of neutral ligand to the
tadical anion. Figure RBl.1l shows RR spectra of Cu(DDP2+. In (&),
ground state (Ar+, 363.8nm) and excited gtate (dye, 360nm) spectra are
compared while (b) displays the excited state spectrum generated at a
different dye laser excitation wavelength (540nm). The latter
gpectrum, although dominated by an intense solvent band, shows a strong
feature at I602cm_l attributable to the complex, but no peak 13
observed in the 1300ch_1 region. We therefore conclude that this is
the radical anion Raman spectrum excited in resonance with an
intraligand (H+H*) transition of the anlon, By contrast, the excited
state spectrum generated at 360nm under equivalent conditions (le a
large excess of laser photons over absorbing complex molecules in the
sampling regiom, so that the ground state is essentially bleached) does
show a relatively strong band at 131l‘u:m_l as well as one at 1624cm-1.
The spectrum resembles that of the ground state and must therefore be
attributed to nevtral ligand vibrational modes, resonantly enhanced
through an LMCT transition from neutral ligand to the copper centre,
which has a formal charge of +2 in the MLCT excited state. By
selective excitation in different absorption bands of the MLCT excited
states 1t 18 therefore poesible to ohserve resonant Raman modes of both
neutral ligand and the radical anlon. This provides compelling .
evidence for a localized formulation of these states: [CuII(L)(L'—)]+.
Our results, which are the firat of this type reported for dg-dlo
transition metal complexes, are a further demonstration of the power of
RR spectroscopy for the investigation of redox excited states.
Furthermore, the technique could he used as a probe of charge-separated
excited atates in which longer-lived charge storage might be expected

to occur. We intend to address this aspect in future work.
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Pig B1.11 (a) (i) ground state (Ar', 363.8nm, 100mi)
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Fig B1.11 (b} excited state (dye, 540nm. SmJ pulge energy) .




2., Metallacarbene Complexes

Metallacarbernes such as the Filscher complex are Important in thermally
induced catalytic transformations, one example being the ring-opening
polymerization of cycloalkenes. In this respect, their photochemical
behaviour is of considerable intereat because of the possibility of
populating both charge-transfer and ligand-field (LF) excited states
which may exhibit distinctive reactivity patterns. It 1s now well
established that excitation in the LF bands of the Fischer complex
leads to a highly reactive species following photo-induced loss of CO:
(€Y W=C(OMe)Ph - LF excit" + (C0),H=C(OMe)Ph.

We have now used RR spectroscopy to provide information on the

structure of such specles.

Preliminary studies of the complex at QUB using a Nd/YAG laser pulse
at 355nm and spectrophotometric detection showed the prompt formation
of a long-lived transient (1~10 wus in dichloromethane) with a strong

but featureless absorption band in the region of 360nm.

For the RR studies, sample handling and the experimental set-up were

similar to those for the copper work. Figure Bl,l12 shows examples of

Bl.1l1

Pig B1.12 Resonance Raman speetra of (C)5 W=C(OMe)Ph in
dichloromzthane Upper: Ground state {Ar+, 363.8nm, 100mW) Lower:
Transient species {dye, 360nm, 2.5mJ pulse energy) * denotes transient

featurea.

the RR spectra obtained, The ground state (lexc = 363.8nm) shows
vibrations characteristic of the carbene ligand since at this
wavelength resonance enhancement occurs via & metal*carbene CT
transition. Somewhat surprisingly, no features directly attributahle
to modes of the W=C bond have been observed. In the spectrum generated
with the pulsed dye laser source at 360nm, (which creates and then
probes the tramsient}, features due to both transient and residual
ground state are observed. Several of the (shifted) transient features
oceur with the same relative intensities as ground state counterparts
and must be enhanced via a similar type of transition. The intense
abgorption band of the transient at 360nm is therefore also assigned to

a W---Carbene CT trausition.
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Analysis of the frequency shifts leads us to tentatively assign a
eyclie structure to the translent formed after initial GO loss (Figure
Bl.13).

H- C.Hi“l

(CO), W===C—Ph

Pig B1.13 Proposed struotura for the transient aspecies formed after CO
loas.

One mechanistically significant point abhout the proposed specles is
that it contains an “"agostic” hydrogen, bound both to carbon and to the
tungsten centre., The feature at 1105 em~! which appears in the RR
spectrum of the translent is in the region where vibrations due to

such an agostic specles would be expected to occur. To provide support

Bl.13

for the assignment we are currently studying the RR spectroscopy of
the deuterated (-OCDs) complex. These Initial results do however
indicate that the RR technique is capable of providing information of
considerable mechanistic value in these important complexes.

Time-resolved Raman studies are also planned.

Bl.4 MOLECULAR BEAM STUDIES OF THE GEOMETRY OF OXIDES AND HALIDES
OF THE TRANSITION ELEMENTS

I R Beattie, T R Gilson, K Millington and § Firth
Southampton University

A knowledge of the geometry of discrete molecules of the oxides and
halides of the transition element is of fundamental importance in
valence theory (Ref Bl.l) and is necessary for the interpretation of
the molecular properties of these species. Because of the high
temperatures necessary to vaporise the compounds most conventional
physical techniques cannot he applied to determine the geometry of the
isolated gas molecule. The approach adopted in the present experiments
18 to seed the sample into a high pressure (up to temn atmoaspheres) of a
carrier gas (argon for example) followed by Isotropic expansion into a
rapidly pumped vacuum system operating at about i072 torr. The
resultant free jet expansion contalning rotaticmally cooled molecules
is probed by a narrow band tunahle dye laser. Examination of the total
fluorescence while scanning the dye laser leads to excitation spectra.
Ideally each line corresponds to one rovibronice transition., Thus a
rotational analysis, coupled with suitable lsotopic substitution can

lead to both ground and excited states molecular geometries.

During Division Head's Week in January 1986 a complete molecular beam
apparatus was transported to the Rutherford Laboratory. The preduction
of a beam of nickel dichloride seeded into argon was guccessful ly
accomplished and this was crossed with the dye laser. Several
fluorescence spectra were recorded in the regicn 335-350 nm. These
gpectra wete not run under maximum regolution (becguse of difficulties
with the laser line narrowing etalom), so that clear cut assignments
could not be made. However the spectra did show some reproducible fine

ptructure,
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It is proposed to make further studies of NiCl, and also to examine
related specles such as FeCl, and CoCl, which can also be seeded Into

argon at temperatures of the order of so0®c.

Bl.5 LASER PHOTOACOUSTIC SPECTROSCOPY OF C-H LOCAL MODES IN
CYCLOBUTENE

J E Baggott, D W Law, P D Lightfoot and I M Mills
University of Reading

Introduction

High—energy stretching overtones of X-H bonds (X=C,N,0 ete) exhibit
local mode behaviour in that thelr pesitions and intensities may be
understood In terms of a diatomic morse oscillator formalism, in
apparent contradiction of our understanding of molecular vibrations in
terms of normal modes. This apparent contradiction has been reconciled
by the work of M{11s and Rohiette (Ref Bl.2) and we are now in a
position to model the vibhrational structure of X-H overtones starting
from either pure normal mode ot pure local mode basis functions
ptovided the necessary coupling matrix elements are included in the
Hamiltonian. 1In the local mode representation the X-H bonds are
coneidered as independent morse oscillatoras with terms allowing for
coupling to any symmetrically equivalent bonds included as off-diagonal
elements. Such coupling is most effective at low vibrational
excitation (normal modes) but becomes overwhelmed by the effects of
morae anharmonicity as the excitation is increased (local modes). Such
behaviour has important comsequencee for vibrational photochemistry
(Ref Bl.3,Bl.4).

As part of a continuing study of the vibrational structure of C-H

local modes in cyclobutene (Ref Bl.5,Bl.6) we have determined
photoacoustic spectra of the v=4. overtones of hoth methylenlc and
olefinic C-H bonds, The former was determined using pulsed laser
techniques at RAL and the latter using Iintracavity CW dye laser
techniques at Reading. Cyclobutene undergoes a ring-opening reaction
to form huta-1,3-diene with a low threshold (ca 11300 co~l) which falls

Bl.15

between the two v=4 overtones. Thus, isomerisation may be induced by
excitation of the olefinic va& overtone, and kinetic experimeats are in

progrese in our laboratory (Ref Bl.7).

Experimental

The intracavity CW dye laser techniques have been described previously
(Ref Bl.B). Absorption spectra of gas phase cyclobutene in the range
10600 - 11120 cm-l were measured using pulsed laser photoacoustic
techniques similar to those used by Perry et al (Ref Bl.%). A Lamhda
Physik EMG 1O1E XeCl excimer laper was used to pump a FL2002 dye laser
IR 140, Output from the dye lagser was passed through a non—resonant
photoacoustic cell containing a Knowles BT 1759 electret microphone. A
sample pressure of 506 Torr was used, Pulse repetition rates were
typically 10 Hz. The microphone signals were amplified and detected by
a boxcar integrator conslsting of an Ortec/Brookdeal model 94153 Linear
Gate and model 9425 Scan Delay Generator. Output signals from the
boxcar were transferred to an Apple IIe microcomputer via a commercial
12-bit A/D converter. The boxcar gate was usually set on the first
acoustic shock wave and the amplitude of this signal was monitored as a

function of excitation wavelength.

Resulte and Discussion

The laser photoacoustic spectra of both methylenic and olefinic vad C-H
overtones are shown in Flgure Bl.l4. These data have been added
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Photoacoustic Signal/Arb Units
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Wavenumbers

Fig 81.14 [Laser photoaeoustie spectra of gaa-phasa cyclobutens in the
region of the ¥V = 4 € = 1_1 gtretahing auertanes,'f - dataermined using

pulsed lacer tachniques, seg taxt, II - determined using intmeavity CW

lager techniques.

together with similar data on the v=5,6 overtones determined using CW
laser photoacoustic spectroscopy (Ref Bl.6) to build up a plcture of
local mode effects in cyclobutene. The band positions have been
modelled uelng two effective vibrational Hamlltonians, cne for each

type of C-H bond present.

Bl.17

Particularly relevant to the suggestion (Ref Bl.3) that local mode
behaviour may result in mode-specific photochemical rearrangements, we
have analysed our viprational Hamiltenlana in terms of the
time-dependent evolution of superposed eigenstates, using a local mode
basis (Ref Bl1.6). Such an analysls allows us to determine the time
scale over which coupling to other molecular vibrations causes
probability te flow out of the initially populated local mode basis
state. We have concluded (Ref Bl.6) that the effects of Fermi
resonances between the methylenic C-H overtones and states involving
ring C-C stretch modes cause rapid loss of specificity (subplcosecond
time-scale). The olefinic C-H overtone, on the othexr hand, shows
behavicur characteristic of a 'nearly’ pure‘local mode and we must
therefore suggest that coupling between Euch states and the high
density of background vibrational states occurs, but we cannot deduce
the relevant time-scale of such coupling from our spectra. The results
of kinetic studies (Ref B1.8,B1.10} indicate a plcosecond or
subplcosecond time-scale. Work on local modes in other polyatomic

molecules 1s in progress.

Bl.6 REACTION QF CH30 and CHSOz RADICAL
M Keiffer, M J Pilling (Oxford University)
Introduction

Reactions Iin the CH3/02 system are of importance in combustion
processes. At the lower temperatures relevant to prelgnition in
internal combustion englines, the reactions proceed through the methyl
peroxy radical, although at slightly higher temperatures this radiecal
becomes unstable; indeed the ingtability of peroxy radicals is thought
to be the major source of the negative temperature coefficlient observed
in the reglon between the first and second ignition stages in rapidly
compressed alkane/oxygen mixtures. Clearly a detalled understanding of

reactions in the CH3/02 system is of central importance in this area of

combustion chemistry.
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We recently demonstrated (Ref Bl.1l!) that previous flash photolysis

measurements of the rate constant for rteaction {(1):-
CH3 + o2 + M —m——t (:H302 + M (1)

were invalidated by sipgnificant contributions from radical/radical

reactions, in particular

CH3 + CH302 ————— 2 CH30 (2)
By working at low radical concentrations we were able to eliminate
these effects and go obtain accurate data for kl' Analysis of data at
high radical concentrations enabled estimates of kz to be made. The

experiments also demonstrated that the reaction:—

————— -
CH30 + CH302 Products (3)
18 much faster tham had been realised., The purpose of the pregent
experimente was to investigate the feasibility of measuring k3 using
flash photolysis coupled with LIF detection (for CHBU) and absorption
spectroscopy for (CH302).

Basls of Method

The basic approach is to generate CH302 and CH30 by 193nm laser flash

photolysias of mixtures of acetone, methyl anitrite and oxygen:-

CH3C0CH3 ———— ZCH3 + CO
CH3 + 02 ————— CH302
CH30N0 ———t CHJU + NOD

such that [ CH;0,] 3> [CH;0]. The CHi0, fs then monitored at 254 nm by
absorption, averaging the signals over a large number {~2000) of shots,
whilst the CH30 is monitored using a pulse—probe LIF technique at
293nm, the time delay between the pulse and the probe being variled to

build up a decay profile for CH30 simultaneously with that for CH302.
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The method of data analysis is similar to that employed in our

experimenta on CH, + H, {(Ref Bl.12}.

3
Experimental

The experimental system is8 shown in Fig BIl.15. A dichroic mirror was
employed to direct the photolysis laser pulse aleng the absorption
axis, The major difficulty was to reduce scattered light from the Xe
lamp and the photolysis laser at the fluorescence photomultiplier. The
absorption and fluorescence techniques have opposing requirements and
much of the week was spent trylng various optical arrangements — in the
end, satisfactory performance was obtained. Good absorption aignals
were recorded at 254nm and fluorescence signals for CH30 were also
recorded, albeit very weak ones. Problems were encountered with the
doubling crystal and the doubled dye laser output was very low for much
of the week, although satisfactory pulse energles were obtained by the

end.
Gonclugions

The experiment 18 a complex one and, in the week allocated to us, it
wag not possible toc do more than demonstrate that the experiment 1is
feasible. We have now acquired a CMX4 laser on loan from CEGB and hope

now to complete the experiments at Oxford.

Bl.7 PHOTOLUMINESCENCE FROM THE 5D STATE OF THE EU3+ DECATUNGSTATE

1
ANION IN SOLUTION

James R Darwent, Colin D Flint and Phil J O'Grady
Birkbeck College, University of London

Introduction
3+
The luminescence of complexes of the Eu™ 1on in crystals, glasses and

fluid solutions has been extensively studied. 1In dilute crystals at

low temperatures it is sometimes observed that, in addition te
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Fig B1.15 Schematie of experimental arrangement.
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5DJ(J-I.Z,J) states which lie about 1800, 4100 and 7000 c:rn_1 to high
energy lg detected (Ref Bl.13,Bl.14). This emtssion is alse
occasionally observed in undiluted crystals where {nterlanthanlide
coupling f{a weak (Ref Bl.13). As far as we are aware emission from the
higher components of the SD Russell-Saunders term has never been
observed in aqueous golutions and {t 1s arguahle that no emisslon would
be expected since these states can reiax to the lowest 5D0 level by
coupling to a single quantum of a high frequen¢y vibration. Even for
Eu3+ in YVOA, where two vibrational quanta are required, the emfssion
from the 501 level was not ohserved although an upper limilt of 4% at 4K
and << 1X at 77K was placed on its contribution to the total emisslon

(Ref Bl.15).

Balzanl et al (Ref Bl.16) have repotrted that the Euwlooasg_ lon shows

intenge lumlnescence in aqueous solution under UV or 394 nm excitatioen.
In the latter case they report the quantum yleld in DZO as 0.5 and the
lifetime as 3.7 x 1079 &,

an inorganic photosensitizer.

They suggest that this fon may find use as
The high value of this quantum yleld
indicates that the polytungstate ligands are effective in screening the
5 3+
D, atate of the Eu

0
the solvent molegulesn.

ion from multiphoton radiationless relaxation hy
It seemed probable therefore that in this
species the solvent moelecules would algo be relatively ineffective in
enabling the 5D1 + 500 radiationless relaxation and that this Lon may
represent a case where the 501 state would be relatively long lived and

play an important role in the photephysics of this system.

Experimental

NagEuW10036.18H20 was prepared by the method of Peacock and Weakley
(Ref B1.17) and dehydrated by standing over eilica gel Iin vacuo. Two
laser gystems were used for study of the photophysical properties of
this 1on. The first, which was used for kinetic studies and low
resolution ppectroscopy consisted of a EMG 150RTS Lamda-Physik Fxcimer
laser operated with KrF producing 100 mJ of 248 nm radiation, together

with a 0.2 m monochromator, R928 photomultiplier and a Philips 3305
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resolution spectroscopy consisted of a EMG I50ETS Lamda-Physik Excimer
laser operated with KrF producing 100 mJ of 248 nm radiation, together
with a 0.2 m monochromator, R928 photomultiplier and a Philips 3305
digital oscillescope Interfaced to a microcomputer. The second aystem
consisted of a JK System 2000 Nd:YAG pumped dye laser which with
Coumarin 480 and 30 mJ of 365nm pump produced ca 3 mJ of 468 nm
radiation at the sample at 10 Hz repetition rate. The radlatlion was
dispersed via a 600mm D460 Monospec monochromator and analysed on a PAR
OMA II with an intensifled diode array camera which could be gated.
The gating pulse was derived from the laser with a fast photodiode
which resulted im the gate opening 100 ne after the lager pulse. This
prevented stray light Erom the laser and Raman scattering from
distorting the spectra. Between 4 and 1500 laser pulses were used per
measurement depending on the gate width employed., Some room
temperature, low resolution spectra were messured using a Perkin-Elmer
MPF 3 spectrofluorimeter. Low temperature solid state spectra were

measured using a CFl00 continuous Elow liquid helium cryostat.
Results

The room temperature 395 nm excited luminescence spectrum of a 0.1 M
dolution of EUHIOUBGQ- in DZO 18 shown in Filg Bl.l16. The gpectrum 13
similar to that reported by Balzani et al. Heasurement of the
luminescence decay cutrve at room temperature as a O.1M solution in D20
with 248 nm exclitation and the ohservation wavelength as the major
emission maxima gave an exponential decay with a lifetime of 2.3 x
1073
to leas than 10'“ M. Under higher time resolutfon it was clear that

this emission had a rise time with a time constant of 7.1 x 10_6 8

s which increases to 3.8 x 10-33 when the concentration is reduced

independent of concentration and that a second emlssion process with a
decay time equal to thie rise time gave luminescence at 19 000, 18 650,
18 Q00 17 100 and 16 030 cm-l. This kinetic behaviour is shown in Fig
Bl.17. The wavenumbers of these transitions indicates that they arise
from a gtate geme 1790 em~! to high energy of the SDU which can only
be identified as the 5Dl state of the suwluo369- complex.
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transition.



The same two emlssion processes were also observed with excitation
into the 5Dz level at 21 375 cm ! and under higher spectral resolution
the short-lived emission could be resclved intoc several components.
These spectra were most conveniently obtained by using a 1073 s
observation window starting 10~/ 5 after the laser pulge (¥Fig B1.18).
The 51‘)1+7F3 emission (17 000 cm 1) lles under the 5Du+TF1 transition
and Fig Bl.l18c has been obtained by subtracting the long lived

emission. This has tesulted 1n some distortion in the wings of the

spectrum. The bDl*’FH (16 030 cm™!) is a weak emlssion in the same

reglon as the strong 5D0+ sz traneition. It 1s seen most clearly as a

intensity
a b c
| 2N\ s
16 400 15900 16 400 15900 16 400 15 900

Energy cm™
Fig B1.19 Time evolution of the 620 nm emiseion of a 0.1 M solution of
Eu | 0,3 in D,0 excited at 467.8 nm, using a 2 = 10~% g observation
window centred at (a) 1.1 = 10~% a, (b) 7.1 x 1078 g and
{e) 21.1 = 10-° & after the laser pulse. The half-ilife of tha SDI
atate ig 4.9 = 10-® 8. The low energy emisaion in (a) ta due to ths

5 .
Dy#7F, transition.
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low energy line in the first of the time resolved speckra (Fig

Bl.1%). Measurement of the development of the luminescence as a
function of time following pumping of the 5D state ghows that >977% of
the population of the 5D0 state 18 from the D1 state rather than
directly (Fig Bl.19). In contrast pumping into polytungstate bands
with 248 nm radiation results in more than 20Z direct population of the

5D0 within 100 ns of the laser pulse.

The luminescence and excitation spectra in H20 are similar with all the
main features shifted a few cm—l to lower energy. At low
concentrations the 5D1 state hase a lifetime of 3.7 x 10-6 8 Increasing
to 4.8 x 10_-6 8 at 0.1 M which 18 equal to the risetime of the 5DO
emission. The lifetime of the 5DO state also changes from 260 x 10-6 ]
to 1.8 x 10"3 8 as the concentration is increased.

In this work we have shown that two long lived luminescent states of
Euw100369_ can be observed in aqueous solution at room temperature.
Their well established spectroscoplc properties and preclsely defined
energy levels should be well suited for energy transfer studies. TIf
this 1on is used as a photosensitizer, as suggested by Balzanl et al,
then both of these states may be explolted.

Bl.8 LASER-INDUCED DESORPTION OF PHYSISORBED ATOMS AND MOLECULES

J P Hardy (RAL)
CJ S M Simpson {Oxford University)

Introduction

Laser—-induced desorption (LID) of molecules and atoms physisorbed or
chemisorbed on gurfaces has been used to probe the nature of energy
transfer at surface/absorbate interfaces. Desorption mey be induced
by rapid heating (>1010 K/sec) of the surface with a nanosecond laser
pulse or by resonant excitation of internal modes of the adsorbate.
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Both kinds of experiment have shown that molecules desorb with very
low translational energy. For the non—resonant, thermal desorption
case, velocity distributions for degorbed species are typlecally far
below the final temperature achieved by the substrate during the laser
pulse (Ref Bl.18).

This observation has lead to some speculation that for the very fast
heating rates induced by a nanogsecond laser pulse, the atom or molecule
does not fully equilibrate with the surface before desorption occurs.
Cold translational temperatures may therefore reflect non-equilibrated

rotational, vibrational and translational degrees of freedom.

Alternatively, it has been argued that the overriding constraint on
the translational temperature of departing atoms and molecules 18 the
potential well depth that must be overcome before desorption can oceur-
Depressed translatlonal temperatures are seen Iin this case as evidence
of an adiabatic or near-adiabatic desorption process in which energy
transfer from the surface is not fast enough on a nanosecond

timescale to replenish the energy used by the desorbing species to
overcome the pofential well depth (Ref Bl.19).

The LID experiments performed at the RAL were a comparative study of

g0 CO and HZO phyaisorbed on

polycrystalline copper. The aim was to clarify the issue of the

the atoms Ar and Xe, and the molecules O

relative importance of non—equilibrium effects, lnternal energy tranfer

or adlabatic processes during desorption.

Experimental

A polighed polycrystalline copper plate was used as the, substrate. It
wag placed in a UHV chamber (base pressure 5:1||:10—10 torr)} and cooled
with liquid He to the 25 to 40K range. Monolayer and multilaver
deposition of adsorbates was achieved by introducing viz a bleed valve
the appropriate gass to a pressure in the 1 to 5 x '.lO_'9 torr range as
measured by the quadrupole mass spectrometer (QMS). The probe was
cooled steadily until pressure reduction indicated that deposition had

occurred.
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The Tambda Physik FL2002 dye laser was used to irradlate the surface
(585nm, 12na fwhn, 45° angle of incidence). After aperturing to l.5mm
diameter, the pulse energy at the surface was varied in the range 1 to
ImJ (4-12 MW cm_2 peak power). The absorbtivity {ratlo of reflected
Intensity to incident intensity) for the sample for these intensities

was .5 to .6.

Desorbed molecules and atoms travelling normal to the surface were
detected by the QMS. The fonizer of the QMS was shielded by a liquid
N2 cooled shroud which acted both as a cooled aperture to prevent
molecules undergoing collisions with chamber walls from entering the
iontzation region, and as a shield to reduce radiative heating of the
cold surface by the filament. The time of flight (TOF) distance was
get at 69mm. Signal from the mass spectrometer was digitized and

displayed on an oscilloscope.

Resultas and discussion

Table Bl.2 summarizes the results obtained on the LID experiments. The
temperature Increase of the Cu substrate resulting from the lager pulse
was calculated to be in the region of 200 to 300K (Ref Bl.20). The

translational temperature for the desorbed species was calgulated fronm

the maximum of the observed TOF distribution using

T m EE _m
t7 4K
where d 1s the TOF distance, t Iz the time corresponding to the

maximum in the distribution and m is the mass of the specles desorbed.
Figure B1.20 shows a typical fit obtained by using the

Maxwell~Boltzmann distribution corresponding to the temperature

obtalned in this manner.
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Photodesorption yield (arbitrary units )

20

10r

1-6 20
Time/ms

Pig BI1.20 Ezperimental photodesorption yield for Ar muiliilayers,
ineident laser intensity 6 MW cm—z. Solid line, Maxwell-Boltamann
diatribution for 58K.

All specles coneldered clearly desorb with translational temperatures.
far below the final temperature of the substrate. For low coverages of
02 and CO the translational temperature 1s depressed even relative to
the starting temperature. The 02 data shows that the desorption
temperature is very oensitive to coverage, with multilayer coverage

resulting in the highest translational temperatures.

Ar and Xe desorbed from multilayers show similar tramslational
temperature suggesting that energy transfer to internal degrees of
freedom~1is not responsible for the cold temperatures observed. In
fact, calculations ghow that even If cooling by collisions was
occurring, the observed translational temperature was still lower than
the maximum T to R transfer posslible.
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The desorption of molecules or atoms from multilayers which are
transparent For the Incldent radiation will not be a direct process.
The initial and very rapid heating of the Cu substrate and the
corresponding monolayer of adsorbate immediately adjacent to it will

be transferred at & slower rate through the successive layers until the
final layer achleves a sufficient temperature for desorption to occur,
The higher translational temperature for atoms or molecules desorbing
from multilayers suggest that the process is slowed down sufficiently
for the desorbing particle to continue to recelve energy from the
surface, or 1ts neighbouring energetic adsorbates while it climbs up

the potential well before desorbing.

The latent heats of evaporation of Ar, 02 and Xe are 7.9kJ mol_l, 9,3kJ
|:|1ol.-1 and 15.4kJ mol_l reapectively and these species desorb with
corresponding temperatures of 75, 60 and 57K. These preliminary
experiments therefore provide evidence that the deeper the potential
well, the more slowly the molecule or atom will depart for a given

heating rate.

Further evidence for this contention is alsoc provided by the

desorption of HZO which has been coadsorbed with Ar. Hzo desorbs at a
much lower temperature than the surrounding Ar atoms. Thus the lower
temperature of the desorbed R20 is a reflection of the greater binding

energy of the H O in the Ar lattice compared with Ar itself.

2
The results of these preliminary experiments provide strong evidence
that the major cause of subthermal velocities for atoms ot molecules
desorbed by nanosecond laser pulses 1s that the desorbing species
leaves the surface faster than energy can he transferred from the
purface to the absorbate. That 1s, on the nanosecond timescale of
these experiments, the desorption procese is adiabatic or near
adiabatic, resulting in low translational and presumably rotational
energy In departing molecules, It 18 not necessary to evoke

non—equilibrium heating of the adsorbate to explain results.,
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Yable B1.2 These results were obtasined using a Cu surface which had not been

subjected to any special cleaning procedure. We have just completed

some initial work in the same apparatus using a titanium

polyerystalline surface which has been cleaned with an Ar atom gun.
Desorbed

Material Initial Species State of Ar and CHA degorb with similar temperatures, lending further support to

fa) {b) the conclusion that internal energy transfer 1s not responsible for

Absorbed . Temperature Temperature Adsorption
translational cooling. Further work on different cleaned metallic and
dielectric surfaces should enable more quantifiable data on the effect

f
0 1% 13 + 3 sub monolayer of potential well depth on translationa} temperatures for desorhbing
2 particles. It should also be possible to extract informationm on rates

02 30 47+ 7 monolayer of surface diffusion for weakly bound adsorbates.

02 26 60 + 10 nultilayer BlL.9 FLUORESCENCE OF DISSOCTATING MOLECULES

o 10 20 : 5 monolayer J G Frey (Southampton University)}

Ar 25 75 1-17 nultilayer Attempts were made to observe high overtone Raman/fluorescence emission
during the dissocfation of lodomethane following excitatlon at 248nm

ith the EMGL50 d XrF . 1

“20 25 24+ 5 co-adsorbed with Ar w 1ine narrowed XrF excimer laser. The molecules are

excited to a repulsive state from which emission 1s very weak owing
-radi . 1asi th

Xe 40 . 57 + 15 multilayer to the conmpeting non-radiative processes. The emlasion that does oceur
provides a considerable amount of Information on the structure of the
highly exclted molecule and the sub-picosecond dynamics of the
dissoclation, including the detalls of the nuclear motion during
dissociation. The conmection between the band intensities and

(a) +1K frequencles and the potential energy surface is made with the

time-dependent formulation of Raman scattering developed by Heller.
The initial excitation transports the ground state wavefunction on to

(b) For description from multilayers the measured temperature depends upon the

the exclted state surface. As it is mno longet an elgenstate it will
thickness of the adsorbed layer; the average values of the temperature are ited state su 8 & B

glven. evolve with time, moving out along the potential energy surface towards
dissoctation. The emission of radiation, governed by Frank-Conden
overlap congiderations, occurs to higher and higher vibrational levels
of the ground state. The long progressions of the ground state
vibrational mode that should oceur will map out the progress of the
wave packet on the excited state surface and thus the progress of the

dissoclation.
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Initially there were some problems with the EMG150 and with the
monochrometer which were resolved within the first few days. The laser
‘radiation was then focussed fnto a gimple flow cell. The flow rate and
pressure were adjusted so that the viewing region was irradiated {too
high a pressure and the radiation wouid be totally absorbed at the
front of the cell). The fluorescence was collected with a simple
imaging system and focussed onto the monochromator slit, with the
output recorded on the OMA. While some Raman signals from air could be
geen, little could be recorded from the iodomethane desplite extensive

signal avefaging.

These test experiments indicate that improved optics are needed to
collect a much greater fraction of the emitted radiation. This coupled
with 2 wore suitable monochromator should ensure the success of the

experiment.
Bl.10 PICOSECOND DIFFUSE REFLECTANCE LASER FLASH PHOTOLYSIS

F Wilkfnson, C J Willsher and P Lelceaster (Loughborough University) and
M J C Smith (RAL)

Introduction

Flagh photolysia has been proved to be an invaluable technique to study
primary photoprocesses 1n a large number of aystems {(Ref B1.21), and
hag now been guccessfully extended by us to include opaque materizls

by employing as the analysing source light diffusely reflected from a
sample in order to monitor transient absorption following pulsed laser
excitation (Ref Bl.22). By means of nanosecond "Diffuse Reflectance
Laser Flagh Photolysis” we have successafully studied transients in a
wide range of samples, including microcrystalline ketones (Ref B1.23),
inorganic phosphors (Ref Bl.24), dyed fabrics and polymers (Ref Bl1.25),
doped semiconductors (Ref Bl.26) and from a variety of organic
molecules adsorbed on or intercalated in oxide substrates (Ref B1.27).
The development of plcosecond lasers has extended the study of
transient absorptions in homogeneous or transparent media to the
nanosecond and gub-nanosecond time scales (Ref B1.28), but all such

improvements in time resolution have been reported exclusively for
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optically transparent systems using transmission flash photolysls. We
have now succesafully carried out the first ever experiments of
"Plcosecond Diffuse Reflectance Lagser Flash Photolysis” using xanthone
adsorbed on silica gel in the form of an opaque white powder. This
sample has already been studied by us using nancsecond diffuse
reflectance laser flash photolysis and a triplet-triplet absorption
centred on 390 nm was easily identified, which makes it an ideal
material to pump at 295 nm and probe at 590 nm uwsing wavelengths which
are readily available on the picosecond laser RAL. We now show that
the growth of the xanthone triplet can be followed by directly
measuring the level of the probe beam diffusely reflected from the

sample by varying the delay between the pump and probe beams.

Experimental

Generation and detection of the transient absorption was effected by
pumping the sample at 295 nm (pulse width = 6 ps, energy = 20 puJ) and
probing at 390 nm (energy = 1 pJ), using the Spectra-Physics picosecond
laser system at RAL. Light diffusely reflected from the sample was
detected by a filtered photodiode, and the signal fed to a Boxcar
Integrator and thence to & IBM microcomputer. A second photodiode
monitored a portion of the probe beam taken before hitting the sample,
in order to correct for shot-to-shot variations. The sample of
xanthone contained 11.5 mg of xanthone per 5 g of silica ("Davasil”,
with a particle radius of 60 % and surface area of 480 ng_l) and was
held in a powder holder behind a quartz window. Nearly colinear pump
and probe beams were incident normal to the quartz window, with the
pump beam about 2 mm in diameter and the probe beam located entirely
within the excited area of the sample. A portion of the diffusely
reflected probe beam was detected by the photodiode. Figure B1.21
{1lustrates the basiec arrangement for carrying out transient absorption
measuremernts, and the method of extracting information on the transient

absorption from the photodiode signals is given below.
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To boxcar -« O

Pump + Probe

Fig B1.21 Experimental layout, ehowing priem Pl used to separate the
295nm and 590nm beams, and the movable corner cube CC used to adjust
the timing.



The signal detected from S with both pump and probe beams on is:

Son ™ aJigo + BE + by

where Jigo is the reflected light modified by transient absorption at
the probe wavelength, E is the emission induced by the pump and
transmitted to the photodiode by the filter, and b1 {8 the background
signal. With the pump beam off the signal is:

590
Sege T &yt by

where J:go is the reflected light from the béckground at the probe

wavelength, and b, 1s the background signal. Since R=J/I0 (where R is

2
the diffuse reflectance, and Io is the incident probe intensity), then

550
§ = aRt Io + BE + b

on 1

590
and Soff = aRb Io + bz

The signal from the normalisation detector N 1is:

N=yI, + b3

where b3 is the background signal from this detector. Baseline offsets
(bl,bz,b3) were all small and amounted to less than 5% of the signal
from 5 or ¥. 1In addition, negligible emission was detected from the
gsample when pumping at 295 nm, so the term BE is insignificant in this

case.
A plot of Son vas N normalises for shot—to-shot variation and gives;
Blopeon = (5

590
on " bl)l(N - b3) = aR| I8
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and similarly for soff:

590

slopeo = (S - bz)/N - b3) - aRh fr

143 of f

The ratio of transient reflectance to background reflectance is;

590/R590

£ . slopeon/slopeoff

and the transient absorption of the sample is therefore;

590, 590 590, 590
l--(Rt /Rb y=1- (slopeon/slopeoff) = AR /Rb
Results

To record transient absorption (which is, strictly speaking, the
relative decrease in diffuse reflectance), signale due to the probe
beam alone and due to simultaneous pump and probe were obhtained. Each
run comprised 100 shots, with normalisation for shot-te-vhot
variation carried out as described above, Transient absorption
following excitation at the pump wave-length reduces the level of the
diffusely reflected probe beam, Thls has been observed for different
delays between the pump and probe beams incident on the same area of
gample. The results obtained are shown in Figure B1.22. Tt can be
geen that the tramsieat absorption at 590 nm has a rise-time (l/e) of
ahout 200ps, and at later times, up to the maximum delay studied, the
intensity of the diffusely reflected probe pulse levels off to a
constant value, which represents an Bz‘abaorption of the probe beam.

It has been found from nanosecond diffuse reflectance laser flash
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Reflectoance changes at 590nm following 295nm excitation
ot Xanthone Adsorbed on Silica Gel.

10

Percentage Reflectance Change
L |

A I M 1

0 1 2

Time/ns
FPig B1.22 Change of diffuse reflectance of zanthone om eilica gel as a

funetion of delay between pump and probe baams. Pump wavelength
= 285nm, probe wavelength = 590nm.

photolysis of this sample that the transient absorption eventually
decays on the microsecond timescale. These results represent the
first observation of the growth of an absorpticn in an opaque sample
following plcosecond excitatlon due in this case to the production of
the triplet state in xanthone, but spectral information will 'be

required to confirm this assignment.

Bl1.11 TWC—PHOTON SPECTROSCOPY OF URANYL COMPOUNDS
R G Denning, J R G Thorne and T J Barker (Oxford University)

This report describes the continuvation of our study of the elecroniec
gstructure of the uranyl ion by two—photon abgorption spectroscopy. The
background to this study was presented in last year's report. During
the year we have extended the study to new compounds, including some
with oxygen lsotope substitution, and extended the wavelength coverage
by using the Facllity's Nd:YAG pumped dye laser. This laser has allowed
ug to work with the first Stokes output of a hydrogen Raman cell giving

1 w} pulse energies in the spectral region close to 1 micron.

The work on CsZUOZCL4 single crystals is now complete. A descriptionm
of the electronic structure of the uranlyl ion, which has unusual
chemical stability, 1s the objective of thie work. The complexity of
the problem i3 illustrated by the fact that fourteen parity conserving
pure electronic transitions are found in the energy range from
20,000(::11-1 to 32,000 cm_l. In addition the higher energy portion of
this spectrum shows evidence in one-photon absorption (OPA) of broad
intense parity changlng transitions. 1In the face of thies complexity
the two-photon absorption (TPA) spectrum shows remarkable simplicity.
Only the pure electronic transitions and sidebands due to the gerade
vibrations are observed in place of the electric dipole vibrationally
induced intensity of OPA. In the latter case the polarity of the
vibrations lead to a strong dispersion with respect to the photon
wave-vector so that the spectrum displays structure which reflects the
phonon density of states modulated by the electron-phonon coupling.
Such dispersion 1s completely absent from the electronle origin bands
observed in TPA, while the perade vibrations, which exhibit a higher
order polarity, have much smaller dispersion. As a consequence it is

possible to measura the true homogeneous width of the origin bands iIn

favourable circumstances.

It is not practicable to present the full analysis of the spectrum
here. Instead we pick out four i1llustrative examples. First we can
observe, with a signal to noise ratio of 10:1, transitions in which one

quantum of the uranyl symmetric atretching mode is superimposed on a
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pure electronic transition in the cation containing the natural
abundance of oxygen-17; the cation concentration being 0.075Z. This
1llustrates the remarkable dynamic ramge over which the experiment can
detect sharp features, and has far-reaching consequences for the
implications of our study because it has been argued that the analysis
of he electronic structure may be flawed If weak electronic
trangitions have not been detected. With the sensitivity now

obtained we are able to make a positive assignment of every spectral
feature In the region below 28,000 cm—l at an intensity, throughout the
majority of the spectrum, equal to one thousandth of that of the most

intense features.

Second, we find that one of the twelve electronic states in the low
energy reglon of the spectrum has a width of 10 cm_1 compared with
values of less than 1 cmql for the remainder of the transitions. Using
the two-photon polarisations and the changes in the spectrum which
occur on oxygen—-18 substitution , it ig possible to show that this
width is due to the rapid relaxation of this state into identifiable
vibronie states assoclated with lower electronic etates. The mechaniam
of the coupling iz helpful in determining the one-electron
configurations which underlie these transitions.

Third, we observe a distinct progression in the U0, rocking mode in

2
which the linear triatomlc unit undergoes a symmetric displacement with
respect to the plane formed by the four chlorine atoms in such & way as

to preserve the two—fold axis in the C2 cerystallographic site. We

h
interpret this in terms of a small charge displacement from oxygen to
uranium , in the course of the electronic excitation, which modifies
the interaction between the oxygen atoms and the cesium ions in

nelighbouring positions in the lattice.

Finally, we observe two electronic states in the region above
29,000cm_1 which provide very strong and broad TPA. This part of the
OPA gpectrum 1s completely opaque due to a broad Intense parity-allowed
transition. Nevertheless the TPA spectrum (Fig B1.23) shows well
defined progressions in the U02 symmetric stretching mode with
frequencies that suggest that they share the same confipurational

parentage as the low energy transitliens. The origins of these
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Fig B1.23 One and two-photon absorption spectva of single ecrystals of

€8, U001, at 4.2K between 28000 and 32000cm=1.




progressions have the same 10 cm_I positive oxygen—18 lsotope shift as
the other electronic origins, confirming that the change in the zero
point vibrational frequencies i3 of the same magnitude in all the
states. The polarisations of these bands imply that they correspond to
an excited state which would have symmetry in the cylindrical ion.

This 1s particularly interesting because our previous theoretical model
of the electronic atructure predicted (Ref Bl.29) an electronic atate
with this symmetry in the high energy part of the spectrum, but such a
state could not be observed in OPA. GQuantitatively our simple
parameterisation of the perturbations of the valence electrons falled
because thls state was predicted to lie at an energy where it should
have been observable. With this state now clearly located in TPA it is
possible to refine the model. In particular we find that the TPA data
1is consistent with the predictions of a new ab initio calculation (Ref
Bl1.30) which includes the change in the core potential when the large
relativistic corrections for electrons with low azimuthal quantum
numbers are taken into account. The effect is to destabliise those
orbitals which have significant f-electron character in relation to the
other orbitals. The calculations show that the effeet 18 largest for
the configuration which is responsible for the transitions in Figure

1.11.1 and serves to explain the deficiencies of our elementary model.
Finally we have extended our study to include single cryastals of
CEUQZ(NOB) and NaUOZ(CHJCOO)3, where the effects of quite different

ligand environments can be studied.

We wish to acknowledge support from the SERC and our appreclation for
the valuable asslstance of Laser Facllity staff.

Bl.12 A NEW RADICAL: CCF?
R N Dixon, M J Trencuth and C M Western {(lIniversity of Bristol)
We report here the cobservation of a new band at 315 nm which we believe

to be the previously unobserved specles CCF. It was found by chance in

the course of studies on the methoxy radical CH30.
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Experimental Methods and Results

The experiments were performed in a low pressure (100 m Torr) flow
system involving the reaction of fluorine atoms (produced by a
microwave diacharge in 100 m Torr at a 10Z F2 in He mix) with a few n
Torr of various simple organic compounds. The reaction took place in a
standard laser induced fluorescence cell with baffle arms and a lens
system to collect light onto & photomultiplier. A long pass filter was
used to block scattered laser light for total fluorescence excitation
gpectra; this was replaced with a mono-chromator to obtain dispersed
fluorescence spectra. Excitation was achieved with the laser loan
pool's JK system 2000 YAG-pumped dye-laser with the output doubled. in

an INRAD pecond harmonic generator.

The fluorescence excitation spectrum of the new band is shown in Fig
Bl.24; the reaction F. +CH3OH was used in this case. Despite
extenslve searchea eilther side of this band no other similar
vibratioral bands could be geen though features due to CH30 and CH were
cbserved. In contrast, the dispersed fluorescence spectrum (Fig Bl1.25)
shows extensive vibrational structure with two vibrational frequencies,

1280cm © and 1920cm -

The band does not correspond to any well known one (Ref Bl.31) so the
reaction was varied to aid identification. The reaction F. +CD30D
gave the same spectrum indicating the absence of H. Both F. +
CHBCH20HCH3 and F. +CSH12 gave much stronger, but otherwise
indentical signals indicating the absence of 0. In contrast, the
reaction of air and F. did not give the unknown band implying the
compound did contain carbon. Likewise a microwave discharge in pentane
only, which is known to give rise to gpecles such as C2 and C3 (Ref

Bl.32) gave no bands in the reglon of Interest.
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Fig B1.24 Fluorescence excitation spectrum of the new species. The

absorption actually takes place at twice the frequency of the lager.



We concluded that the band was due to a compound containing only C
and F; however the spectroscopy of the obvicus candidates CF (Ref
B1.33), CF2 (Ref Bl.34) and CF3 (Ref B1.35) is reasonably well
understood and none show bands correspondlng to Fig Bl.24.

Intevestingly the spectrum is not produced by a discharge in CF,, a

4
source for CFo» though it 1s eeen if hydrocarbons are added as this is

also a source of F.

L.
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Fig B1.35 Dispersed fluorescence spectrum of the new species. The
exeiting laser wag fized on the etrongest bendhead in the excitation
spectrum. The vibrational transitione seen can be aseigned to

progresaions in two frequencies, 1280cpr} and 1820crr L.

Discussion

The excitation spectrum shows several clear branches which is moest
typlcal of an open shell linear molecule. The rotational apacing
(<1cm-l) suggests 3 heavy atoms which 18 consistent with the twe
vibrational frequencies seen in emlssion. We therefore propoae that

the species is the CZF radical whech has not been seen before. The only

Bl1.39

theoretical guldance avallable 18 a discrete-varilatinal Xa
calculation (Ref Bl.36) which unfortunately does not predict an
absorption at 315 nm.

A preliminary analysis indicates that neither of the states involved
is a | state but a reasonable reproduction of the spectrum can be
2
obtained assuming it is a " A - 2n transition. A more detailed analysis

13

is underway and we hope te confirm our assignment with ~~C isotopic

substitution.

An interesting feature which merits further study using different
techniques 1s the lack of any other vibrational banda. The long
progresaion geen in emission implies that there should be manmy strong
bands geen in absorption so their absence in fluorescence excitation
spectra is presumably due to a predissociation which must be strongly

dependent on vibrational state.

Bl.13 MULTIPHOTON LASER SPECTROSCOPY OF THE 212+ ELECTRONICALLY
EXCITED STATE OF HCl

M A Brown, P C Cartwright, P R R Langridge-Smith, K P Lawley,

R J Donovan,

Department of Chemlstry, University of Edinburgh, West Mains Road,
Edinburgh EH% 3JJ

Introduction

The ground electronic state of hydrogen chloride has been investigated
in numerous studles, both experimental and theoretical. On the other
hand relatively little information is found In the literature on
electronically excited states of HCl, even though these states are of
conslderable interest in connection with their probable importance in
laser physics and photochemistry. The expected peneral pattern for
"Rydberg” electronic transitions 1s not found and it is now clear that
mixing between "Rydberg"” and "Valence" states 1s essential for the
interpretation of absorption and emission spectra of molecules such as
HC1 (Refs B1.37-40), HF (Ref Bl.4l) and Cl2 (Ref B1.42). 1In each case
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the repulsive inner branch of an intravalence shell ("Ion-pair") state,

with a minimum at large inter-nuclear separation, cuts through the

entire "Rydberg” state electronic manifold, possessing minima at small Er\EFQY/ClTl-1
bond lengths, and causes various avolded crossings with members of the
Bame symmetry. As a result the otherwise regular pattern of a *

"Rydberg” family is heavily perturbed, as has been previously ohserved

in high resolution VUV absorption studies, though ne real explanatien 140 000
was given (Refs Bl.43-4). Recent ab-initie CI calculations on HCl have

predicted that the 2 lz+ gtate 18 an asymmetric double well potentlal

lying approximately 10.5 eV above the ground state. This potential 120'000
is believed to arise from the avoided crosaing of a )-Rlﬂ + 4pr

"Rydberg™=1ike origin state and the B ), valence o + ¢ "Ion—pair”

state (see Figure B1.26). 100'000

1.+
In view of the exotic nature of these mixed )} states we have recently
been performing some laser multiphoton spectroscopy on electronically 80 000

excited HCl. A few of our preliminary results are presented.

Experimental

60,000

Two photon excitation of HCl near 10.5 eV requires the production of
tunable laser radiation in the region 230-240 nmw. This was achieved

using non-linear optical frequency doubling and mixing technlques. 40'000

+

+
A Quantel YG581 Nd3 /YAG laser capable of delivering up to 300 mJ X {
pulse"lof 532 nm radiation at 20 Hz was used to pump a Quantel TDL50 20.000

dye laser. The dye laser fundamental (typlcally 610-630 nm) delivered

60 mJ pulae—1 at an estimated bandwidth of 0.08 cmﬂl. This was then R_‘ (bohf)
frequency doubled using a KDP crystal, to produce ultraviolet radiation 0 ct .

in the region 305-315 nm with typical pulse energies 10-12 mJ pulse_l. ' 2.0 3.0 40 5.0 6.0
Finally, this UV laser radiation wae mixed in a KDP mixing crystal

" 1 4 A

with residual 1064 nm fundamental radiation (100 mJ pulse—l) from the
Nao'/YAG laser. The resulting UV radiation (230-240 nm, ©.8-1 mJ Fig B1.26 Calculated MRD CI potenticl energy curves for goma IpF

pulse_l, 1-1.5 cm-'l badwidth) was separated from the fundamental and gtates of HCL.

frequency doubled laser radiation using a Pellin-Broca dispersing
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prism, spatially filtered and then passed on to the experiment.
"Auto-tracked” angle tuning of the KDP crystals and quartz compensators
was accomplished using & photodiode based servo-tracking system which
monitored the frequency doubled and mixed ultraviolet laser radiation.
Excitation of HCl into the excited electronic states was detected

either by multiphoton {onteation or fluorescence techniques.
Resultse
(a) Multiphoton ionisation spectroscopy

Multiphoton ifonisation spectra were recorded both in a static cell and
in a supersonlc jet expansion of 2-5% HCl in Argon. The latter method
allows easier assignment of spectrally congested reglons. The pulsed
valve used to generate the supersonic molecular beam was an adapted
Bosch automobile fuel injector. In both the static cell and molecular
beam appératus the ionic species Wwere collected with a pair of biased
parallel nickel plates (bias voltage 90 V) and the resulting current
aent to a home—built differential fnput operational amplifier with
variable gain (103-107

simultaneoualy recording optogalvanic lines from a Fe/néon hollow

volts amp_l). Spectra were calibrated by

cathode lamp and fringes from a eolid quartz etalon (finesse ~7, FSR =
3.37 cm_l). All the signals were then processed in the usual manner
using Stanford Research Systems S5R250 gated integrators.

According to the two photon selection rules AJ = 0, 12 we expect to
see 0, Q, S5 branches in the excitation spectrum, with the Q branch (AJ
= &t = 0) being the most intense. A small portion of the recorded
spectra 1s shown in Fig B1.27. Excitation of two vibronie levels is
111lustrated: one vibronic level being v' = 1l of the "Ton-pair"™ state
and the second being v' = 0 of a 1{+ "Rydberg”~1ike atate (the H state
as asgsigned by Douglas and Greening (8) which is strongly coupled wit
the “lon-pair" atate. Spectroscoplcally, the extent of this mixing 18
readily seen by comparison of the relevant “"rotational” constants. An
unperturbed state of HCl, eg one of lﬂ, ln aymmetry, may be expected to
have a B, value of ~10 cm_1 and any vibrational level from the

“Ion-pajir” state a Bv value of typically ~3 cm_l. However the mixing
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of the 1£+ "Rydberg"” state and the "Ion—pair"” state is so severe that
the tesulting rotational constants (6-6cm—1 and 4.3cm—1 for the
respective "Rydberg” and "Ion—pair" vibronic levels) are indicative
af the mixed character of the atates. The extent of this "Rydberg” -
"Ion~palr” mixing I8 more clearly illustrated using fluorescence

spectroscopy.

am €23 & 5 8 7 BONILS & 7 8 gy

s{71_210 2 3 4 3 6 o
“ION-PAIR” VIBRONC LEVEL 'RYDBERG VIBRONIG
LEVEL

3 Torr HCt
STATIC CELL

84200 84000 83800 83600

ENERGYcm!

Pig B1.27 (2+1) Multiphoton ionisation speetrum of electronically
excited HCl (3 torr ACL, statie cell).
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DISPERSED FLUORESCENCE (2'£-X't*)

DISPERSED FLURESCENCE (21 7*—X'r*)
FROM THE ‘RYDBERG VIBRONIC LEVEL

FROM THE “ION PAIR VIBRONIC LEVEL

‘BOUND - FREE"
"BOUND-FREE"
LASER LINE
BOUND- BOUND LASER *BOUND-BOUND'
LINE |
250 230 210 190 250 230 210 190
WAVELE NGTH/nm WAVE LENGTH/nm

Fig B1.28 Diepersed fluorescence spectra obtained by two photon

exeitation at Q(3) of the respective "Rydberg" and "Ion-pair" vibronic
levels (3 torr HCL).



(b) Fluorescence apectroscopy

Both fluorescence excitation and dispersed fluorescence spautra were
obtained. In the dispersed emission spectra the molecular flucrescence
was Iimaged (£/1.5 collection optics), etendue matched through a Jobin
Yvon HRS 2 (0.6 m, f/7) monochromator and detected by a Hamamatsu R928
photomultiplier tube. TFollowing two photon excltation at Q(3) of the
regpective "Ion-pair” and "Rydberg” vibronic levels dispersed
fluorenscence spectra were recorded (see Figure B1.2B). Both these
gpectra show characteristic fluorescence from the outer "lon-pair” well
of the 211+ state to both highly excited bound levels and to the
vibrational continuum of the ground state, thus confirming further the
strong mixing .of the "Ton-pair™ and 1£+ "Rydberg" atates. The
bound~bound portion of the spectrum will of course extend well into

the vacuum ultra-violet. Inatrumental limitations preclﬁded any study

of fluorescence to wavelengths shorter then 190 nm.
1.+
(c) Reactive properties of the 2 '} state

Relaxation and reactive properties of excited electronic states of HC1
are of interest, particularly reactiona with noble gases, ie Xe, Kr,
leading to the formation of exciplex monchalides. These processes may
be of importance in understanding the kinetics of the discharge plasmas
in commercial excimer lasers, eg XeCl (308 nm), KrCl (222 nm), (which
use HCL primarily as the Cl-containing fuel).

Followling excitation of HCl into the 212+ state in the prescence of Xe,
XeCl* BZE+ + x2{+ (~308 nm) chemi-luminescence was observed (gee Fig
Bl.29). The XeCl excitation gpectra followed that of the HC1
excitation strongly suggesting that the excited HCl molecular atate

is primarily responsible for the chemi-luminescent reaction. Thus we
believe that the HCl molecules can be prepared in a rotationﬁlly state
selected manner on excited electronic surfaces and their kinetic

properties studled.
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HCA Fluorescence

(2'e-x'c
XeC1 {BZrX?I*)Exciplex Emision
Laser line
350 l 360 ] 280 260 240 220 200
Wavelength/nm

Fig BI.29 XeCL(B2%* + X1L*) Exeiplez emizaion following electronic
excitation of HCL (3 torrm) in the presence of xenon (20 torr).

Conclusion

We have conclusively shown that using multiphoton spectroscoplc
techniques the theoretically predicted "Rydberg” — "Valence” mixing in
electronically excited HCl can be studied in detail. We are currently
involved in further experimental and theoretical studies of this

interesting problem.
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Bl 14 MEASUREMENT OF THE RELATIVE PQPULATIONS OF I ( P /2) AND
I( Pq IZPRODUCED BY THE PHOTODISSOCIATICN OF ALKYL IODIDES

P A Gorry, P M Hughes, D Raybone, T M Watkinson and J C Whitehead
(Manchester University)

In these experiments, we are using a novel two-photon laser—induced
Fluorescence method to determine the branching ratlo for the formation
of lodine atoms 1n their ground and excited states following UV
photolygis of some alkyl iodides

hv 2
RI » R+ I("pyy)

* 2
+ R+1I{ pl/Z)'
The experimental arrangement is shown in Fig Bl.30. A low pressure

(30-40 m Torr) of the alkyl iodides 1s photodissociated by the 248 nm
output of an excimer laser (20 9_1, 50 mJ/cmz)- After a delay of

100-200 ns, the fodide atoms were detected uaing the focussed output of

the loaned Datachrome 5000 YAG-pumped dye laser (0.5 mJ pulge

energy). This laser scans over a pair of two—photon absorption lines
(2D5/262p3/2 for I and 2D3/2+2p1/2 for I*) at 304.7 and 306.7 nm
respectively. Thege excited atomic states fluoresce twice emitting
firgt an IR photon and then a VUV photon in the range 158-206 nm. The
VUV fluorescence was then detected using a solar blind photomultiplier
which efficlently discriminated against light from both the photolysis
and probe lasers. By scanning over the two absorption lines, two
laser-induced fluorescence peaks are obeserved whose relative
intensities depend on the quantum yield for I* production (¢ = I*/(I +
I*))- The molecule CH3I whose quantum yield at 248 nm is well known (¢
= 0.76) was used mas a calibrant. Typical data is shown in figure Bl.31
for photolysais of CH31 and CZHSI- There is a small degree of
dissociation of these molecules by the probe laser at ~300nm which is

corrected for when determining the peak ratios following photolysis.
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Pig B1.31 FPhotolysis of CHyI and CH.I.

During the period of the loan, we have studied photolysis of CH3I' C
2 2, 2 51 allyl iodide and C3FTI and we plan to extend the work to
other iodides and to the detection of Br /Br ylelds from the photolysis
of various bromides in an analogous manner. This data will be used to

extend and interpret the measurement of photofragment translational

energy distributions for such molecules made in this laboratory.
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Bl.l5 PHOTODISSOCIATION DYNAMICS OF NO-CONTAINING MOLECULES

M R § McCoustra, J A Dyer and J Pfab, Department of Chemistry,
Heriot—Watt University

This report covers work carried out with the JK 2000 Nd-YAG/dye laser
at Heriot—-Watt University during two loan perlods eof two months. The
work 1s part of an SERC supported research project concerned with the

photodisgociation dynamics and spectroscopy of polyatomlc NO-containing

molecules.
Introduction

The photodissociation of gaseaus polyatomic NO-containing compounds is
of importance in atmospherie photochemistry and photodissociation
lasers. The quantum states of the nascent NO photofragment in its
alectronic ground state are probed readily by laser induced
fluorescence (LIF) permltting these nitrosocompounds to be used as
bench mark examples for photochemistry in the near-uv and visible and
the dynamics of selectively energised molecules (Refs B1.45-49). 1In
addition a wide variety of polyatomlie molecules of this type exists
making it possible to study systematically the relationship between
dissociation dynamice, spectroscopic and structural propertles of the

parent molecules.

The aim of this investigation is to characterige the quantum state
distribution of nagcent NO from the photodissoclation of a range of
nitroso—compounds and to measure energy partitioning among the
photofragments and rates of radlative and non-radiative processes
following electronlic excitation. Our method is based on the use of
pulsed laser dissoclation in conjunction with delayed two~photon LIF
probing of the NO fragment in the low pressure vapour or a supersonic
expansion cooled jet. A substantial amount of data has been collected
on the predissociation of CCEFZNO and several other C-nitroso-compounds
in the 560 to 720 nm raunge. The 355 nm dissociaticn of jet-cooled
methyl nitrite, t~butyl nitrite and dimethylnitrosamine has also been
studled.
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Experimental

The JK 2000 YAG pumped dye laser provided the pulsed beam for
photolygis in the visible while an excimer pumped dye laser (Lambda
Physica EMG 50 and FL 2002) was used for probing of NO by the
two-photon LIF technique. The two collinearly aligned beams were

focussed into the centre of the ¢ell as shown in Fig B1.32 or the

JK
EMG 50 TIMING
EXCIMER NETWORK Nd:YAG
FL 2001 JK
DYE R-NO OYE
LASER J in aut | LASER
1. 4 JL-{—v—r—p—r'H7 A [
b W
F L L

PM

Fig B1.32 Arrangement used for pulsed dissociation-probe experiments
of C-nitroso-compounds in the gas phase at 300K.

expansion chamber employed for nozzle~cooling. Fluorescence from the
y-bands of NO was viewed at right angle and imaged onte a filtered and
apertured solar blind photomultiplier. The signal was processed by a
transient recorder (Transiac 2001) or gated lntegrator and averaged by
an IBM-PC or boxcar avérager. The room temperature experiments used
flowing vapour of about 100 mTorr while Jet—cooling was performed with
a commercial pulsed solenold valve. Mixtures containing 1 ko 10% by
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volume of the nitrosc—compound in Ar were expanded through a 0.5 mm
orifice and photolysed 5 mm downstream. The stagnation presgsure ranged
from 100 to 500 Torr with the background vacuum being maintained below
10_4 Torr. The opening of the pulsed valve and firing of the two
synchronised lasers was controlled by an analog mueltiple delay
generator in conjunction with a crystal controlled master oscillator
that was operated at a repetition rate of 10 Hz. The minimum delay of
40 ns used was dictated by the combined electronic jitter of the
aystems. Fluorescence excitation spectra and decay times of jet—cooled
CCIFzNo were obtalned using the JK-2000 laser system for exeitation in
the red by monitoring emission in the near—ir with a red sensitive

photomultiplier.

Results and discussion

The photolysis of CC&FZNO, 2-chloro-2-nitrosopropane and several other
halogenated C-nitroso-compounds at 300K was found to produce
predominantly NO{v=0) throughout the 560-6%0 nm range of thelr n,n*
transitions. The proportion of nascent NO(v=1l) is very small but
increases at short wavelength where a competing two—photon
dissociation becomes important leading to a non-linear increase of NO
yield with photolysis pulse power. The rotatlonal population
distributions of the nascent NO conform well to a statistical model.

State-selective photolysis of jet-cooled CC£F2N0 was performed at a
number of wavelengths corresponding to well defined natrrow features in
the single—photon LIF excitation spectrum of the cold parent.
Competition between molecular fluorescence and photodissoclation

occurs from the electromic origin at 14187 cm_1 up to roughly 15000
cm_lwhere fluorescence becomes weak due to rapid dissoclatien. Fig
Bl.33 shows photofragment yleld spectra that are not corrected for the
varlation of dye out—put with wavelength. These spectra were cbtained
by monitoring the production of NO(zﬂé, v=0) with the probe laser fixed
to the P,. head of the y (0,0) band while scanning the photolysis laser

11
through the absorption of the nozzle—cooled parent. The LIF apectrum
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Fig B1.33 NO fragment yield epectra of jet-cooled CCLF NO.



of NO(v=0) with the dissociation laser tuned to the 646.6 nm feature
is shown in Fig B1.34., Variation of the delay between disscoclation and
probe laser provided the appearance time of the NQ fragment for all

major absorption features at low energy including the origin of the

system (fig Bl.35). 025 o
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Pig B1.3¢ Two-photon LIF spectmum of NO{u=0)} from the etate-selective o
photolysis of jet-cooled CF,ClNO at 646.6nm. o
000 4 L L_—o-ok
The last week of the loan perlod was used for exploratory work on the 14000 14400 14300 15200 15600 16000

355 nm dissociation dynamics of Jet—cooled alkyl nitrites and Excitation Energy/cm"1
nitrosamines. Two-photon LIP spectra of nascent NO({v=0, 1,2 and 3)

Fig B1.35 Plot of N0 fragment appearance time as a function of
were recorded readily with excellent S/N. Fig Bl.36 shows as a

excitation energy used in the photolysis of jet-cooled CF,CINO.
representative example part of the spectrum of nascent NO(v=2) from the

photolysis of cold t-BuONO. In all cases examined the dissoclation was
prompt showing the typical chatracteristles of an impact domlnated

process with extensive rotational and vibrational excitatlon of the NO

fragment.
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with impact dominated partitioning of the excess energy among the
fragments. These molecules are clearly excellent candidates for future
detalled studies of the photophysics and dynamice of complex

molecules.

0y
WMMMW
495 496

4945 4955
WAVELENGTH/nm

Fig B1.36 Two-photon LIF spectmum of NO(v=2) Ffrom the 355mm photolysie
of jet-cooled +-BuON0.

Conclusions

The experiments described here were succesaful and a large amount of
results has been collected. Their evaluation 1s In progress and will
take some time, but a few of the major conclusions can be summarised
already. CCEFZNO and the other C-nitroso—compounds studied
predissociate to NO(v=0) almost exclusively following excitation in
their n,u* hands in the viesible. The gquantum state distribution of NO
is statistical and intramolecular energy randomigation appears to
precede the rupture of the C-N bond. The photo—dissociation of the 0-

gnd N-nitrogso-compounds in the near-uv in contrast appears to be prompt

B1.52 Bl.53
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B2 BIOLOGY

B2.1 ULTRA-VIOLET RESONANCE RAMAN SPECTROSCOPY OF SPECIFIC COVALENT
ENZYME REACTION INTERMEDIATES

P J Tonge, R Chittock and C W Wharton (Birmingham)
R E Hester {(York)

Since our ploneering observation last year of the first vibrational
spectrum of a natural covalent enzyme intermediate (B2.1-3) we have
devoted considerable attention to improving the quality of our spectra,
preparation of the acylenzyme and studies of model compounds. Our

observations have stimulated competitive work in the US (B2.4).

Optimisation of Spectra

The original spectra, samples of which were published in the Report
last year, were characterised by poor resolution of the aromatic
features which were expected to be present, Deapite very thorough
analysis of the Triplemate spectrometer optics and careful study of
model compounds the reason for the poor resolution at the low
wavenumber end of the spectrum (1400cm™! and below) has not been
established. The sensitivity of the diode array system has been
improved fourfold by fitting of a cylindrical lens which corrects for
vertical astigmatiem and matches the image height to the array height.
This has allowed better quality spectra to be obtained.

Aromatic features of protein and substrates normally appear near to
1610em™! (B2.5), however in our spectra, which are obtained by using
248nm radiation, the maln spectral feature of the enzyme is seen near
to 1640cm™l and of the substrate near to 1670cm=!, These frequencies
are characteristic of the 'amide I' bands of proteins and peptides {(ie
the protein hackbone and the substrate (Acytyl-L-Phe-gly OMe) amide

links)., Although our observation of apparent amide vihratious,

B2.1

presumably by pre-resonance enhancement, differs from most recent
work In other laboratories (see above), there 1s a report in the

literature of observations similar to our own using 257nm excitation

- {B2,6). All other meagurements have been made at 240nm or lower

wavelengths so Lt 1is possible, although unlikely, that the results may
be explained by the 8nm difference in wavelength of the exciting
1light.

Model Studies

A wide range of thiolesters that represent progressively complete
models of Ac~L-Phe-gly-Papain have been synthesised and studied by
means of FTIR and RR spectroscopy. All of these compounds show

strong RR features between 1670cm~! and 1690em™!.

N-acetyl-gly thioethyl ester and N-acetyl-L-Phe-gly thiocethyl ester
show broader bands than does ethyl thiclacetate since the amide appears

to contribute to the thilolester carbonyl vibration feature.

Notably, all model compounds show higher frequencies for Ve=o in
acetonitrile than in H,0 (or 2HZO). In most compounds Vc=o is

1688 + Zem L although in N-Ac-L-Phe-ply thioethyl ester, the most
complete model it is 1680cm . Similarly in H20 or ZHZO the frequency
is 1677 = 2cm L,

The acylenzyme Ve=o was observed at 1690cm~! thus we may propose that
the active centre environmént is legs polar than water being similar to
that of acetonitrile. The dielectric constant of acetonitile is 37.5
which compares with a value of 32 for the enzyme active centre
determined by probing the active centre with fluorphores which are
gsensitive to their environment (C W Wharton, unpublished results).
Certainly we can say on the basls of these results that there is no
evidence for hydrogen bonding. Thus we may propose that interactiom
between the carbonyl oxygen and the amide hydrogens of the oxyanion

hole is not detectable (B2.7)}.



The UV spectrum of an acyl-enzyme

It has been ahownl(BZ.B) that very highly specific acylpeptldes such as
Boc-p-iodophenylalanyl-L-eitrulline (Boc-PiP-Cit) are capable of
reversibly acylating the enzyme at pH4. We have prepared this
acylenzyme and have determined the UV difference spectrum with

respect to unacylated enzyme. The difference spectrum 1s shown in

Fig B2.1. The absorption maximum is seen to occur at 239nm,
red-shiffed some 7~9nm relative to simple thiolesters.
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Fig B2.1 Ultra-violet difference spectrum of the acylenzyme
Boc-PiP-Cit-papain at pH 4.0 The inatrument (ILKR) was zerced before
addition of DTT to the sample cuvette to activate the ensyme. The
reference cuvette contained inaetive ensyme plue acylating agent. The
enayme was caleulated to be 98% acylated and has a concentration of
0.18 mM.

Resonance tuning

This obgervation encouraged us to attempt to use laser radiation at
239nm in order to better exploit the resonance condition. The
excimer-pumped dye laser was used to give 478nm light which was then
frequency doubled to 239nm. Despite mech effort only a few tens of
pJoules could be obtained per pulse; this proved insufficient to obtain

Raman spectra.

Very recently Bajdoer et al, (B2.4) in Peticolas' laboratory (Eugene,
Oregon, USA) have used a YAG pumped dye laser, doubling and anti-stokes
Raman shifting to give 23%nm emission. They have used a vertical
sample tube in which a small hole is drilled and into which the laser
pulses are fed. This, together with flow-mixing, allows focusing

into the sample and permits high quality spectra to be obtained using

a scanning double monochromator. The acylenzyme

N-Acetyl-glycly-L-lysine-Papain has been prepared by continuous mixing.

A very clear band which is absent in the substrate and free enzyme
appears at 1678cw L. This frequency is simllar to that expected in
water and indicates some hydrogen bonding glven that we have shown that
the dielectric constant in the active center is ca. 30. The lower
frequency seen here may be the result of a more specific interactlon
with the enzyme since the catalytic rate is higher for this substrate.

We have attempted to observe the Vc=o0 of Boe-PiP-Cit-papain at pH&.

We have not seen a peak in this reglon and, since we have shown that
acylenzyme is present (see above}, are forced to conclude that Ve=o ise
shifted to lower frequency to an exteat that leads to Its obscuration
by the very large pre-resonance amide I band. Thus there is negative
evidence that the interaction may be strong in thils extremely specific

acylenzyme.



Preliminary studies of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) NAD™ and NADH

Fig B2.2 shows the RR spectrum of NADY using 248nm excitatiom. The
three main bands arise form the adenine portion of the molecule while
the small feature at 1674cm ! 1s at the frequency seen f{n FTIR for the
amide side-chain of the nicotinamide ring. The noilse level is rather
high and the featureless (checked by shifting the Triplemate
wavelength) region at the RHS of Fig B2.2 is dominated by differential
diode sensitivity. A spectrum of NADH of similar quality has been
obtained.

GAPDH 1s supplied Iin a form which has three of four WAD* molecules

bound to it per enzyme molecule. We have obtalned RR spectra of the
protein in order to compare the spectra of the bound nucleotides with
those in free solution. Further work is needed to provide spectra of

sufficlent quality.

The OSMA OMA system

The intensified diode array which forms part of this system was
purchased using funds allocated in conjunction with the grant that
supports this work. Initial studies have shown that the diode

elements show a much more closely-matched light sensitivity than the
PARC system and that the dark noise level i1s low. At present the

light sensitivity of the system is rather low but this 1s, in part, due
to the absence of the cylindrical focusing lens. The computing

Facilities and ease of use of the system as a whole seem excellent.

Intensity

1338

-« wavenumbers/cm™!

Fig B2.2 Resonance Raman spectrum of Wicotinamide adenine dinueleotide

(NAD') using 248 nm radiation. |WAD'| = 250uM in H,0. Speetrum ie the

result of aceumulating 2000 scans followed by smoothing.

B2.2 ULTRA-VIOLET RESONANCE RAMAN SPECTRA OF AMINOACIDS AND
PROTEINS

R E Hester, J De Groot and B Stewart (University of York)

The alm of this programme is to obtain resonance Raman apectra of
proteins under conditions which will enable specific structural
features to be probed with good sensitivity and selectivity. By tuning
the laser excitation wavelength to coincidence with a strong vibronic
absorption band of a molecule the vibrational Raman bands assoclated
with the chromophoric part of that molecule may be enhanced by several
orders of magnitude. Thus, for a protein like hemoglobin, it is well
established that Raman spectroscopy with visible laser excitation
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ylelds much information of the structure and bonding in the
metalloporphyrin prosthetic group while those vibrational modes
assoclated with the polypeptide chains remain “quiet”. This
gelectivity serves to simplify the observed spectra in a useful way,
but obviously it also obscures much that is of interest. Hemoglobin
and other protein molecules contain other chromophorie groups which
become active only with ultraviolet excitation. Of particular interest
are those aminoascid residues which contain aromatic groups, eg
tyrosine, tryptophan and phenylalanine, and the-CO.NH;-peptide group
which forms the baslc repeat unit in the polypeptide chains. A
technique which can selectively probe the vibratlonal modes of these
groups by the simple means of tuning the excitation wavelength to
coincidence with-each chromophore in turn and thus generating its
specific Raman bands could be a very powerful tool indeed for studying

protein structure and conformation in solution.

A8 a preliminary stage in achleving our objective of generating UV
resonance Raman spectra of proteins, we first are studying a number of
model compounds including the simple aromatic amincacides and
N-dimethylacetamide, which serves as a model for the peptide link. The
most direct way of obtaining laser radiation at a wavelength suitable
for resonance with the peptide absorption band at ca. 190nm appeared

to be from a line-narrowed ArF excimer system at 193am. Due to the
intrinsically small spectral bandwidths (ca. 10-20em™! typically)
assoclated with Raman-active vibratienal modes, the normal broad band
output (ca. 80cm™ L) of an excimer laser is unsuitable for Raman
spectrogcopy. Our previous experiments with the Lambda Physik EMGL50
laser operated in line-narrowed mode with KrF at 249nm gave @ 6pectral
bandwidth of ca. 0.2cm ! and temporal bandwidth of eca. 5ns. With
single pulse energles of ca. 3mJ and a pulse repetition rate of 10Hz
multichannel Raman spectra of standard solvents (water, ethanel,
cyclohexane) were obtained in real time with the Spex Triplemate
spectrometer and EG and G OMA-2 intensified diode array detector
system. Integration of ca. 1000 pulses of scattered light typically
are required to give reasonable quality spectra of solute at the 1M
concentration level or resonance Raman spectra of solutes at ca. 10-%y,

Individual pulse energles higher than ca. 3mJ result in the generation

of non-linear effects or even sample degradation. On changing from KrF

B2.7

to ArF we found the laser performance was unreliable in terms of its
pulse~to-pulse stability. Our pulse monitor indicated that the‘
line~narrowing of the laser output was erratic and, although this was
more difficult to determine with the avallable dlagrostic facilities,
there was evidence that even when operating regularly with narrowed
pulses the wavelength of the pulses varied within the natural gain
profile of ArF. Since the Raman experiments require integration of
large numbers of pulges, the net result of this wavelength instability
was an effective broadening of the Raman bands to such a degree that
the spectra were uncbservable. We concluded that further laser design
development and improvement 1n diagnostice are required before Raman

spectroscopy can be done successfully with ArF 193nm excitation.

In addition to the problems of laser instabllity at 193nm we also
encountered difficulties due to the very poor optical throughput of the
Spex Triplemate spectrometer in the short-wavelength ultraviclet
region. Due to its deslgn characteristics being determined primarily
by the need tc minimise the transmission of stray light, the
gspectrometer has a large number of optical surfaces, inecluding three
holographic diffraction gratings. We spent a considerable amount of
time in measuring the spectral sensitivity variations and absolute
throughput of the instrument before coming to the conclusion that the
performance was particularly poor at wavelengths below ca. 250mm and
that for this reason we should substitute a single grating spectrograph
for the Triplemate for the short-wavelength Raman experiments. A
Hilger Monospec instrument was available and was adapted for this
purpose to fit to the Spex UVISIR sample compartment and the PARC 1420
diode array detector asgembly. A cylindrical lens also was fitted to
the detector mounting flange in order to concentrate the Raman output
on to the small {2.5mm high) array. The substantial improvement in
throughput achieved with this single grating spectrograph is, of
course, somewhat offset by a deterioration in stray lLight rejection and
our preliminary trials with this system have revealed a number of stray

1ight artifacts which may interfere with the Raman spectra.
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In addition to the use of an ArF excimer as the excitatlion source for
these experiments with amincacids and proteins, two further
possibilities exist and are belng explored. First, since the
line-narrowed output of the EMG150 KrF laser Is known to be reliably
reproducible and of high pulse energy, its wavelength can be ghifted
from 249nm to short wavelengths by use of a high pressure hydrogen
cell in which stimulated Raman effects occur. From 15mJ pulses at
249nm we have produced 3ImJ pulses of hydrogen (& bar pressure)
anti-Stokes radiation at 224.8pm and have used these 2 2 Raman
excitation source in our experiments. Solvent spectra have been
generated with a makeshift assembly being used to separate the 224,8nm
radiation from the 249nm and other Stokes and anti-Stokes lines from
the hydrogen cell, but we found these also to be contaminated with
relatively strong and sharp H, rotaticn lines, most notably at 524cm™!
shifted form the 224.8nm excitatfon lines. We plan to lmprove this
experimental arrangement s¢ as to generate Raman spectra also with the
2ud and 3rd anti-Stokes Hz lines at 205.6mm and 189.4nm as excitation
sources. The other possible means of generating laser radiation in the
short wavelength ultraviclet region is through frequency multiplying
the output of an excimer-pumped dye laser. For this purpose it is not
necessary to use a line-narrowed excimer since the dye action itgelf
timits the spectral bandwidth. The continuous tuning of wavelength
afforded by this route 1s of obvious interest in the selective
resonance enhancement of vibrational modes of individual aromatic
aminoacid residues in a protein chain, but it suffers from the
disadvantage that the crystals available limit tuning to 217nm.
However, further stimulated Raman shifting of the frequency-doubled dye
laser output is possible and we are exploring this route to tunable
excitation Raman spectroscopy in the shortest wavelength ultraviolet

region.
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B2.3 LASER-INDUCED PHOTODYNAMIC TRAFPING OF SINGLE STRAND BREAKS IN
MAMMALIAN DNA

¢ W Wharton (Birmingham), R A Meldrum and 3 Shall (Sussex) and
D R Trentham NIMR (MRC, Mill Pill)

Introduction

Cellular DNA may be damesged by lonising radiation (single and double
strand breaks), UV light (pyrimidine dimer formation) and mutagens
which react chemically with bases in DNA (B2.9, B2.10). Nepending on
the dose of damaging agent the cell may recover by DNA repair, be
mutagenised or transformed, or be killed. 4n important form of
repair is excislon repalr during which a piece of DNA which contains
the damage 1s exclsed and replaced by resynthesls of the patch using
the intact strand as former. This process involves four stages
namely: incision (not necesary for direct strand breaks)
polymerisation of the new strand, excislion of the damaged strand and
finally ligation (jolning} of the new DNA gtrand to the origimal strand
at the distal end of the patch (B2.9).

Breaks in DNA, transient or othetrwise occur as a result of a wide
range of blological phenomena including differentiation and oncogene
activation which can lead to cellular transformation and
carcinogenesis. The natural Iifetime of breaks can cover a wide range
from hours (UV damage) to seconds or less (gome X-ray 1nduced breaks)
(B2.11). A number of methods are avallable for the study of break
development and/or accumulation but all suffer from a number of
disadvantages such as the need to use geveral powerful cellular
inhibitors in order that damage repair may be seen againet the

general replication (cell division) background. Available methods are
very time consuming and laborious although some are sensitive and

accurate but none can provide informatiocn on the timescale of seconds

or less in which many repalr processes are expected to occur.
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The concept of laser induced photolytic release of a break-trapping
agent 1s novel In this context although it has been employed to very
good effect in studies of muscle contractlon using 'caged'—ATP (B2.12).

Here the diffusional barrier to access of ATP which limits kinetie
studies of contraction 1s obviated by prior loading of the muscle cells

with caged-ATP followed by photoactivation to release ATP.

We have synthesised caged-dideoxynucleotide triphosphates which are
used with permeabilised cells. The photoreleased 32P—labelled
dideoxynucleotide triphosphates are inhibitors of DNA polymeraee 8
which is an important (probably predominant) enzyme in excision

{patch) repair (B2.13, B2.l4). The nucleotide causes inhibition of
polymerisation by being incorporated as a chaln stopper into the repair

32
patch, while the a— P at high specific activity can be used to measure
the extent of such inceoporation.

The kinetlcs of DNA repair may be followed by arranging that laser
photoactivation of the trapping reagent occurs at a fixed time interval
after a damaging event. Thus in the work described here, whlch refers
to preliminary feasibility studies, a pulse of 248nm radliation is
followed by photoactivation of trapping agent by using 35lnm laser
irradiation. Many of the fundamental features of the method have been

validated and are described below.
Results

Synthesis and photolysis of caged reagents
Caged phosphate

For initial studies O-nitrophenyl-2-ethyl phosphate (caged phosphate)
was synthesised in 27% yleld by using the method of McCray et al,
(B2.12). Trial photoactivation experiments were performed using the
EMG 150 (XeF laser) which emits at 351lnm. Considérable attention was
given to beam enlargement and shaping such that the 10cn? area of a
3.5em dlameter culture plate was evenly {lluminated. Removal of the
hole in the centre of the beam was achieved by off-axis oscillatoer
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injection into the amplifier. The beam was enlarged and squared

(from its rectangular shape) followed by magnification. The four
lenses plus a turning prism which wae required in order to permit
horizontal fllumination of the culture plates resulted in a large loss

of power; typically from 90mJ at the laser to 20mJ at the target.

Photolytic experiments showed that 0.3mM inorganic phosphate was
released per Joule of Iight absorbed, which converts to a quantum

_efficlency of 62% in good agreement with the literature value of 60%

(B2.15). The absorbance of caged phosphate (and other nucleotldes) is
quite low at 35Inm (¢ = 410) so it was considered that multipassing the
laser beam might be used to reduce the number of pulses (20-100)
required to liberate 250uM phosphate {nucleotide triphosphate) mneeded
in trapping experiments. A three paps scheme using mirrors gave a
1.5-fold increase in photoyleld but was greatly restricted by the 30%
absorption of the incident light by the base of the polystyrene culture
dishes. Since it will eventually be necessary to achieve
photoactivation as above in a single pulse, non-absorbent culture
dishes and multi-passing will clearly be required as will a significant

increase in laser output power and optical efficiency.

Caged dideoxynucleotide triphosphates

following preliminary experiments with caged phosphate caged
dideoxythylmidine triphosphate (c-ddTTP) was synthesised 1in
collaboration with Dr D R Trentham, NIMR, Mill Hill. Recently a new
(unpublished) synthesis of caged nucleotlde triphosphates has been
devised, which obviates many of the difficulties of the previcus
(B2.16) very complex synthesis. The new method involves a direct
razction between a diazonfum derivative of the cage and the nucleotide
triphosphate. ¢—-ddTTPb was synthesised in 807 yleld (previously & 25%)
and purified by using preparative HPLC {C~8 column). The purified
compound (4 mg) was shown to photolyse quantitatively to give ddTTP
with a 587 quantum yield. Although ddTTP labelled with 32? in the a
position would be the ideal trapping agent for UV-1induced excision

repair (thymidine dimer exicision) a~32P ddTTP 1s not commercially
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avallable as yet. Thus we have prepared the adenine analogue
u-szP-c-ddATP (Fig B2.3) by using the radiolabelled material at a
specific activity of 5000 Ci/mmole as well as unlabelled material on

the milligram scale. The 32P—labelled material was synthesised on the

250uCi scale using acetate buffer at pH 4 to give a 407 yleld. Fig
B2.4 ghows the HPLC elution diagram of material which had previously
been purified by preparative HPLC following isotope dilutionm with cold
c-ddATP. 1t 1is geen that 96% of the 32? resides in the two peaks that
relate to the diastereolsomers of c~ddATP.

Partial photolysis of c—ddATP (diluted with cold material, Fig B2.4)

results in 32? ag well as optical absorbance (260nm, nucleotide)
appearlng quantitatively at the elution volume (3-6 ml) of ddATP.
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Fig B2.4 Analytieal high pressure 1iquid chromatography of caged o~

dideoxyadenine triphosphate Chromatography was performfed on a3 .flmm z
30 em C-8 yBondapak eolumm which was eluted at a rate of 1 ml min

with 25% methanol: 10 mM phosphate pH 5.2, 10 uL of 2.3m4 ddATP was
mixed with 10 ukb u32p e-ddATP for HPLC, 10 wh being applied. 1 ml
samples were counted for S2p using a Triton seintillation mix.

Circles; radicactivity of bulked fractions prior to photolysis
(96‘%u-32p a-ddATP). Triangles; Radioactivity after 20 min photolyetis
at 366 nm using a low power UV lamp. Dotted line; A26‘0 after
photolyeie.



Photolysis of caged dideoxynucleotide triphosphates

Earlier photolysis experiments with caged phosphate showed that a new
absorption centred on 310nm developed consequent upon photolysis. This
absorption difference (4e = 2230) can be used to quantitate

photolysis as shown in Fig B2.5. This shows that photolysis is a

firat order phenomenon In which 1.lmM ddATP is released per Joule

absorbed (the culture dish was placed on a mirror).

Irradiation of c~ddATP with light at 24Bnom did not release ddATP,

this is ascribed to strong protective nucleotide absorption since caged
phosphate was previously shown by us to photolyse at this wavelength
with a quantum yleld of 5BI.

Caged arabinosylcytosine triphosphate

The dideoxy materials described above are directed at the g-polymerase
which has been supposed to be predominant in excision repair.
Arabinosylcytosine triphosphate {araCTP) 1g an a (replication)
polymerase inhibitor which has been reported to be at least

tranglently Incorporated as a chain stopper. In order that our range
of inhibitors should be as complete as possible c-araCTP was
gynthesised in 807 yleld using the diazonium methed. This compound was
shown to be photolysed with the same parameters as c—ddATP and was used

as prepared (B80Z pure) in some blologlcal experiments.

High pressure liquid chromatography

This was Iin general very successful but some talling occured when

32
picomolar quantities of very high specific activity P materlal were
run. Accordingly this material {200uCi) was diluted with 12.4 nmoles

of cold c-ddATP before the main preparative run to eliminate tailing.
The final material, 96% pure, had a specific activity of 33 Ci/nmole on
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our arrival at RAL. Regrettably despite great success In all of the
syntheses this specific activity was too low for direct lahelling
experiments with DNA. Tt 1s clearly necessary to be ablé to run the
HPLC using picomolar quantities so that isotope dilution will not be
needed.

Experiments with cells

The effect of lager irradiation on DNA synthesis

It was first necessary to establish that 35lnm UV irradiation did not
damage DNA. Petri-dishes each containing a monolayer of about 105 AAB
Chinese Hamster ovary fibroblasts were subjected to doses of 0 to
110kJ/m2 351nm Uf irradiation from the Xenon fluoride excimer laser.
The radiation was delivered as 10ne pulses at 10Hz. In order to
provide a comparison, cells were subjected to 248um UV irradiation
which is known to csuse considerable damage in the form of pyrimidine
dimers to DNA. Cells recelved doses of radiation between 0 and

10 Jfcm? in the form of 10ns pulses (1-40) from the Krypton fluoride
laser. The growth medium was removed from the cells to avold
absorption of the UV light by proteins and the cells were irradiated in
phosphate buffered saline. Fresh growth medium was reapﬁlied after
irradiation and the cells incubated at 37°C for 24 hours with
1.0uCi/m13 H-TdR to measure DNA synthesis.
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Fig B2.8 Irradiation of 10 cmz monolayer AA8 fibroblasts with 351 nm

and 248 nm UV light.

after irradiation.

Incorporation of S p-Tdr during 24 incubation

It can be seen from Fig B2.6A that there Is some enhancement of DNA

syathesis over 24 hours after doses of 0.1 and 1.1kJ/m2 of 35lom

irradiation. DNA synthesls In 24 hours after doses higher than llkJ/m?

of 35lnm 18 reduced showing that these levels of irradiation are

damag

ing to the cella. The dose used for optimum photo—activation of

tcaged' ddTTP and ddATP is ca. 1kJ/m2. It remains to be lnvestigated

if breaks are induced in the DNA immediately after irradiation with
doses which enhance synthesis of DNA as this might complicate the

application of the break trapping technique. Fig B2.6B shows the

gevere damaging effect of 24Bnm wavelength UV irradiation.
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Permeabilisation of cells

To Introduce a dideoxy triphosphate molecule inte cells it is ueually
necassary to permeabilise the cells. Several methods of permeabilising
and resealing cells have been tried and the most successful to date is
a method which employs hypotonic shock to permeabilise the celle which
are then resealed by making the medium isotonic (B2.17). The fntegrity
of the cell physiology is best maintained after this process by
addition of serum to the isotonic medium. However it was found by
assessment with thin layer chromatography that there was about 167
breakdown by serum enzymes of the thymidine triphosphate (TTP) to
thymidine which would not be phosphorylated orx incorporated into the
DNA of permeabllised cells but would be incorperated into
unpermeabilised cells. It also zppeared that unpermeabilised HL60
leukaemla cells incorporated thymidine triphoaphate to a small extent.
These cells may allow some entry of the triphosphates through thelr
unpermeabilitised membrane or they may have enzymes on the surface of
thelr membranes which break down the thymidine triphosphate to
thymlidine monophosphate and thymidine. From comparative resulta with
AA8 fibroblasts it seems that these characteristicse may vary with cell
type. It was confirmed by the nucleocid sedimentation techniqué that
permeabilisation of cells did not introduce breaks Iin the DHA.

Chain termination during repair of UV-induced damage

The principle of dideoxythymidine (ddT) acting as a terminator of DNA
chain elongation in mammalian cells was well demonstrated. Cytosine
arabineside (ara-C) was used to inhibit DNA c polymerase which is
mostly involved in cell replication DNA synthesls. Dideoxythymidine
is incorporated into DNA by B polymerase which is principaliy involved
in DNA repalr synthesis. In cells where replication synthesis was
inhibited by ara-C, Iincorporation of 3H—TdR into DNA repalr synthesis,
induced by 248nm UV damage, was inhibited by dideoxythymidine.

Experiments which examined the effect of ddT on replication DNA
synthesis showed different lnvolvement of a and g DNA polymerase in
different cell types. Dideoxythymidine reduced incorporation of 3H TdR
into DNA synthesis in HL60 leukaemia cells but did not reduce
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incorporation into DNA replication synthesis in AA8 fibroblasts
suggesting that B polymerase as well as o polymerase i3 Involved in
AL60 cell replication synthesis, but only a polymerase 1s involved in
AAB fibroblast replication synthesis.

Tnhibition which results from photoactivation of caged araCTP

It has been demonstrated that photoactivated caged-araCTP affects
incorporation of 3H-TTP into DNA synthesis in permeabilised cella
either by competitive inhibition of DNA polymase o or by direct
incorporation into DNA (BZ.18}. AAR fibroblasts and HL60 cells were
permeabilised, 'caged' ara-CTP was introduced into the cells with
IE-TTP, the cells resealed in isotonic medium and the 'caged' ara—-CTP
activated by 35lnm frradiation. Cells were then incubated at 37°C for
one hour. In both cell types photoactivation of the caged molecule
reduced the incoporation of 3H-TTP as might be expected (Fig B2.7). It
was previously shown that the presence of an inactivated caged molecule
was not toxlc to permeabilised or intact cells by measuring 3H-TTP and
34-Tdr uptake after one hour or 24 hours incubation of the cells with

the 'caged' compound.

32
Incorporation of P into DNA

32
Permeabilised cells (AAB) incubated with a P ddATP showed no uptake
of 229 4n the absence of UV irradiation. After 20Jm™Z 248Bnm light
50 fmole ddATP/10% ceils were incorporated. Bleomycin, an anticancer

drug, inhibited this incorporation.
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At present, work is in progress to improve permeabllisation and

resealing of cells to produce optimum Incorporation of released 'caged’

T radiolabelled triphosphate molecules. All existing techniques employ

large molecules such as sugar or proteins in the buffers which may

absorb some of the UV light. It is necessary to modify the

3'QCTDFFF; 50 3 —T-‘ techniques without unduly disturbing the cell physiology. Partial
- 1- 3 ) gsuccess has now been achieved using rapid permeablilisation by low
{(nmol min ) ‘ concentrations of ATPY™ in alkaline buffer (B2.19).

Cell culture facilites were kindly made available by the MRC
Radiobiology Unit, Harwell, but it was unavoidable when performing

experiments at RAL that cells were not maintained in 3% COz/air during

incubation periods. The quality of results will be greatly improved
AA 8 HL 60 when gassed incubation conditions are available where the experiments

gre performed.

cell type

B2.4 INVESTIGATIONS OF FAST ABSORPTION CHANGES IN PHOTOSYSTEM 1

Fig 82.7 The effect of photoreleased arabinosyleytosine triphosphate
on HL80 and AAD DNA eynthesis. Unfilled bare - no photoaetivation. E H Evans, R Sparrow, L Tramontini and R G Brown

hni
Pilled bare - 1 kahg 351 irradiation. (Lancashire Polytechnic, Preston)
I N Ross, M J C Smith and W T Toner (RAL)

CONCLUSTIONS AND FUTURE WORK A flash spectrometer has been developed which is able to detect small
absorption changes of the order of 1% in the plcosecond time regime.

As a result of the experiments we have performed so far we have shown Standard deviations of the order of 0.3%Z are routinely observed.

that S2p 1s incorporated into DNA during damage repalr and that caged Pulses of 5psec FWHM are generated by a Nd/YAG pumped dye laser and are

nucleotide triphosphate photorelease (from C-araCTP) caused a amplified by a second dye laser. Absorption changes have been

polymerase inhibition. Thus each aspect of the method has been monitored by the pump-probe technique. The 5pe pulse at 585nm 1s eplit

validated in geparate experiments. Although the experiments with to provide the pump (excitation) pulse (1.5 x 10!> photons cm™2) and

C-qazP ddATP were unsuccessful owing to the specific activity being too the probe pulse at 705am {~ 10!3 photons cm?) by Raman shifting in

low (33 Ci/mmole) we confidently expect that when material at ethanol. A variahle time delay was introduced between the pump and

5000 ci/mmole ls avallable we will be able to observe direct 32?

incorporation from C-u32p ddATP and that the method will be fully
ver{ified.
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probe pulses with a totally internally reflecting prism on a moveable
mount. The absorption change for a given delay between the pump and
probe pulses was typleally the average of 100 separate flashes. In
each experiment 200 flaphes were used to alternately ercite the gsample
and measure a base-line by chopping the pump pulse. The equipment is
described in more detail in Sections B4.2 and B4.3.

Preliﬁinary experiments have been performed on a photosystem 1

preparation from the cyanobacterium Chlorogloea Fritachii. This was

chosen because 1t has been well-characterised (B2.20) and would be
anticipated to exhibit absorption bleaching of the order of a few per
cent. The sample contained 100ug mi~? chlorophyll and a
chlorophyll/P700 ratfo approximately 80.

The sample was found to be stable for at least several thousand
flashes, as monitored by a reproducible absorption change at a given
delay ag a function of the number of flashes used to excite the

sample.

705nm is the abgorption maximom of the PSI reaction centre
chlorophyll (P700) and absorption at this wavelength undergoes a slight
bleaching following the pump pulse. The observed time-profile of the
bleaching 18 shown In Fig B2.8. A rise—time of the same order as the
width of the excitation pulse 1s observed but the return of the
absorption at 705nm is at least biphasic. The observed profile is
remarkably similar to results presented by Il'ina et al (B2.21) for a
PS1 in beans in the presence of the reductant tetramethyl-p-phenylene
diamine but where they assume P-700 has all been photo-oxidised (Fig
BZ.,9}. Their interpretation may therefore be open to question. This
absorption was attributed to the tail of the absorption peak of the
antennae pigments, but without measuring the full absorption spectrum
of the species we observe, we are unable to attribute it at present.
Further experiments to obtain thege absorption spectra ate toe be

performed in the near future.
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Pig B2.8 Absorption changee at 705 nm following 585 mn exeitation of
Fhotosystem I.
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Pig B2.3 Absorption changes in Fhotooyatam I.

0 I1'ina et al. (Ref B2.21)
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p2.5 TIME RESOLVED FLUORESCENCE STUDIES ON
1,4-DI-2-(5-PHENYLOXAZOLYL) BENZENE (POPOP)

A D B Waldman and J J Holbrook {University of Bristol)
A J Langley (RAL) )

Introduction

Time-resolved fluorescence emission anisotropy studies have allowed
both the internal motions and isotropic rotational diffusion of
proteins in solution to be measured on the nanosecond timescale
(B2.22, B2.23). However, the comparatively long times required for
data acquisition using the time-correlated single—photon counting
method (B2.24) Iimits these studies to systems at chemical
equilibrium,

Here, an attempt is made to use a stresk camera to resclve the
fluorescence intensity and anisotropy in time following a single,
intense pulse of exciting light of 5-10ps duration. TIf such
tgingle-ghot' fluorescence decay measurements can be made, the ‘
properties of species which exiat only tramslently in the progress of
many biochemical reactions {which take place on the ms timescale) may
be probed by triggering the laser at a known time after the reactiom is
started by mixing two solutions together in a stopped-flow device.
Moreover, use of a streak camera and cvltra-short light pulses also
allows measurements of rotational motfons to be made in the time range
10-100ps, ‘ '

We describe preliminary studies of fluorescence in the compound

POPOP [which is widely used as =z fluorescent standard (52;25)) in order
to characterise the detection system and assess the viability of making
fluorescence intensity and anisotropy decay measurements using this

technique.

A schematic diagram of the experimental configuration is shown in
B2.10.
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Pig B2.10 Ingtrumental configuration for time-resolved fluorescence

decay measuremenis.

Resgults

The low signal to noise ratio of the fluorescence decays observed in
single-shot experiments precludes accurate lifetime measurement but are
consistent with an excited state lifetime of 1-1.35ns (see Fig B2.11).
This is in broad agreement with the two lifetime of POPOP determined
using other methods (B2.25). Although the data obtained to date is teo
noisy to allow reliable determination of the rotational correlation
time of the dye molecule in solution, improvements in the efficiency of
the collection optics and the use of a more sensitive detector with
greater dynamic range to monitor the streak image may enable
fluorescence intensity and anisotropy decays to be measuted accurately

on a single-shot basis.
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Pig B2.11 The decay in fluovescence intensity (I} from
1, 4-Di-2-(5-phenylozasolyl) benzens (POPOP) (20ym solution in
eyelhexane) following a single pulee of exeiting light ai 340nmm.

B2.6 INVESTIGATIONS OF PHOTOSYNTHETIC PROCESSES

Y E Atkinson, M C W Evans, R C Ford, J H A Nugent
(University GCellege London)

Introduction
We have used the loan pool JK2000 (ns-pulsed) Nd:YAG and dye laaer

system to bring about photochemical reactions in blological samples

prepared from photosynthetic organiams.

B2.24

(1) Laser-induced turnover of the water oxidation system in higher
plants {as detected by electron paramagnetic resonance
spectrometry - apr)

(11) Laser—induced turncver of the primary electron donor in the two
plant photosynthetic multi-protein membrane complexes which are

termed Photosystem 2 and Photosystem 1.

Results

(1) The photosynthetic oxidation of water (20,00, + GHY 4+ 4e™) 15 a
process which requires the accumulation of four oxidising equivalents
in an enzyme whose active site is thought to contain 4 manganese atoms.
A multi-line epr signal can be observed after the accumulation of 2
oxidising equivalents which may arise from a binuclear manganese

complex (see Fig B2.12),

The very high intensity of the 532nm light From the Nd:YAG laser
allowed us to study the turnover of the water-oxidising enzyme in the

very concentrated samples which are required for epr spectroscopy.

Further work on the lineshape and saturatlon properties of the
multi-line signal may advance the present understanding of the

environment and structure of the water oxidation system.

(1i) We also used the high energy of the dye laser to determine the
light-intensity dependence of P700 photo-chemistry in samples of
Photosystem 1 which had been irradiated with various doses of 16MeV
X-rays as part of a project Inveatigating the slze of the Photosystem 1
complex. The samples used in this project have lost part of their
light-harvesting function, and it was important to determine their
light saturation hehaviocur. Using the YAG-pumped dye laser we were
able to show the light-harvesting function (as a ratio of Photosystem 1

activity) was unaffected by the doses used.
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Fig B2.12 Multi-line epr spectrum of the oxygen-evolving system in
Photosystem 2 from pea (plus 2 mM p-phenylbenaoquinone) after one 532
nm light pulee from the Nd-YAG laser. Epr eonditione: Power 50 m¥W;
modulation ampitude 2 mT; temperature BK; microuave frequeﬁcy 8.05
Ghz.
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B3 PHYSICS

B3.1 ABSORPTION LINEPROFILE MEASUREMENTS OF HEII BALMER (16404) IN A
DENSE Z=PINCH PLASMA

J P Marangos, K G H Baldwin*, D D Burgess
Imperial College, London SW/

* Now at ANU, Canberra, Australla

An absorption experiment has heen performed with the aim of studying
the lineprofile and lineshift of the Hell m=2 to n=3 transition, in a
dense (NE>102hm_3) z-pinch plasma. This work employed tunable coherent
VYUV radiation generated by stimulated anti-Stokes Raman scattering of
36004 laser radiation in H2 gas, The laser radiation was produced by
the FL2002 dye laser pumped by an EMG201 MSC (loaned for the period of

the experiment by M C Gower).

Previous work (Ref B3.1) on this technique had confirmed that
intensities high enough to compete against background plasma emission
(1010 photons per pulse) could be produced, thus making this a suitable

source of radiation for an absorption experiment in the dense plasma.

The plasma employed was formed in a z-pinch discharge specifically
designed to generate dense cool plasmas for work onm the effects of
strong coupling and high density on spectral lineshapes and ghifts

(Ref B3.2). This plasma has been diagnosed by interferometric and

24 -3

linewidth measurements and found to have an electron density of 10 ™
and a temperature of 3.3eV (Ref B3.3). Absorption measurements were
made in both wings of the line. A comparison of the absorptlon data
obtained (figure B3.1) in this experiment with the results of previous
emigsion atudies of the 1640A line in the plasma enabled an estimate of
the total absorption coefficient of the line to be made. This was used
to estimate the n=2 level population and the temperature of the plasma
which was found to be 3.4eV in good agreement with the temperature
diagnosed by other techniques. MHeasurement of the continuom opacity
was used to calculate the electron density of the plasma and thile

compatred well to the values measured by other techniques.

RB3.1
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Fig B3.1 Optieal depth ve Al.

The feasibility of performing high resolution lineshape and lineshift
meagurements on this line has been demonstrated. The entire
lineprofile should be resclvable at a linecentre optical depth of 4
when the UV optica and generation system have been further optimised

and a monitor of the probe radiatfon heas been developed.
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B3.2 THE APPLICATION OF AN IMPROVED UP-CONVERTED VUV SOURCE TO
RADIATION TRANSFER IN ATOMIC HYDRODGEN

C D Heryet and R C M Learner (Imperial College)}

The aim of this investigation is the use of tunable frequency-tripled
laser radiation for the study of fundamental processes involving atomic
hydrogen in the 122Zom region. The primary interest 1s in the
propagatlon of radiation (abscrption, scattering, trapping, quenching,
etc) over a wide range of atomic number dengities and detuning
frequencies.

A PTFE-coated cell suvitable for the contalnment of atomic hydrogen at
the necessary large atomic number densitles has already been tested and
preliminary results suggest that the production and contalnment are now
sufficlently well understood to reach the ultimate target of 10i2-10l6
atoms per cm?, corresponding to line centre opacities ranging from less

than one to 10%.

The experiment is shown schematically in Figure B3.2. The function of
the VUV monochromator is the removal of radiation at the fundamental
(ie untripled) frequency. A well-diagnosed experimental configuration
was established in earlier work. Close to line centre, the interest is
not so much in the line shape but in the time-dependence of the lager
pulse shape. The first time-resolved data were obtained in the period
of thls report.

Preliminary results on radiation trapping were unfortunately masked by
instrumental effects associated with the atomic hydrogen source, which

were not identified until near the end of the experimental period and
further scheduled time will be needed to complete the project.

In.éasociation with the diagnosié of the atomle hydrogen socurce
problems, significant improvements were achieved in the output of the
frequency~tripled laser. The existing arrangement was found to be
capable of operation over the entire region from 119nm to 130nm, with
an output always 1u excess of 10/ photons, and with no change in the

optical arrangement. Improved conversion efficlency could, of course,

B3.3

have been achieved by mixing noble gases, but this was not necessary in
this experiment and so the speed and convenience of spectral scanning
with a single pas were maintained. Finally, it was found that the
output power 1in the 121 to 123nm region was enhanced by up to two
orders of magnitude If the tripling cell is fllled with krypton but
contaminated by trace Impurities of xenon. The impurity lewvel was
around 10 parts per million, and so well below the proportion usually
mixed with krypton to improve phase-matching over a selected narrow
reglon of the spectrun. The enhancement was achleved under a variety
of operating conditions and, although further study is required, the
technique is clearly simple and useful. The results are shown as
dotted curves in fig B3.3.
B3.3 193 NM LASER PHOTODISSOCIATION OF NOCL — INITIAL VIBRATIONAL
DISTRIBUTION AND RELAXATION

ITF Gillan, D J Denvir, D G Cunnlngham, H F J Cormican, I DNuncan,
W D McGrath and T Morrow (The Queen's University of Belfast).

Introduction

During the past year our programme (Ref B3.4) on possible stimulated
anti-Stoke's Raman (SASR) up—conversion in inverted highly
vibrationally excited molecules concentrated on elucidation of the
fundamental photophysical and photochemical processes which occur on
193 nm laser photodissociation of nitrosyl chloride WOCl and obtalning
the essential experlence and parameters required to optimise the system
for subsequent investigation of possible laser frequency

up~conversion.

The early work on the photodissociation dynamice and photochemical
reactions of the NOCl system has been reviewed in several

publications (Refs B3.5-8). The formation of highly vibrationally
excited NO (le NO*) on direct flash photodissoclation of NOCl was first
observed by Basco and Norrish (Ref B3.5), who proposed the process(l).
The production of NO¥ via a slow subsequent reaction (2)

(kg = 5.4 x 1012 cn? molecule~} g~1) was proposed by Grimley and
Houston {Ref B3.6) in order to explain an observed slow build-up in

{nfra-red flourescence intensity after laser photodissociation of
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The translatiomal enerpy distribution of the photofragments (le NO%
and Cl resulting from 193 nm laser photodissoclation of NOCl was
obtalned by Werner, Wunderer and Walther (Ref B3.9} using the
unamblguous time-of-flight spectroscopy technique. They interpreted
their results on the basis of the N0 formed in (1) having initially a
narrow vibrational distribution (v'' » 10-18) strongly peaked at

v'' =14.

The initial vibrational population distribution of the NO% (x.2m)
formed in (1) has been investigated for several photodissociation laser
wavelengths (viz 193, 249, 308 and 337 nm} by Moser, Weltz and Schatz
(Ref B3.8) using time-resolved infra-red emission as the diagnostic
technique. Their vibrational distributions were deconvoluted from the
initial emission intensities (at ~ 1 ys after the laser pulse) isolated
using a variable interference filter whose band-pass overlapped ~ 3-4
vibrational emission bands. Thelr results for 193 nm photodissociation
of NOC1l indicate a broad initial vibrational distribution (v'' = 1-18)
with a maxima in the v'' = 8-10 region. The authors assume rapid

(< 1 us) rotational thermalisation under their pressure conditions
(0.05-0.3 Torr NOCl) and that reaction (2) 1s too slow to contribute
appreciably to the NO¥ yleld at short times (~ 1 ps) after the laser
pulse. The work of Sudbg and Loy (Ref B3.10) however indicates
rotational thermalisation times of the order of 10 s (at 0.05 Torr) to

1.5 pys (at 0.3 Terrt).

Recent work (Ref B3.11) of the present authors has confirmed that
reaction (2) is considerably faster (le k, = (3.0 - 7.0} x 10-LL opd
molecule™!} s'l)(Refs B3.12-13) than proposed by Grimley and Houston
{(Ref B3.6) and leads predominantly to formation of vibrationally
excited Cl, (ie Cl,¥) and NO in ite ground vibrational state. The Clo#
subsequently undergoes vibrational energy transfer

(kp = 1.9 x 10-¥2 cm? molecule~! g-!) with residual NOC1 to produce
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NOCl#. Although the vibratfional enexgy transfer from Cl,# to NOCL
might be expected to selectively populate the v, mode of NOCl%,
population of several lower vibrational levels of the v; mode by
inter-mode transfer from v, and also by near-resonant vibratfional
energy transfer from NO¥ would be expected. The slow vibrational
energy transfer from Cl,% leads to the bulld up of NOCL% (v1 mode)
infra-red fluorescence, observed by Grimley and Houston {Ref B3.6) and
wrongly attributed to NO% formed directly in reactien (2). The failure
of the latter authors to distimguich between NO¥ and NOCl¥ (v, mode)
fluorescence may be attri{buted to the relatively low spectral
resolution obtainable using the infra-red fluorescence technique. The
formation of NOCl# in partially photodissociated mixtures leads to
intense transient WOCl¥ absorption over the 200-300 nm regien.-

In the experiments reported below, the laser induced fluorescence
technlque was used to determine the initial vibrational distribution
and the subsequent wibrational relaxation kinetics following 193 nm
laser photodissoclation of NOCl. The initial vibrational distribution
determines the maximum frequency up-conversions and gains attainable in
the SASR procesa (Ref B3.4). The influence of input ArF laser power
and added buffer gases on the laser potential of the NOCL

photodissociation system are also discussed in detail.

Experimental

The basic experimental configuration used was similar to that described
previously (Ref B3.4). The NOCl (in excess He buffer) was
photodissociated in a flowing ges cell using the EMG 150 ArF laser.

The nascent NOF was probed by tuning the time delayed dye laser pulse
into resonance with appropriate vib~rotational lines in either the B-
or y-systems of NO and monitoring the subsequent laser induced

fluorascence from either the B:Zy or A.2TF gtates respectively.

The complete pfy fluorescence spectra were recorded on the intensified
diode array (OMA) system and the digitised OMA output was fed directly
to an Apple microcomputer which integrated the area under a selected
(v' + v'') fluorescence band. As previously (Ref B3.4), the

microcomputer provided signal averaging over a number (~ 5-50) of
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photodissociation events, provided ditect correction for shot-shot
variations in the dye laser output and algo controlled the tuning steps
of the dye laser and the firing sequence of the photedissoclation and
probe lasers. The averaged fluorescence signal as a functlon of the
dye laser input wavelength provided an excitation {absorption) spectrum
of the NO+ (A-2r* « X.2r or B.Zn + X.Zr) vibrational band under
investigation.

A typlcal excitation (absorption) spectrum of the

NO(B.Zy. v' = 0 + X.2q, ¥'" = 10) band, recorded 150 ns after 193 nm
laser photodissociation of NOCl, and the recorded spectrum of the
cotresponding NO(B.2n. v' = 0 + X.?x) laser induced fluorescemce are

shown in figure B3.4.
Results

Since the tuning range of any one dye generally only overlapped a
limited number (2-3) of adjacent v' +« v'' bands, the initial
vibrational energy distribution of the nascent NO¥ was obtained by
measuring the ratios of the relative fluorescence excitation spectra
obtained following dye laser excitation in adjacent (v' <« v'' and

v' + v'' + 1) bands of the B and ¥ systems. The ratios of the relative
vibrational populations, given in Table B3.l, were obtained from the
ratios of the fluorescence excitatlon spectra after correction for the

relative absorbed dye laser energles.

The integrated absorption cross sectionm %, of a single
elect—vib-rotational line is related to the oscillator strength £(J',
J'') by the expression (Ref B3.14)

“ez ' L]
0A=Afud\r=__.f(J,J).N /N (3
4 J''* TOT
me
JI.JII'
where NJ"lNTOT is the fractional population in that absorbing

rotational level. The oscillator stremgth £(J',J'') is related (Ref
B3.14) to the band oscillator strength f(v', v'') by
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where SJ,. Rk is the HONL-LONDON factor for the appropriate (J'=J'")
transiction.
Since the terms NJ"INTOT and SJ,’ J”/(ZJ" + 1) in expression (3) and

(4) are essentially constant for corresponding elect=vib-rotational
lines In adjacent (v' + ¥'', v' « v'' + 1) abgorption bands, the
corresponding relative absorbed dye lasger energles are determined
predominantly by the ratio of the oscillator strengths

F{v', v'"}/EC(v', v'' + 1). The oscillator strengthe £(v', v'') used
wore either taken from the paper by Ory {Ref B3.15) or caleulated from
the Franck-Condon factors given by Nicholls (Ref 83.16). The ratio of
the laser induced fluorescence intensities for excitation in adjacent
(v' « v'', v' « v'" + 1) bands was obtained as an average over several
(4-25) corresponding rotational lines in the adjacent (v' « v'")
bands.

All results in Table B3.1 were obtained on 193 nm photodissociation of
0.2 Torr NOCl in 760 Torr hellum using a laser energy density of

~ 50 mJ/em? incident on the gas cell. The use of low NOCl pressures
minimised self-quenching of the B/y fluorescence whilst the high buffer
gas pressure facilitated rapid (< 50 ns) rotational and translational
thermaliaatioh of the photodissociated mixtures to approximately room

temperature.
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TABLE B3.1

Experimentally determined ratios of the initial vibrational populations
in various v" levels of NO(X.2r)

Population Ratlos (v" +n)/v" Value
5/4 - 1.58 + 0.29
6/5 1.98 + 0.36
775 7.80 + 1.43
7/6 3.15 + 0.58
8/7 0.78 + 0.14
9/8 0.98 + 0.18

10/7 1.41 + 0.11
13/10 0.48 + 0.12
13/12 0.68 + 0.18
13/11 0.67 + 0.17
14/12 0.55 + 0.14
14/11 0.35 + 0.09

The photodissociated mixture was probed adjacent to the ArF laser
entrance window by the apertured (diameter ~ 1 mm) dye laser beam which
was delayed to ~ 150 ns after the ArF pulse. All NO¥ spectra recorded
under the latter conditions were observed to be rotationally cold and,
under the conditions used, the laser induced fluorescence intensity was

a linear function of the probe dye laser pulse enmergy.

Under such conditions we assume essentlally total photodissociation of
the NOCl close to the ArF laser entrance window and that the ArF laser
does not appreciably perturb the initial vibrational distribution of
the nascent NO+. The validity of these assumptions was investigated in
considerable detail for our experimental conditions. The bleaching
curve (le % transmission versus incident laser energy density) obtained
for the ArF laser incident on a 1 cm long sample containing 1 Torr NoCl
{in 760 Torr helium) showed excellent agreement with a simple computer
gimulation of the bleaching process. The latter indicates Z NOCl

photodissociations > 90% under the experimental conditions used to
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obtain the ratios in Table B3.1. The initilal populations monitored Iin
the NO¥ (X.2r) v'' = 7, 9 and 14 levels were independent of the
incident ArF laser energy density over the range 30-100 mJ/cm?
indicating the absence of appreciable perturbation of the initial
vibrational population distribution by the ArF photodissociation laser

under our experimental conditions.

Individual measurements of the v''/(v'' + n) population ratios were
gublect to relatively large random errors due to the inherent:
difficulty in malntainiog constant excitation and detection geometry
during a prolonged experimental period. These errors were largest when
the second harmonic of the dye laser was used as the excltation source
due to reduced excitatlon Iintensity and slight 'beam walk' on
wavelength tuning. For results obtained under the latter {(worst)
conditions a plot of relative deviation from the mean value versus
frequency of deviation approximated to a normal error distribution
curve with an average relative deviation § = 0.26. The latter figure
was therefore used as an estimate of the precision of any individual
measurement of the population ratio and where N measurements were
averaged the errors reported in Table B3.1 are glven as /¥ N.. For
ratios obtalned using the dye laser fundamental (e v''> 10) this
procedure somewhat over estimates the probable errors.

The initial vibrational distribution, shown in figure B3.5, was
obtained from the ratios in Table B3.1 and is normalised to unity for
v'' = 4. The large probable errors, represented by the errer bars in
figure B3.5 arise from accumulation of errors due to multiplicatlon of
the population ratios in Table B3.1. The populations in the NO(X.Zn)
(v'" = 0) and (¢'' = 1) levels were obgserved, as reported previously
(Ref B3.4), to build up after the photodissociation pulse from
negligibly small Iinitial values.

The subsequent kinetlics of the vibrational populations in the NO:
(X.2y v'' = 0, 1, 5, 7 and 9) were investigated during the current
experiments and previously (Ref B3.4). Levels with v'' £ 5 showed a

rapld initial build up of population, followed by a subsequent decay,
whilst for v'' 5 7 the populations were observed to decay from their

initial values with approximately exponential dependences. The
lifetime T of the (v'' = 9) level as a functlon of NO} pressure (le
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initial NOC1 pressure) was investigated in detall for various initial
NOC1 pressures in the range 0.25 -~ 20 Torr. The individual temporal
dependences of the NO& (v'' = 9) number densities, nft), at all initial
NOCl pressures were observed to fit an exponential decay process of the
form n(t) = n(O)e_t/tD over the time range investigated (le t =

0 tot > 1.5 TD)- The rate constant (le 1/1D) for the decay process
was a linear functlon of the initial NOC! pressure (le total initial
NO+ number density) for initlal NOCI pressures in the range 0.25 — 5.0
Torr. The rate constant kQ for the quenching of the NOf

(X.2n. v'' = 9) by NO%, derived from the slope of the linear plot of
TD‘l versus initial WOCl pressure was (6.5 * 0.6) x 10-12 opd
molecule=! g=1, fIncrease in initial NOCL pressure above 5 Torr
resulted in a progressively marked reduction in tD (to ~ 23 ns at

20 Torr NOCl) and increased deviation from the linar dependence of tD“1
on initial NOCl pressure. The latter devlation was attributed to
additional rapid vibrational quenching either by undissociated NOCI,
remaining after the ArF laser pulse at these high initial NOCI

pressures, or by ground state NO formed by the subsequent reaction (2).

DISCUSSION
(a) Energy partitioning among NOCl photo-fragments

The intial vibrational distribution, shown in figure B3.5, is similar
in general shape but somewhat narrower than the distribution obtained
by Moser et al (Ref B3.8) using the infra-red flucrescence technique.
The v'' = 4 — 14 levels are gll initially highily inverted with respect
to the lower v'' < 4 levels with the maximum inversions occurring for

the levels v'' = B — 10 with respect to v'' = 0, 1.

0f the maximum energy available, le 4.83 eV (= hv - Do)' for partition
betwean the photofragments (le NO and Cl) on 193 nm photodissociation
of NOC! the distribution in figure B3.5 indicates that the average

vibrational energy per NO molecule, E 1s 2.22 £ 0.10 eV. The

Vl
translational energy distributions (of NO and Cl) measured by Werner et

al (Ref B3.9) indicate that the average total translational emergy Etot
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Fig B3.5 The ¥0® vibrational population distribution obearved 150 ne
after 193 nm photodiseociation of 0.2 Torr NOCL in 760 TOrr He. The
populations are normalised with respect to the v" = 4 laevel.

of both fragments s 1.47 eV and the average excitation available for
distribution hetween vibration (ie Ev) and rotatlon (ie ER) of the NO
fragment is therefore 3.36 eV. The average initial rotational
excitation of the NO molecule is therefore ER = 1.14 eV, an energy
which would be equivalent to an initial rotational tempergture of

~ 13,200 K at thermal equilibrium. The initial rotational population
distribution, like the initial vibrational and tranmslational
distributions, may however be far from a thermally equilibrated
population distribution. Assuming that the average total initial
translational energy Etot is equally partitioned between the NO and Cl
photofragments then the average translational energy ET per molecule is
0.735 eV corresponding to a translational temperature of ~ 5700 K at
thermal equilibrium.

Under our experimental conditions, where NOCl was photodissoclated in
the presence of a large excess of helium, the photofragments are
rapldly (< 50 ns) rotationally and tramslationally cooled to room
temperature, whilst the vibratfonal equilibrium 1s relatively slew

(> 10 ys). In the absence of excess inert gas, the photodissocliated
system would still equilibrate rotationally and translationally
relativeiy quickly (in ~ 1 us at 0.2 Torr) but to a high equllibrated
tranglational and rotational temperature of ~ 7600 K. Under the latter
conditions, the maximum population per rotational level is a factor of
~ 7 lower than i{n the presence of buffer gas and the Doppler width of
each rotational line is increased by a factor of 5, leading to a
corresponding reduction of the absorption cross-section by the same
factor. The intensity of laser induced fluorescence (or maximum
population in a single rotational level of the upper electronic state)
attainable on excitation of the NOF (X-2m) by the dye laser in the
absence of inert buffer gas would be a factor of 35 lower (meglecting
dye laser bandwidth effects) than that observed in the presence of
excess buffer gas. Several experimental attempts to observe laser
induced fluorescence from NO% in the sbsence of buffer gas failed to
produce detectable signals in agreement with the above conclusions. It
also seems likely that in the absence of inert gas the broad-band

193 nm ArF laser output willrcouple into various rotationally hot
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vibrational bands (eg ¥(3,0), B(7,0), ¥'(0,5), e(5,7), v'(3,9)) and
conglderably perturb the energy distribution of the photofragments.
The latter conclusion Is supported by the observation of intense B and
¥ fluorescences when only the ArF lager was inrcident on NOCLl in the

absence of buffer gas.
{b) Laser potential of NOCl photodissociation system

The object of the current programme (Ref B3.4) is to utilise the
inverted highly vibrationally excited NO¥ for laser frequency
up—conversion either via the SASR process or by direct optical pumping
to produce pepulation inversions in the higher (A, B, C, D) electronic
states of NO. From the considerations discussed in (a), the initfal
partitioning of the available energy between vibration, rotation and
translation of the photofragments is now well understood and the
maximumw population per inverted vib-rotational level is obtained in the
presence of excess buffer gas when the system 1s rapidly equilibrated

rotationally and translationally to ~ room temperature.

Under the latter conditlons, the fraction of the total population of
any one vibrationmal level in one vib-rotational level 15 a maximum of

~ 0.05 for the rotational levels (J'' = 5.5 ~ 9.5) in the X.Zn}
splitting of NO%. Direct optical pumping, using the dye laser, of such
gelected rotational levels in the higher inverted vibrational levels
{eg A-22+-(v' = 2) + X.2nd (v'' = 8) or A.ZZ+-(v' =3) «

X.2zk(v'"' = 9)) before significant vibrational relaxatlon has occurred
(le < 1 us} will produce population inversion between the excited
levels of the A.2% state and the corresponding levels of the lower X.2a
(v'' = 04} states. The A.22+(v' = 2,3) levels have a radiative
lifetime of ~ 200 ns and the stmulated emission cross-sections for
A.Zz+(v' = 2) + X.2p(v'" = 0) and A.2£+(v' = 3) + XZm(v'' = 1)
emissions at 205 and 203 nm respectively are ~ 5 x 10-17 cn2. Burrows
at al (Ref B3.17) obtalned laser action on the comparable A.22+(v' = 0)
+ X.25 (v'' = 1,2) transitions at 237 and 248 nm by direct longitudinal
pumping on the 3(0,0) transition at iow (0.2 Torr) pressure of NO in

the absence of inert buffer gas.

In the NOCl photodissociation system, the excess buffer gas required to
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obtaln rapid rotational/translational equilibration to ~ room
temperature will also cause some rotational redistribution within the
lower and upper levels Involved in the optical pumping process. The
rotational quenching rate constanta currently available suggest that
rotational relaxation into the lower pumped rotational level of the
K.Zn3(v'' = 8,9) state should at least partially compensate for the
detrimental rotational redistribution within the upper A.22+ lasing
level.

The main limitation on the population inversions (and gains) attainable
from the optically pumped laser schemes proposed above is the NOE
(X.2n, v'" = 8,9) number density, determined solely by the maximum
pressure {and length) of NOCl which can be completely photodissoclated
using presently available ArF laser output energles of ~ 200 mJ/pulse.
The latter maximum photodissociation energy limits our maximum
inversion to ~ 1015 molecules c¢cwm 3 per elect-vib-rotational level im a
10 em gain length. Burrows et al (Ref E3.17) observed laser action for
corresponding inversion densities of (0.2 - 9) x 1015 molecules em™3
(optimum gain at (3.5 — 7.0) x 101% molecules cm™ 3} in a gain length of
~ 94 ¢ms. Under high reflectivity resonant cavity conditions the gain

length would be relatively unimportant.

As for the optically pumped laser, the maximum up-converted gain
attainable by the stimulated electronic Raman scattering (SERS) process
is also limited by the presently availaﬁle ArF laser output energles of
~ 200 mJ/pulse. It is usual to assume that for SERS, starting from
spontaneous Raman "moise', the SERS threshold will be reached for

gR1 = 30, where &g ts the Raman galn coefficlent and 1 the length of
the Raman medium. In practice, an SERS signal may be detectable for
much lower values of gRI, particularly when the SERS medium 1s used as
an anti-Stokes Raman amplifier. For a typlcal up-converslon scheme
involving near resonance (Av = 0.5 eml) dye laser pumping of a single
elect-vib-rotational line of the A22+(v' = 3) + XZnk(v'' = 9) band,
under the.optimum inversion conditicns described above, the estimated
gRl values for the upconverted transitions AZE+(V' = 3) »

x.zn(v" = 0,1) are ~ 5 for an input dye laser pump power density of

~ 108 W/ cmZ.
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B4 LASER SUPPORT FACILITY OPERATIONS AND DEVELOPMENT

B4.l INTRODUCTION
J Hardy, J Szechi, W T Toner, {RAL)

The Laser Suppott Facility began RAL-based oﬁeratioﬁs in 1ts new
laboratory space at the beginning of May 1985, The layout of the
facility is shown in Fig 1. Shuttered heam ports connect all four
lager laboratories and cahle patch panels cam he used for signal
interconnection so that any laser may be synchronised and used with any
other. For example, UV picosecond laser pulses have been amplifed in
both excimer lasers (Sections B4.2 and C3.,3). The laboratories are all
fully provided with the gas and power connections to run additional
lasers 1f required; both the JK YAG-pumped dye laser and the Oxford
KX1F excimer laser have been used for short periods in Lab B (Sections
Bl.7 and B2.3). A separate sample preparatiocn laboratory, equipped
with basic facilitles, is also now in use. The Loan Pool facilities
are discussed in Section B4.4.

Fifty six scheduled experiments by twenty nine user groups were
carried out during the period of this report. The time was allocated
approximtely 70% to chemistry and 15% to each of physics and biolegy
supported projects, and this is reflected in the contributions to this

Teport.

Both excimer lasers were refurbished In Germany at the beginning of

the period and have operated reliably for most of the year, although
prbblems with the EMG150 thyratrons have occuted tecently. An etalon
has been purchased and is now used to monitor the performance of the
Jine-narrowed KrF laser (the EMGISOETS) during experimental rums, and
this laser has alao been run line-narrowed as both an XeF and an ArF
laser, although the latter is not entirely satisfactory. Several ml at
225 nm and 206 nm have been obtained by Raman ghifting the

line~narrowed 248 nm laser in hydrogen.

The F12002E excimer pumped dye laser has been-used with e frequency
tripling cell to generate light at 120 nm with improved efficlency
(Section B3.2). Some measurements were also made to establish the near

infra-red capabilities of this laﬁﬁrlusing a Raman cell with a

capillary tube waveguide. The FMGLOlE was used to pump the dye

sul forhodamine 101 at 652 nm to give hydrogen Stokes lines at 895, 1420
and 2480 nm. With 14 o) at 652 um, 1.5 ml at first Stokes and 0.5 nJ
of gecond Stokes were observed. Although the third anti-Stokes line

at 360 nm could be seen, the available detection system was unot
gensitive enough to observe the 0.1 to 0.2 wl of the third Stokea which
wé believe was present. In optimum conditioms, 14 mJ of fundamental
should be capable of genmerating 0.5 mJ of the third Stokes.

The effective throughput of the Triplemate spectrometer has been
improved by a factor of about 2.5 by the incorporation of a eylindrical
lens to match the output spectrum to the height of the elements in the
diode array.

The most notable changes in the equipment in 1985 are the addition of
the Picosecond laser system and ite diagnosatics (Sectiona B4.2 and

B4.3) end the acquisition of a new gateable intensified diode array and

: controller, the OSMA system by Spectroacopy Instruments Limited. The

EMG1O0LE excimer laser and the FL2002 dye laser will become part of

the loan pool equipment in May 1986 and will be replaced with a higher
power excimer laser (the Lumonics HK460) pumping a Lambda Physlk
FL3002. The HX460 has been delivered. It is rated to produce 30

Watts average power and to run either as a 200 mJ maximum pulse energy
laser at high repetition rate or to deliver up to 400 nl/pulse at a
lower repetition rate. In the high pulse energy configuration it may
be used to pump two independently tunable dye lasers. A l1st of
equipment available for use at the laboratory from May 1986 is given in
Table 1.
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TABLE I

Table I: List of RAL-based lasers and equipment from May 1986

1. Scheduled Lasers

RLl: Pulsed Dye Laser System. Output tunable from VBV to
Infra-red.

(a) Pump Laser: Lumonics HX 460. Normally operates at 308 nm in
two configurations (1) up to 200 mJ/pulse at up to 200Hz or

(11) up to 400 wJ/pulse at up to 80Hz. 30 watts max average

power.

{b) Dye Laser: Lambda Physik. FL32002. Etalon, doubling with

autotracking, Raman shifting, and frequency tripling
options.

c) Second Dye Lager: Two independently tunable beams available by
adding Loan Laser LL6.

RL2: High Energy Excimer Lager
(a) Excimer Laser: Lambda Physik EMG 150ETS. Operates at 193,
248, 351 nm. Injection locked line narrowed opticn. Up to
750 mJ/pulse at 10Hz (248 nm). Raman Shifter.

(b) Tunable dye ocutput avallable using Loan Laser LL6.

RL3: Continucus Waﬁe Ion Laser

Coherent Innova 90-5 (UV) CW Argon Ion Laser.

B4.3

RL4: Picosecond Laser System

(a) Pump Laser: Spectra Physics CW modelocked YAG model 3460.
Frequency doubling.

{b) Dye Laser: Spectra Physics Sync—Pumped 375 dye laser (80 m¥W at
82 MHz, 3 psec).

(¢) Optlonal Cavity Dumper.

(d)* Amplifier Pump: Quanta-Ray DCR2 Q-Switched Nd-YAG 10 Hz;
2 nSec; .8J; Doubling + tripling.

{e) Dye Amplifier: Quanta—Ray PDA (1 w) at 10 Hz 3 ps with R6G)
Doubling. Mixing, doubling and mixing with YAG. Raman
shifting output + continuum available. 308 and 248 nm
outputs can be amplified in RL1 and RL2.

2. Auxillary Equipment

RDl OMAIT Intensified Diode Array, gateable

RD2 OMAITI SIT Vidicon with UV scintillater

RD3 OSMA-S5I Intensified Diode Array, gateable

RD4 SPEX 1877 Triplemate Spectrometer

RD5 Monospec 0.6 m grating spectrometer

RD6 Low dispersion spectrograph

RD7 Minuteman UV spectrograph

RDE CW-pulsed Xe arc lamp

RD9 Tracor Northern signal ptoceséor

RD10 Blomation tranq;ent record, varioue photodiodes, calorimeters
and oscilloscopes. A faast oscilloscope may not always be
avallable. Calibration spectral lamps including a deuterium

lamp are avallable.
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3. Picosecond Diagnostic Equipment

PDl Scanning Autocorrelator

PD2 *Fast Sampling Oscilloscope and fast photodiode

PD3 *Delli-Delti S-25 Streak Camera (2 ps limiting resolution)
Synchroscan option. PD3 can be coupled to the RD2 OMA.

PD4 SRS Gated Integrators, computer interface. PD4 is usually
used with PD5 computer.

PD5 TIBM PC XT370

PD6  Camac Crate interfaced to PD3

PD7 *LeCroy qVt pulse height analyser interfaced to PD6.
Various photodiodes and calorimeters; some NIM and CAMAC
plug-ins.

4.  Preparation Laboratory

This is a 25 mZ laboratory with formica topped benches, activated
filter fume hood, chemical balance, pR meter, freezer, teat tube
centrifuge and gspectrophotometer. It is freely available to all
users doing experiments at the laboratory. Basic dark room
facilities are also available and there are twe Joyce—Lobel

microdensitometers.
Notes

1. Items marked * are the property of other groups at the CLF. They
are usually but not always gvallable to LSF users.

2. Access i{s also sometimes possible to equipment {eg Oxford Lasers

excimer (1Hz), JK2000 oscillator (10Hz), 51 streak camera))
belonging to other groups in the Division.
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B4.2 THE LSF PICOSECOND LASER SYSTEM

J R M Barr, I N Roas, W T Toner

The LSF picosecond laser system shown in figure B4.2 consiste of a
frequency doubled modelocked Nd:YAG laser (Spectra Physice Series 3000)
which provides a continuous train of <120ps pusles at B82HHz repetition
rate with up to 7.5W average power at 1.064pm. Frequency doubling to
532um in potassium tytanyl phosphate (KTP) ylelds up to 750mW in <83ps
pulses. This source is used to sychronously pump a dye laser

(Spectra Physics 375B) which operates over the wavelength region 560nm
to 680nm at an average power of BOmW. The repetition rate is 82 MHz
and the pulse energy is ~InJ. The pulse length varies slightly
through the spectral region due to the bandwidth of avallable

. wavelength selectors and is typically 2.5ps (560nm-630nm, two plate

birefringent filter) or 3.5ps (610nm-680nm tuning wedge). In the

latter case the pulse is not transform limited.

Amplification of single pulses at 10Hz repetition rate 1a achleved
using a puleed dye emplifier (FDA, Quanta Ray) pumped by a Q-switched
frequency doubled Nd:YAG laser (DCR~2A, Quanta Ray, 0.8J at 1.064ym).
The gain of the amplifier chain is typlecally 5x105-106 giving an
output of 0.5mj-1mj. The background amplified spontaneous emission

is ¢5% but in some wavelength regions it may be reduced by appropriate
spectral filtering. Pulse to pulae energy fluctuations are currently
~23% RMS and efforts are being made to reduce this.

Efficient frequency doubling of the amplified pulses with conversion
efficiencies in the reglon of 7-10% is possible using KD*P crystals.
The wavelength range 280nm to 340nm may be generated with pulse
energles of ~50pJ. It is possible to frequency double the output of
the synchronously pumped dye laser directly and an average power of
0.350W has been demonstrated from a 100u¥ pump at 585nm. The residual
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1.064ym cutput from the DCRZ has been mixed with the amplified dye
pulses to give ~15uJ per pulse in the 363nm to 415nm range and after
mixing with the doubled dye pulses gives ~5uJ in the 245nm to 257nm
range. Amplification in excimer amplifiers at 308nm and 248nm has been

demonstrated, A continuum has been demonstrated.

Further details of these extensions to the operating range of the
laser are given in sections C3.1, €3.2, and €3.3 of this report.

Various pleces of diagnostiec equipment are available. A rotating
block autocorrelator enables real time measurements of the pulse length
of the synchronous dye laser to be made. A fast diode (rise time

~30ps) and sampling scope are also available.

During the eight months since the imstallation of the picosecond
laser the system has performed very reliably with minimal maintenance
apart from routine adjustments. Only one flashlamp change on the
modelocked Nd:YAG laser has been required despite a typical useage of
35-40hrs per week.

B4.3. A DETECTION SYSTEM FOR KINETIC MEASUREMENTS OF SMALL
ABSORPTION CHANGES . ON PICOSECOND TIMESCALES

M J C Smith and ¥ T Toner {RAL)
Introduction

Absorption changes following exclitation of a sample have been widely
used to study ultrafast processes in physics, chemistry and blology.
The combination of the tunable output of the picesecond dye laser
(section B4.2) with Raman shifting, second harmonic or continuum
generation provides a highly versatile system for generating
excitation and probing pulse at separate wavelengths. A gengitive

detection system is required since the excitdtion pulse energles and
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hence Iinduced absorption changes are limited and since the excitation
intensity must be kept below the level at which non-linear effects or
photochemical degradation of the sample set in. Attention must be paid
to the large shot to shot variatlons which ate inevitable when pump or

probe beams are generated by non-Iinear processes.

Optical System

Figure B4.3 shows a schematic diagram of the detective system employed
in a typlecal experiment where a sample is excited at 585nm and
monitored through its absorption at 705nm as a function of delay
between pump and probe pulses. The output of the pulsed dye amplifier
is eplit. 30% of the beam forms the excitatlion pulse and passes
through a chopper and a variable delay line consisting of a corner
cube prism mounted on a translating slide. The remainder of the beam
is focuged into a cell contalning ethanol to generate the probe beam by
gtimulated Raman scattering. After passing through cptical fllters, a
spatial filter and a polariser, the probe beam is recombined with the
punp beam by reflection off the surface of a wedged quartz flat.

Light tranemitted by the sample at the probe wavelength is detected by
one of a pair of photodiodes constituting a difference detector. The
second photodiode of the difference detector detects Iight reflected
from the second surface of the quartz flat, proportional to the probe
intensity incident on the sample. A probe monitor (PIN Silicon
photodiocde) and a pump monltor (vacuum photodiode) are employed for
shot-by-shot normalisation of the difference detector signal as

discussed below.

B4.8



1
}
l
1
y 705nm |
1
e - —— a(—-— 585nm
oot 1
! l S F
1N = - Difference
! detector D1
|
}
:
Pump l Prrrgr?br Gated Integrators
monitor i D J l
D3 B
12 Bit ADCs S = Sample
l F = Filter
Microcomputer R = Raman Cell
¢ = Chopper

Fig B4.3 Picosecond traneient absorption detection system.

Signal Processing

The difference detector was based on the design of Polland and Zinth
(Ref B4.1) and consists of two reverse-biased Hamamatsu §1723-02 PIN
silicon photecells operating so that the voltage induced by 1ight
incident on one detector is opposed by that induced by light incident
on the other. The net voltage produced which is proportional to the
difference in the two light levels is passed through an ac coupled
unity pain ampliffer and terminated into a 500 load.

B4.9

Signalas from the difference detector, the probe monitor and the pump
monitor are passed to Stanford Research Systems 5R250 gated integrators
and the integrated signals during the gate period are digitised and
stored by an SR245 computer interface. An TBM PC XT reads and analyses
the data.

Data Processing

In a typlcal experiment, shot-to-shot variations in the pump intensity
are typically in excess of 20% and in the probe intenaity, typically
302-40%. A simple average of the difference signal 1s not appropriate
if the absorption changes are gmall.

The signal from the difference detector vwhen the pump beam is on may
be expressed in terms of the incident and tramsmitted light intensities

as

Don = uID - BIt + b (1)
where ¢ and B are constants determined by the sensitivities of the
respective channels of the detector and b is a baseline offset. When

the pump beam is blocked by the chopper (alternate shots) the
difference signal is

Doff =a ID - BIo + b (2)

A method of analysis is described below which is appropriate when the
baseline offsets im ‘equations (1) and (2) are known to be tdentical (ie
when the pump beam alone has been shown to produce no signal on the

difference detector from for example fluorescence).

Fluctuations im Io from shot to shot were eliminated by employing a
probe monitor for normalisation which produces a signal propertional to

the incident intensity
N=yx Io

Figure B4.4 ghows a plot of the difference signal against the
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The pump off data
The data

normalisation eignal in a bleaching experiment.
define a haseline shown in the upper part of the figure.
obtained with the pump on are more scattered as a result of shot to

ghot variations in pump intensity.

A normalised absorption change 15 determined from the data according

to the equation

DA = (Y/B) (P /P) (D - D . (N))/N
Doff(N) is represented by the linear least squares fit of Dfo ve N.
The absorption change is normalised to a standard pump intensity, Po

and the results averaged. The calibration factor (y/B) 1s determined

from meagsurements on a quartz flat of known transmission.
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Difference signal

Probe monitor signal

Fig Bd.d Plot of the difference detector signal against probe moniton
aignal with pump off (upper line) and pump om (lower line).

Performance

Typical performance-of the detection system described yields single
shot standard deviations corresponding to 1% absorption changes. By
averaging over 100 shots a precision of 0.1% absorption change has
been achieved. Time resolution in kinetic studies 1s at present
approximately equal to the laser pulse width (5ps) and is limited by
manual poasitioning of the optical delay.

Results obtalned using the detection system are presented In sections
B1.10 and B2.4. Good agreement is found between kinetic measurements
described here and those of previous studies. In figure B2.9
absorption changes observed in photosystem I on timescales less than
100ps are shown to agree closely with those ohtalned by I1'ina et al
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Absorbance change

(Ref B4.2). On longer timescales simllarly good agreemant 1s found

. AGNOST
with published results. Figure B4.5 shows absorption changes measured B4.4 STREAK CAMERA DT Ics
at 705nm in the dye methyl DOTC following excitation at 535am. The 1l/e

time of the decay fs 1.2ns in agreement with the lifetime of the § J R M Barr, G L Hogg, A J Langley, W T Toner (RAL)
t A Waldman (Bristol), R Phillips, 2 Soblesierskl (Exeter)

atate of the analogous carbocyanine dye ethyl DOTE (1t = 1.2n8) (Ref

B4.3).

A streak camera-vidicon system was commissioned during the year and is
now being used in experiments on fluorescence decay anisotropy and
amorphous semiconductor luminescence. The camera 1s a Dellistrique

. DS-3 with an 525 tube fibre-optically coupled to two stages of 18mm

. ) " channel plate intensification. Tt is currently set up with the fibre

optic coupling to give a x 2 reduction and thus a wide time window
at moderate time resolution. The lens used to image the streak slit
onto the photocathede 1s a UV doublet lens whose modulation transfer
functlon is shown in fig B4.6. An fl.4 camera lens is avallable for
high resclution work in the visible.

0.01r

002+

Fig B4.5  Abasombance changes at 703 nm following 585 mm excitation of
methyl BOTC.

In its present state of development the precision of the detection
gystem described here is compa}able to that of previous designs.
Cadonas et al (Ref B4.4) were able to measure absorption changes in the
range 0.05% to 0.2% with 200 to 1000 lager shots. Further improvement
of the detection system described here is possible. A precision of

0.01%7 on absorption measurements has been achieved (Ref B4.l).

B4.13 b1k
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Fig B4.6 Modulation Trangfer Funetion of UV doublet lens.

The output of the image intensifier ie imaged with an fl copylng lens
onto an EG and G OMAII SIT vidicon at X1.5 reduction.

Most system measurements have been made at 10Hz in the repetitive
triggering mode using an 1TT vacuum photodiode to produce a fast rising
trigger pulse. The OMA has been run asynchronously at l4Hz to

accumulate data over several hundred to several thousand shots.

The absolute sensitivity of the system at a wavelength of 630nm was
measured to be .07 OMA counts per photon at an intensifier pain of
3000. When photocathode quantum efficlency is taken into account this

is equivalent to approximately 5 counts per primary photoelectron and

B4.15

thig is of the same order as the OMA noise in a single scan of the
seven channels over which the signal 1s spread. Higher gain (up to
x60,000) is available.

The static resolution of the system 15 7 OMA channels FWHM
corresponding to 1.47 of the time window or 38psec on the fastest
streak speed currently avallable. In repetitive triggering this
broadens to 11 channels FWHM 60psec) in exposures of a few hundred
pulses due to a combination of trigger jitker and dynamic resolution
broadening. Longer exposurea give slightly worse resolution. Figure
B4.7(a) 18 a 3000 scan (2100 laser pulse) exposure to scattered
plcosecond laser light (~2.5 psec pulse width) and shows a 13 channel
width at half maximum. Dark current background is highly reproducible
and can be subtracted. Figure 2(b) is the sum of 25 successive mulci
shot exposures in which the optical delay has been changed by 100psec
between each exposure. Dark current background has been subtracted.
The variation of system senaitivity over the streak window is
illustrated in figure 2(c). The small scale structure does not
represent a real local varlation In sensitivity but is the result of
the finite steps in optical delay between successive equal intensity

exposures. Dark current background has again been subtracted.

R4.1A
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Pig Bd.?(a) Temporal regolution of streak camera - OMA eystem.

A luminescence decay curve from amorphous phosphorus at 4 kelvine
resulting from a 3000 scan exposure 1s shown in figure B4.8. Scattered
laser light at 630nm was eliminated by two cut-on filters with edges at
665 and 695 nm. Dark current has been subtracted but no corrections
for sensitivity and sweep rate variations have been made. Amorphous
gsemi conductor luminescence extenda to the millisecond time scale and
the small scale structure which apparently precedes the onset of
luminescence 18 due to an incorrect adjustment of the flyback blanking
circuit and a slight over—subtraction of the resulting parasitic signal
which 18 localised to this reglion of the screen.

B4.17
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Fig B4.7(b) Streak rate linearity: successive peaka are 100ps apart in
time. '
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Fig Bd.7(e) Variation of gengitivity across time window.



Preliminary measurements In single shot operation show a factor of ~2

improvement in time resolution. An example of a fluorescence decay

curve of POPOP excited at 340nm can be found Iin section B2.5 (Fig

B2.11).
and the

pattern

This is uncorrected for sensitivity and streak rate variations

background subtraction in this case does not include fixed

nolse from the streak camera.

The present ad-hoc use of the OMAII gives synchronisation problems in

single shot experiments and a system to enable single shot laser,

streak camera and OMA operation for stopped flow experiments 1s being

developed.

1.4
t2
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08
06
173

02}

M121 10/4/86

L x10F Counts per channel

100 200 300 %00
Channels -

Fig B4.8 Luminescence deca_rj curve of amorphous phosphorus.
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B4.5 LASER LOAN PCOL
A J Tangley and W T Toner

The LSF Laser Loan Pool was set up to cater for users whose
experimental equipment cannot be moved to RAL or whose other
commitments prevent them carrying out experimental programmes away from
home. In the first year of operation the loam stock consisted of two
pulsed tunable dye laser gystems (JK 2000 and Quantel Datachrome) and

a total of 10 loans were made. Scilentific results are presented in
sections Bl.7, Bl.11 to Bl.15 and B2.6. More lasers are now being
delivered and the equipment available for loan in 1986 is listed in
Table B4.2.

Applications for loans are treated in the same manner as proposals to
use the RAL-based facilities: they are peer reviewed, ranked according
to scientific merit by the LSF Panel and scheduled by the LSF
Scheduling committee. Loans ave presently restricted to a maximum
duration of three months on any one occasion but users with approved

programmes of work may apply for more than one loan per annum.

LSF staff visit the hoat laboratory prior to the loan to identify any
difficulties likely to arise. The laser is transported by RAL and LSF
otaff asslst users to set it up in thelr laboratory and to give any
training in its use that may be required. BSafe installation and use
of the laser is the respensibility of the host laboratory. The host
Institution i3 also responsible for loss or damage (fire,accident,
ete) and third party claims while the equipment is on thelr premises.
At the end of the loan perlod LSF staff arrange for the laser to be

collected.

Malntenance and repalr 1s carried out in the fleld by LSF staff or by
equipment manufacturers at the expense of the LSF. Experience in the
first year of operation has been that these arrangments work well. The
relatively simple JK laser has gilven few problems. There have been a

number of teething prohlems with the more sophisticated (uantel system
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which 1s equipped with a Full range of doubling, mixing and Raman
shifting options but manufacturers have cooperated well in making quick
repalrs under warranty at lahoratories as far apart as Edinburgh and

Southampton.

Lasers are intensively used on loan as users are scheduling thelr
work to make maximum use of the short loan perlod. Although some of 2:
the loams are to groups with little laser equipment of thelr own,

most are to experimental groups with extensive equipment they wish to

supplement in order to explore a new wavelength or power range or to

perform multi~laser experiments.

Table B4.2 List of Loan Pool Laser and Equipment from May 1986

1: Lasers
A: Pulsed Dye Lasers with output tunable from UV to IR.
LL1(a)

Pump Laser JK2000 Pulsed Nd-YAG laser (Doubled + tripled)
0.5J at 106nm, 10Hz.

(b) Dye Laser JK2000 Dye laser O.Icm—1 line width. 10mJ at

580nm.
Punp Laser Quantel Datachrome 5000 Pulsed Nd=YAG laser
(Doubled + Tripled) 0.7J at 1064num, 20Hz.

LL2{a)
(b} Dye laser Quantel Datachrome dye laser system with full

range of doubling + mixing options and autotracking.

0.08cm-1 line width. 60mJ at 560am.

Pump laser JK Hyperyag 750 Pulsed Nd:YAG laser (Doubled +

Tripled) .78J at 1064nm, 20Hz.

Dye laser Quanta-Ray PDL dye laser and WEX wavelength

LL3(a)

{b)
extender with full range of doubling and mixing options and
autotracking.

Lambda Physik EMG10l Excimer Laser (Chlorides)

LL4(a} Pump laser

6.5 watts avge power, 40Hz.
(b) Dye lager Lambda Physik FL3002 dye laser with doubling
crystals + computer controlled scanning.

LLS Dye Laser FL2002 with excimer pumping optics.

B4.20

B: Continuous Wave Laser

LL6¢{a} Pump laser Spectraphysics 2025 UV CW Ar Ion laser 5 watts
vis/.4 watts UV Single line + asingle frequency options.
(b) Dye laser Spectraphyeics 375 Dye laser.
Diagnostics
LDL Imacon 500 5-20 Streak Camera. Film redout.
1.D2 2 gated integrators (SR250), 1 Fast Sampler {(SR255), 1

Computer Interface (SR245), 1 Analogue processor (SR235),
1 Gate Scanner {SR200).
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c LASER RESEARCH AND DEVELOPHMENT

Introduction

In order to support its various operatlonal programmes snd keep {ts
facilities at the forefront of laser technology the CLF carries out a
wide variety of laser research and development work. This work ia
discussed in this section which reports the development that has taken
place during the year in the areas of Nd glass lasers, KrF gas lasers
and plcosecond laser systems, Novel developments that have taken place
in the areas of optical coatings, lens design and manufacture and high
guality line focus production are also reported. In addition new X-ray
insttumentation developments and novel work on the use of low power,
high repetition rate excimer lasers for plaeome and X-ray production are

digcussed.
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cl GLASS LASERS
Cl-1 DSCILLATOR DEVELOPMENT
C Danson, C Edwards, R Wyatt (RAL)

Most developments in this area during the past reporting year have been
concerned with the generation of appropriate synchronised pulses to
drive the Vulcan system during the scheduled 'Beat Wave' campaign. The
main requirements for this experiment were the generatlion of two
synchronous laser pulses of 200 ps duration at wavelengths of 1.053 um
and 1.064 pm to drive the beat-wave, with an auxflliary 2ns pulse for

Thomson scattering diagnosties.

The oscillator systems were bullt "off-1ine' to Facilitate development
in parallel with normal operations, the output being injected into the

main systems for test purposes as required.

The initial investigations were performed with & novel oscillator
employing both YAG and YLF within a common cavity as shown in Fig Cl.l.
The design was of the acoustically modelocked and Q-switched type (Ref
Cl.1) which enabled the oscillator ocutput to be synchronised reliably
with the other laser compenents. The critical issues which were
investigated were the synchronism of the output pulses at the ten ps.
level, the reproducibility of the energy ratio between the two
wavelengths, and the longer term stability of the cavity.

In order to achleve synchronisation of the Q-switch envelopes, It was
necessary to match the build-up time of the cavity at both wavelengths.
YAG has a larger stimulated emission cross section than YLF, and the
bulld-up times were adjusted by varying the pumping levels of each

rod independently. DPichroic output couplers were employed to introduce
a wavelength dependent loss intc the cavity but were found to be less
convenlent than tuning the pumping rate.

Ccl.1

POCKELS

5m f.l. 60% R

CELL  Nd:YAG Nd:YLF
C, —

POLARIZER A.O.

100% R MODELOCKER

"HYDRA"
BEAT-WAVE OSCILLATOR

Fig C1.1

Though the net dispersion in the cavity was calculated to be neglible,
it was found difficult to achieve stable modelocking at both
wavelengths simultaneously. This was certainly due In part to adverse
environmental effects, and possibly due to gain competition within the
¥YAG rod on the 1.052ym line.:

The most serious problem associated with this cavity concerned the
gynchronism of the modelocked pulses, which was observed to vary
between pulees making servo-compensation impossible. Fig Cl.2 shows a

streak record of such a mistimed output.



DUAL WAVELENGTH OSCILLATOR

A-O
sm POCKELS CELL MODELOCKER  GO%R
100%HR l =) YUF RoD ||
-«—— 1.053 l“'m -— 1.053p
Q-SWITCH
RF. 0SC
DRIVER

-«— 1.064 pm

ZH.F. SYNG
\g-smIgH
DRIVER

YAG ROD |
A0 1.064p
MODELOCKER

l1ns, » m;Li

STREAKED-SPECTROMETER QUTPUT T < POCKELS CELL
OF THE 'HYDRA' OSCILLATOR

Pig 1.2

Pig €1.3

Deapite these problems the oscillator was used to drive the VULCAN The osclllator consisted of a wmatched pair of acousto-optic

facility in a series of tests designed to evaluate gain modelockers driven from the same r.f. generator. The delay (Tl) was

reconfigurations necessary to provide the required drive for the Beat provided by means of cables and a telescopic r.f. line stretcher glving

Wave experiments. During this periocd most of the hardware problems continuous variation of phage hetween the two r.f. signals. By this

th f
that would be encountered when converting the system to two wavelength means the position of one laser pulse within its cavity could be

operation were revealed adjusted relative to the other pulse enabling the pulses to be made
synchronous with respect to the polnt of injection into the rod

In order to improve reliability, major modifications were made to the awplifier chain.

oscillator systems at this stage. The revised deslgn consisted of two
{ndependent oscillator cavities with common control electronlecs for

synchronisation, as shown in Fig C1.3.

Cl.4



To ensure that the two short pulses ccecurred at the appropriate tlme
relative to the long pulse oscillator output and the various optical
and electronlc pgates elsewhere in the system, the electro—optic
Q-switches were triggered from the same source, synchronised to the
phase of the mode-locking r.f. The delay (TZ) could be placed in
either line, allowing for differences between the Q-switch build up

times.

OSCGILLATOR OUTPUT STREAKS

¥

()

{b)

To demonstrate the effect of the
1.064 pm relative phasing of the modelockers,
- Fig Cl.4(a) shows a stregked
spectrometer record of the
1.053 pm oscillator output. A known delay
- has been introduced by means of the
r.f. line stretcher, and the
resulting desynchronisation between
the two wavelength outputs is
clearly shown. Fig Cl.4(b) shows
the output of the system with the
delays adjusted appropriately to
glve synchronised output. The long
term stability of the two
oscillators was found to be

excellent.

FPig C1.4

cl.2 LASER MODIFICATIONS FOR BEAT-WAVE FXPERIMENTS

¢ Danscn, C Edwards, D Rodkiss, R Wyatt (RAL)

Beat-wave experiments (section Al.2} were scheduled between routine
operational periocds on VULCAN. A period of one week, both before and
after, the experiment wag allowed for system preparation; therefore
it was necessary to ensure that any modifications were reverslble in

the short term.

The oscillator presented the least problems, in terms of disruption, as

it was assembled separate from the main system until required. The

cl.5

oscillator output is then rtelayed to a point, before the switchout and

pre-amplifier, where it is Injected into the system, using a palr of

decoupling mirrors.

LASER GLASS
GAIN CHARACTERISTICS

PHOSPHATE

LT SIICATE

1-0

-
o
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h
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Fig C1.5

o

The system normally operates with
two synchronised Nd:YLF oscillators.
Their outputs are passed through
amplifier chains which consist of a
series of rod amplifiers followed by
disc amplifiers. The amplifying
medium Iis Nd doped phosphate glass,
the fluorescence of peak which is
matched well with the 1.053um YLF
1ine, but has a much reduced galn
coefficlent for the 1.064pm YAG
line. Consequently i1f the two
Beat-Wave osclllator pulses were to
be injected into an unmodified
amplifier chain the YLF output would
be 10% times more intense than the
YAG output. If selected phosphate
glass rods were removed and replaced
with silicate glass rods, whose
fluorescence peak lies close to the
1.064pm YAG line (Fig Cl.5), then it
is possible to balance the energies

of the two wavelengths at the system

output. The staging of the laser system for the Beat-Wave experiment

is shown in Fig Cl.6, together with the gains available at the two

wavelengths. This configuration produces about 80 Joules at each

wavelength, limited by damage to the output stages of the laser.

In addition to the Beat-Wave pulses a synchronous long pulse is

required, 2ns in duration, with an energy of about B0 Joules. This 1is

then frequency doubled to 0.53um and used in the Thompson scattering

dlagnostics. A fraction of the Beat-Wave energy is coupled out of

the system after the 32mm dlameter rod and directed to the target area

.6
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Fig C1.7

where it could be used for Raman-Nath scattering. Fig Cl.7 shows a
schematic lay-out of the VULCAN system configured for the Reat-Wave

experiment.

cl.3 HOT OPERATICNS TESTS
C Danson, C Edwards, R Wyatt (RAL)

One possible approach to any Future upgrade in energy available to
experimenters from the VULCAN facility is the operation procedures due
to the requirements of improved beam quality control to avoid laser
damage of optical components. In order to investigate fully the
constraints of such 'hot operations' experimental time was scheduled in
November 1985. The opportunity was also taken to make measurements of
damage threshold of surfaces treated by the neutral solution and

colloidal silica processes.

There were three main aims of the study. Firstly it was required to
asgsess the operational feasibility of running high fluence laser shots,
secondly to identify the limiting component in such operations, and
thirdly to make experimental measurements of disc amplifier pain
saturation. To this end one of the six ocutput beam lines was
configured such that the disc amplifier could be run well into
saturation when the output energy would be in excess of 350J with peak

laser fluences of 7J cm_z-

KDP doubling crystals damaged at a fluence of 4J n::rn-2 in broad
agreement with the measurements made by other laboratories. These
particular crystals were operating without index matching fluild and
without windows, but since they were designed eriginally for
fluid-filled operation, the crystal surfaces were not particularly well
polished. It is believed that if crystals designed for such hare
operatlon were tested the damage threshold might be somewhat higher.
Nevertheless it 1s now accepted by most laboratories that the doubling
crystals have the limiting damage fluence, and that routine operations

should be restricted to helow 5J cm_z.

cl.7



A most disturbing aspect of the tests was the poor performance of some
laser glass which was found to damage at less than 5J cm_z. This is
believed to be due to platinum inclusions within the bulk of the glass.
Thia problem has been observed principally by the Livermore group at
comparable fluence, and the output stages of any future 'hot' system
would certainly need the improved platinum free glass that is now

becoming available.

Neutral solution proceased vacuum spatial filter lenses, colloidal
silica test plates, and samples of dielectric coated mirrors were found
to have a damage level well above the maximum attainable of 7J cm-z,
and will not be the dominant constralnt in an upgraded laser. 1In
addition, the colloidal silica anti-reflection coatings were found to
have a reflectivity less than one half of one per cent, and hence
represent an extremely cost effective tnnovation. The only problem of
such treated components is the useful life in operation due to
contamination by hydrocarbons. An extended life-test is planned to

address this lasue.

The saturation measurements on the disc amplifier gave a net gain of
4.5 at an input energy of 80 Joules. Thie measurement will be useful in
the design of the output stages of the upgraded laper, and for

comparison with the new design of amplifler at present under test.

In conclusion, it was found that a maximum fluence 1imit exists at
about 5J cm—z due to erystal damage. At higher levels, the time
required to obtain sufficiently smooth beam profiles on a day to day
operational basis would be prohibitive, apart from conslderationa of
target cleanliness. However if the laser aperture were better filled,
with Improvements to conversion efficiency and with attention to lost
energy due to Fresnel losses, then a significant upgrade in energy
would be possible at the existing aperture and with exlsting optlcal

component technology.

Ccl.8

Several serles of shots were run through various components up to the
maximum of of 350J and useful data was obtalned under all 3 areas of
study. Further tests to evaluate the feagibility of such an upgrade

scheme are planned for late 1986.
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c2 HIGH POWER GAS LASERS

Introduction

M J Shaw (RAL)

With the establishment of SPRITE as a routine laser—target shooting
facility, the main development aim has been, and remains, to increase
the power avallable on target from the present few GH by compressing

the pulselength from 530 na into the nanosecond region or less.

Multiplexing, le the extraction of energy from an amplifier on a number
of separate identifiable beams, is the preferred means of achleving
this aim. The use of Raman amplifiers as an efficient method of
combining these beanms and improving beam quality is a matural adjunct
to the multiplexing technique. TIn this section we report on the laser

R & D effort in this direction over the past year.

Section €2.1 presents briefly the results of a very detailed series of
experiments to investigate the benefits of using high krypton
concentrations in KrF lasers. Section C2.2 gives preliminary resuits
of our firet multiplexing amplifier experiments using the Goblin laser.
Thege are really quite exciting in that they indicate that energy
extraction on multiple short pulses can be highly efficient. We can
thus consider leap-frogging over our previous expectations for the
SPRITE multiplexer, which was Initially to provide 8 ns pulses on
target, to much shorter pulses, in the 10 to 100 ps range, which
hopefully will be available on target in early 1987.

Beam quality remains the important question however, and the remainder
of this Section 1s devoted to this topilc. In C2.3 we describe the
development of a TV/computer system for measurement of UV laser beam
profiles and in C2.4 and C2.5 we report on our continuing Reman work
which includes both theoretlcal studies and experimentatal development.
Ultimately we feel that the beam combining and beam quality
improvement aspects of Raman amplifiers will be necessary in future

high power pas laser systems.

Cc2.1 PARAMETRIC STUDY OF E—-BEAM FUMPED KrF LASERS WITH Kr-RICH
MIXTURES

F Kannari (RAL)

Since the discovery of the KrF laser in 1975, the factors which
determine its efficiency have heen actively studied both
experimentally and theoretically (C2.1 + C2.5) under various pumping
conditions. Although the maximum Intrinsiec efficiency of around 10% is
attainable at appropriate pumping conditions (the estimated intrinsic
efficiency of SPRITE ie approximately 8% with the injection locked
unstable cavity), further improvement is still an important issue for
achieving an overzall ICF driver efficiency In excess of 5%, Recently
oscillator performance has been investigated in Ar-free mixtures at
pressures of around one atmosphere (C2.6 - C2.8), The results of
theoretical kinetic simlation indicate that the Kr-rich mixture can
achieve a higher intringic efficiency due to increased KrF formation
efficiency and higher extraction efficiency., To date, cscillator
experiments have not been able to demonstrate the theoretlically
predicted improvement in intrinsic efficiency at high Kr concentration,
We have analysed the fundamental parameters tc understand the KrF*
formation and the energy extraction processes by combining experimental
measurements with theoretical calculations as a function of Kr

concentration,

During this experiment, the Goblin laser which was developed as a
pre-amplifier in the Sprite multiplexing system was used as an
ogcillator. Fig C2.1 shows a schematic view of the electron-beam diode
and the laser cell. In order to measure the intrinsic laser
efficiency precisely, we have eliminated the unextracted laser volume
by inserting an aluminium spacer within the laser cell.

Consequently, the 2.5w X 2.5H x 40L cm3 laser volume is pumped by a
450-kV, 75-kA, 120-ns (FWHM) electron-beam, The exeitation rate is

I.AMH/cmafor 1 atm Kr gas.
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We have measured the sidelight depletlon of KrF*(B—X) by the
intracavity flux to determine the rate constants for vibrational
relaxation of KrF* by Kr and Ar. The finite vibrational relaxation
process decreasea the fraction of accessible KrF* to stimulated
emission and also the value of gain-to-loss ratlo resulting inm the
decrease of energy and efficiency. These effects are significant for
conditiona with short KrF* Iifetime such as laser mixtures at high Kr
conectration. The vibrational relaxation rates obtained are &4 x 10-11
and 5 x 10~1lem3s~1 for Ar and Kr, respectively. The fraction of
KrF*(B—K) sidelight depletion (NO—N)/N0 also indicates the efiiciency
with which lasing photons remove the energy stored in the KrF (B}
state. Since in the limit of infinitely fast vibrational relaxation
this efficiency 15 given by (I/IB)/(1+I/IE), where I and I3 are an
intracavity intensity and a saturatien intensity, respectively, the
reduction factor due to the finite vibrational rate 1s about (1-1/8),

state. Since in the limit of infinltely fast vibrational relaxation
this efficlency is given by (I/IS)/(1+I/ISJ, where I and Is are an
intracavity intensity and a saturation intensity, respectively, the
reduction Factor due to the finite vibrational rate is about (1-1/8),
where B = 1 + BV(TD/TV)- The quantities T and T, are the
characteristic times for collislonal deactivation including spontaneous
emission, and vibrational relaxation, respectively and Gy is the

Boltzmann factor for the accesslble vibratlonsl lavel.

The dependence of (1~1/B) on the total gas pressure is shown in

Flgure C2.2 for two kinds of laser gas mixture. In the case of Ar-free
mixtures (aolid curves) the efficiency of stimulated emission decreases
as the total pressure lncreases above 1 atm since the lifetime of
KrF*(B,C) decreases faster than the vibrational relaxatfon time. The
reduction factor (l-1/@)for Ar-free mixtures fs always smaller than
those of Ar-rich mixtures (10% Kr; dotted curves) at the same total

pressure.
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We have also measured the net small-signal gain (go—uo—un), where g 18
o
the small-signal gain, L is the saturable loss and al is the

non-saturable loss. Using these measured parameters together with

the calculated values of saturation intemsity and g /o , we have
egtimated the KrF* formation and extraction efficiegcigs by employing a
steady-state analysis including the finite vibrational relaxation
process. These calculations were compared with measurementa of

intrinsic efficiency as a funetion of Kr concentration.
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Pig 2.4 Plots of eetimated

small aignal gain and saturation
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The results of one series of

Figures C2.3-C2.5.

In these

energy was kept constant and

constant excitation

rate was

measured sidelight depletion

at optimum output coupling
(b) and estimated imtrineic

and axtraction effieiencies fe).

experiments are shown in

experiments the electron—-beam deposition

equivalent to 793 Torr of pure Ar.

estimated to be 0.77MW/cm3.

G2.5

The

EFFICIENCY (%)

EXTRACTION

The results of the calculation of local extraction efficiency using the
parameters shown in Flgure C2.4 are also plotted in Figure C2.5(c).

The product of the formatiom efficiency in Figure C2.5(a) and this
extraction efficlency shown in Figure $2.5(c). Although the absolute
value of the calculated intrinsic efficiency is smaller than the
experimental measurement, the relative trend with Kr concentration is
reproduced well. We can interpret the data on intrinsic efficiency as
follows. The increase of the intrinsic efficiency at low Kr
concentration may be attributed to the Increase in formation efficlency
because the extraction efficlency does not change in this region. As
the Kr fraction 1s increased, the extraction efficlency starts to
decreape due to the effect of finite vibrational relaxation and
three-body quenching by Kr and this competes with the increase of
formation efficlency. At high Kr concentratlon, the Increase in
non-saturable absorption decreases the extraction efficiency still
more. The pudden decrease in formation efficlency at 997 Kr is

reflected in an equally sudden decrease in intrinslc efficiency.

In the case of high Kr concentration mixtures, the total pressure seems
to be important in order to obtain the best compromise between the
three-body ion-ion formation reactions, vibrational relaxation and the
three-body collisional quenching rates. We have measured the

intrinsiec efficlencies as a function of total pressure for Kr
concentrations of 10, 50 and 99.7%. The results are plotted in Figure
C2.6 as a function of the corresponding deposition energy. The
efficiencies of 50 and 99.7%-Kr mixtures show some improvement at total
pressures of around 1 atm. The 50Z-Kr mixture shows comparable
efficiencies to that of 10Z Kr except at total pressures of over 850
Torr. The efficiencles of 99.7% Rr mixture are between 8 and 9T and

lower than the case of 10 and 50% Kr throughout the pressure range.

The formatlon channel of KrzF* and its photo-dissoclation by KrF laser
photons were also investigated by measurement of the sidelight
depletion of KrzF*. We h:ve obtained new results indicating that the
diregt formation from Kr, is the most important formation channel of
Kr,F fgr pressures of around 1 atm. Because only that KrpF formed by

the KrF quenching channel can act as a saturable absorber, the

c2.6
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improvement of the energy extraction efficiency by the
photo-dissociation effect of KrZF* at high intracavity flux will be
legs than that of early predictions (C2.9). Since the effect of finite
vibrational relaxation 18 significant at high excitation rate due to
electron quenching, the operation at high excitation rate to achieve
high intracavity flux and to increase the photo-dissociation of Kr F*

2
1s not promising.

In conclusion the large Increase in intrinsic efficlency previously
predicted for Kr-rich operation of the e-beam-pumped KrF laser has not
been realized in this study. However in attempting to track down the
reagons for thls, we have obtained a much better understanding of the
complex processes which determine the operation of this laser system.
For Kr-rich operation at low pressure, the main processes which control

efficlency are:-

1) three-~body fon-ion recombination

11) three-body collislonal quenching of KrF*

1i1) vibrational relaxation of KrF* and

iv) production of KrZF* absorbers via a non—saturable channel.

The three~body lon-ion recombination process seriously limits the
formation efficiency of KrF* at pressures below one atmosphere (760
Torr). The vibrational relaxatlon rates of KrF* in collision with Ar

and Kr have been measured and found to be 4 x 1(:3-“cr|1351._1 and 5 x 10

11
cmas_l respectively. This latter relaxation rate igs 1lnsufficiently
large to compete with increased three~body collisional quenching of

*
KrF at high Kr concentrations. The net result of this is that the
stimulated emission efficlency 1s always less in Kr-rich mixtures than

in Ar-tich mixtures.
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Pockels cell switched by a vacuum photodiode. The single switching

c2.2 KrF SHORT PULSE PRODUCTION AND AMPLIFICATION operation is initfated by the input beam and returns the applled half
wave-voltage V, to zero. When this occurs the photons in the region

F Kannari, § Hicks, E Hodgson, ¢ Hooker, I Rogs and M Shaw (RAL) between the Pockels cell (PC} and the retro-mirror (M) are switched out
on the polariser (P). Compared to the normal Pockels cell system

In this Section we present the First results of multiple short pulse employing a polariser and analyser, the requirement on the high-voltage

amplification in a KrF laser medium. driver is simplified so that no pulseforming line 1s necessary. Also

the pulse width of the switched—out beam can be easily changed by
C2.2.1 Short Pulse Production adjusting the optical delay between the Pockels cell and the

retro-mirror.
The interim configuration uees a Pockels cell to slice out a short KrF
pulse from a longer 25ns pulse produced by the Lambda Physik EMG 150

injection-locked oscillator. A novel optical switch 1s used to slice Ve Va)
out the short pulse. As shown in Fig C2.7 this comprises a single Photo-Diode Switched R
Pockels Cell Driver
LKV Vi,
—=f j+ SNs
: g0 2338 v 0 0
& SWITCHED ; : S500pF W PE; .
QUT BEAM | ﬁ | o okv i
LENGTH = T |mwailirmece ; :
' ViV,
p pc +— — M Vo v
Va .___:___ ¥i -
E “_ thod hy
cathode
‘. R
]
Y anode |8 | I ]
[ Pockels Cell ] ¥y I iy | -V,

Fig €2.7 GSystem used to switch-out a short pulse from the 25 ns KrF Fig €2.9 Space-charge limited diode
oscillator pulse. The Pockels cell (FC) is pulsed direetly from current and the resistor load line

give the voltage swing across the
Pockels cell. This is independent
switeh. Pig C2.8 Cross-section through of light input and made equal to

- tne half-wave voltage by adjustment

vacuum photodiode (ITL TF 1850) of V..
switch showing low inductance Z
arrangement of capacitors and

resietors and eonnection to

Pockele cell.

c2.8 c2.9

half-wave to full-wave voltage using a vacuum photodiode (VPD) as a



A schematic cross—section of the Pockels cell driver is show; in

Fig C2.8. Before an incident pulse arrives at the photodiode, the
voltage on the electrode of Pockels cell 15 gtatically kept at ~VA/2 by
the capacitors Cl and C2 which are coaxially arranged around

photodiode to reduce inductance. Because the value of current in the
photodiode with sufficient input light (> lkW) 1s determined by the
Child-Langmuilr law, the current is a function of only the Anode-Cathode
size and the applied voltage. As shown in Fig €2.9 the value of the
registor R and V; can be chosen such that the voltage swing on the
Pockels cell is exactly equal to the half-wave voltage. The system
will also operate from a single polarity supply (in fact most of our

is + Vv ,_and the same

1 r/2

voltage swing switches the Pockels cell to the full wave voltage, VA'

In practice V, and V, were varled to obtain the best contrast ratio on

measurements were made that way) In which case V

the short pulse switched out. The response time of photodiode is
sioply determined by the transit time spread of the photo-electrons
across the A-K gap which is very small (< 1ns). The risetime of the
voltage pulse ls limited by the stray capacitance in the circuit due to
the value of R (about 500) and is approximately 3ne (10Z-90Z). A
higher positive charging voltage V, can reduce the value of R resulting
in a faster risetime, however this would eventually be limited by the
maximum insulation voltege in the photodiode. Since no cable timing is
required a vacuum diode suffices to switch the high impedance Pockels

cell and maintenance-free high repetition-rate operation 15 achleved.

At the present, the efficlency of this system iz limited by an
unexpected absorption in the coating of the polariser. The
transmission of P-polarisation beam in the polariser set at 63° angle
is 67Z. The transmission of the Pockels cell is 74%. Consequently,
the output energy of an 8ns pulse is about 20mJ which 1s about 10% of
the incident long pulse energy- In the case of gshort-pulse generation,
a high contrast ratio especially in the pre-pulse region is essential
because the pre-pulse always experiences small signal gain in the
pre—amplifier which results in a further degradation in the contrast

ratio. Therefore, we have adjusted the timing of switching the Pockels

C2.10

cell so that the leading edge of the long pulse 1s switched out.
Consequently the contrast ratlo measured at the entrance to the Goblin
pre—amplifier 1s better than 100:1.

€2.2.2 Multiplexed Short Pulse Amplification

The switched-out pulse from the oscillator i{s transferred from the
oscillator room to the multiplexer room using a 12m long evacuated beam
pipe which alaso serves as a spatlal filter and image relaying stage.
This also magnifies the beam up from 10 x 10mm? to 20 x 20mm?2. As
originally intended the single pulse was to have been split Into four
beams which vere to be amplified in a uniform beam discharge
pre-amplifier (Lumonics Hyperex 420). Unfortunately difficulties were
experlenced with thils system in terms of achieving the deslired gain and
beam quality so 1t was decided to utilise the long pain time of Goblin
(100ns) and use it as fts own pre-amplifier. The Input beam was split
inte three beama geparated by 1lOns each of which 1s amplified twice by
a double pass through the Goblin gain wedium as shown in Figure C2.10.

Cz.11
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Pig C2.10 Ezperimental arrangement for multiplezed amplification in
Coblin. Each beam double-passes the amplifier twice.

On the second double-pass the three beams are separated by l2ns.
Diagnostics are done on the second beam which is typical of a
multiplexed beam in that it is preceded and followed by other pulses.
A photodiode measures the input and output pulse intensities as a
function of time for the second double-pass where the amplifier is
saturated. A Scilentech volume absorbimg calorimeter measuree the
output energy. The depletion of KrF* and KrzF* gldelight are also
measured. The optical arrangement of the multiplexer has an array of
positive lenses which expand the beam from its initisl 20mm diameter to
60mm diameter to f£111 the Goblin pumped velume after passing through a
pinhole plate at the focus. A 7.5m ROC wmirror reconverges the
amplified beam to the pinhole plane. TIn these measurements the
diagnostics were performed on the output beam before it reached the

focus on its second double-pags. Due to the long delay down the

c2.12

multi-beam pipe it was not possible to start to saturate the laser
medium until near the end of the pumping pulse. This is a non-ideal
gltuation since the build~up of parasitic oscillations and/or
absorbing impurities could affect the results. Thus the mesurements

taken here represent worst—case conditicns.

12-ns - input beam
5ns/div

Typical input £ output
beans for the second
amplitication

Ons/div

Typical sidelight
waveforms of KrF (lower)
& KraF*{upper)

20nsidiv

Fig €2.11 Pulse shapes in the Goblin multiplemed amplifier with a 12 ns
input pulee. Pulse separation = 12 na.

r?.113



the amplifier gain has 7ns between pulses to re-punp and as is well
known (C2.10) the extraction efficiency of a storage medium depends
B5-ng input beam strongly on the gain. This difference 1in gain 18 seen clearly in
10ns/div Flg C€2.13 which showe how the gain saturates as a functlon of input
intensity for the two different pulse lengths.

We have analysed this data initially in terms of a simple
Franz-Nodvik (C2.11) model modified to take account of re-pumping. 1In

Typical input and output
beams for the second

thi the turated in 1 b
Fig €2.12 Pulse shapes g case saturated gain is given by

in the Goblin multiplexed

amplification G = (F /F. )In(G F - +
amplifier with a 5 ne ( 3/ Y o( 0°xP( in/Fs) o 1)
10ns/div input pulse. Pulse
separation = 12 na.
10°
a}l —&— 5ns pulse
. o b} - 12ns pulse
Typical sidelight . Total Pressure
waveforms HKrF *{lower) latm
B ¢l & g pulse
and KrzF* (upper) Total Pressure
0w 3 15atm
20rs/div . [o}
c |
o
(4] |-
Two sets of results were obtained for input pulse lengths of S5ns and 10k
12ns respectively. The majority of data were taken with an atmospheric : Ar/Ke/F2
pressure gas mix of Ar/Kr/Fz = 487/228/2.3 (Torr). Some data were also L = 4B7122812 3
obtained with the same rat{o mixture at 1.5 atm total pressure. 2
1 L. 1 1 111 1 L 1 J
Typlcal oscilloscope traces are shown in Pigs C2.11 (12ne pulges) and 103 102 1!
G2.12 (5ne pulses) which show respectively the input pulse shape, the Input  (Mwicm?)

pulse shapes after the Ffirst and second amplification, and the

depletion of sidelight. In the second trace the relative amplitudes of Fig £2.13 Gain as a function of imput intensity for § and 12 ns pulses

the input and output pulses are not to scale. The maximum saturated at I atm and § ns pulees at 1.5 atm.
output energy obtained was about 700mJ for both the 12ns and Sns

pulses. This was a gsomewhat unexpected reault and implies that the

sherter pulse was extracting erergy from the amplifier more efficiently

than the long pulse. The difference between the two cases, geen where Go is the small signal gain [1\3. exp(g 1)), Fi 1s the input
clearly in C2.11 and €2.12, is that when the pulse 18 of 5ns duration ° n

fluence (Jem™2) and 1“H is the saturation fluence:

C2.14 Cc2.15



Fs = gﬁ (1 + TP/T*)
where 1t 15 the pulse length and T* is the KrF* lifetime. Thus the
aaturatzon fluence is = function of pulge length and tends to IEIp for
long pulses (IE = gaturation intensity) and to hv/¢ for short pulses.
In Fig €2.13 the 1 atm data is Fitted with G, = BOO and B = 3.5mJ em2
for the 5ns pulse and G, = 400 and B = 4.5mJ cw2 for the 12ns pulse.
At 1.5 atm both the gain and saturation energy are increased to

GD = 1500 and ES = 4m) em~2 for the 5ns pulse. Using the data
described in Sectlon C2.l we would expect GO to be = 400 for a single
pass and E_ to be 4.3mJ/cm? for the Sns pulse. Our results should
however refer to double-pass values and the small signal gain should
clearly be a lot higher. One effect reducing gain Is the
non-saturation of KrzF* absorbers. As can be seen from Figs C2.11 and
€2.12 the decay time of Kr,F 1z long (~ 40ns) and thus substantial
absorption remains during the extraction time of the measured pulse. A
fuller analysis of these results neceds to take account of absorption

in the laser medium as well as the transient nature of the problem
where the pulse length, storage time and medium transit time are all of

the same order.

These results.are very encouraging for the future of the Sprite
multiplexer. We have demonstrated a saturated output energy from
Goblin which should be adequate to efficiently extract Sprite. In
addition we have shown that higher power pulses can be cbtailned by
allowing the gain to Te-pump between pulses and that 1ltttle or no
penalty in terms of efficlency is incurred in this mode of operation.
Previous measurements (C2.12, €2.13) have shown that a KrF laser medium
can be efficlently extracted with pulses of very short duratiom

(~ 10pa). This fact coupled with the results presented here strongly
gupport the possibility of building very high power, short pulse KrF
lagers based on multiplexed e-beam-pumped amplifiers like Goblin and
Sprite.

c2.16

¢2.3 ¥KrF LASER BEAM DIAGNOSTICS USING A COMPUTER CONTROLLED VIDEQ
FRAME STCRE

s Clark, I Laidler, D Emmony (Loughborough University)
B Omat (Portsmouth Polytechnic)

D Hollis (Sheffield University)

M Shaw (RAL)

During the past year Sprite beam diagnostics have been considerably
improved by the introduction of a TV camera and video frame store
system. This system provides digital storage of a TV frame which 1s
typically a 2D intensity distribution of the laser beam in either the

near or far fleld.

The equipment used is shown in Fig £2.14 and the experimental set-up to
diagnose the Sprite beam is shown in Fig €2.15. The whole beam having
passed through a 99% reflectivity turning wirror is further attentuated
by a fused silica beam gplitter and an N'O2 absorption cell (C2.30). An
exactly equivalent lens to the target chamber lens brings the beam te a
focus. At the equlvalent target plame (in the near or far field) is
placed a thin (150um) glass fluorescer which converts the 249mm UV
light into the visible with & high degree of linearity (see below).

The fluocrescence distribution is imaged by a lens onto a CCD {image
sensor (EEV P4310) having 385 x 288 pixels on a 22ym spacing. Either
standard camera lenses or microscope oblectives are used depending on
the spot size. The camera produces a gtandard 625 line TV picture and
a laser pulse occurring at any time other than in a fly-back pericd is
recorded, stored on the CCD array and readout during the next frame
period. This storage feature of the CCD device means that the camera
can run asynchronously to the laser firing and still have a greater
than 95% chance of capturing a frame. On command of a trigger gigral
indicating firing of the laser, the desired frame is read into the
frame astore. The frame store is a commercially available unit, the
Eltime Image III with slight hardware modifications so that both the
controlling computer and an external trigger gignal can Initiate a

frame gnatch.
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The store 1s set up to hold two pictures each 256 x 512 pixels

simultanecusly in memory each with 64 levels of intensity resolution
(greylevels). The 1incoming data 1s digitised and stored in the frame
store memory in a grid format so that any polnt in the plcture can be

addresged using cartesian type co—ordinate addressing.

An Apple Ile computer is used to control the system and it is this

which makes the system particularly powerful and versatile.
A sulte of programs was written to perform the following tasks.

a) Acquisition, storage and display of data.

b) Imapge processing.

¢) Intensity profiling in X, Y and © directions.
d) Radially averaged profiling.

e) Numerical Integratiom.

f) Statistical analysia.

By using options e and f it 1s possible to calibrate an image in

2
absolute units and so obtain the fluence (J/cm' ) at any point in the
image. Option f will also give such parameters as average fluence,

fluence per intensity level recorded and standard deviation of

fluence.

The profiling programme allows the user to select the location of the
profile and whether it is a line profile or a radial profile and
produces graphs of recorded intensity versus position along the
profile.

The image processing routines Include removal of background (dark
level) nolse, image enhancement and a routine to display the difference
(in intensity levels) between two frames. There are also routines to

store an image on disc for future referencing and processing.

Fig C2.16 shows a typlcal focussed near fleld intensity distribution
from the Sprite unstable resonator and two Intensity profiles through
the beam pattern. In Fig C2.17 we show typlcal histograms of the laser
fluence. In a) the background is not subtracted showing that in this

Cc2.18

case the majority of the pictutre was dark. In b) the background is
excluded and the histogram gives a good indication of the variation of
fluence in the laser beam. In nearly all cases the most likely fluence
was close to the average fluence and also the peak fluence was

typically only 2x the average fluence.

The key element in this system is the fluorescer which converts the
image from the UV into the visible for the camera to record. Most of
the work so far has been done using borosilicate glass (pyrex)} as the
image converter, eince its linearity was found to be good and its
conversion efficiency was good encugh for this purpose. Furthermore
pyrex is readily avallable in very thin form (microscope cover slides
which allows a microscope objective to focus on the fluorescence, which
occurs within a few pym of the front surface of the slide, from behind
the back surface of the sglide.

The question arises however for other applications whether specially
doped glasses would be good linear converters of UV light but have much
more sensitivity than pyrex and be better matched to the spectral
regponse of the CCD image sensor. To this end we have investipated a
number of different doped glasses and we have looked at the

fluorescence yleld, time response, spectral response and linearity-

Dopants of lead, tin and copper have been tried and Fig €2.18 shows
that a very signiffcant increase in the fluorescence signal can be
achlieved over undoped glags. The time response of the fluorescence

is in general quite complex with no single decay time dominating. In
general however glasses are unsultable as fast fluorescers which will
follow the time response of a short laser pulse. However In imaging
this 1s not important since it is the integrated fluorescence which is
recorded {le the area under the curves in Fig €2.18) and in this
respect lead dopants clearly give the highest fluorescence ylelds.

This result Is confirmed 1f one looks at the spectral response as shown
in Fig €2.19. These results were taken on a spectrophotometer with a
calibrated gpectral response using Hg 254 nm as the exeiting line. The
advantage of lead dopants is not so strong if one considers the spectal
sensitivity of the CCD image sensor which in the non- intensified
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verslona 1s much more sensitive In the red than in the blue. In thls

cagse tin dopants look promising. For maximum sensitivity, the

w

combinatlon of a lead-glass fluorescer and an image-intensified CCD

3,

device would be best.
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The Iinearity of the varlious doped glasses 1s shown in Figs C2.20 and

LY

C2.21. Here the influence of doping concentration is apparant.
Curiously the concentration effects the linearity differently with
different dopanta eg high doped tin and low doped lead both show
aignificant non-linearity. However 1t should be noted that between

-
O-d

100pT and IOmJ/cm2 all of the glasses aere adequately linear for a 6 hit

integrated fluorescence (a.u)
=

frame atore. For ultra-linearity over a very wide range lead crown

glase appears to be a very good image converter.
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c2.4 THEORY OF RAMAN AMPLIFICATION WITH BROAD-BAND PUMPING

J P Partanen (RAL)

Raman amplification experiments with Sprite described In last years
annual report cevealed some Interesting results when the pump laser
linewidth 18 much broader than the linewidth of the Raman scatterer,
ie the inverse of dephasing time the molecular excitation wave
responsible for scattering. In the past year we have clarified the
theory of forward Raman amplification which is needed for pulse
compression of the Sprite laser. Forward Raman amplification will be
used to combine short pulselength beams from the multiplexed Sprite to

a single short pulselength Stokes beam.

Using Maxwell's equations and the damped harmonic oscillator equation
for the Raman scattering molecules we can derive the coupling equations
for the pump and the Stokes electric fileld amplitudes E and Es'

respectively, and the vibration wave amplitude qv(CZ.IS):—

T
=1 " ¢y 9, Es [49]

dz 8 :
dE

8 *
—= =1 C, q E (2)
dz e e

*

=1C,E E 3

a, 2 B, By (3

where mp and ms are angular frequencies of the pump and the Stokes
waves, respectively, and Gy and C, are constants. Fig C2.22 shows the
relationship for the pump, the Stokes and the vibratlon wavevectors for
two elightly different frequency pump waves in a non dispersive medium.
As can be seen, the vibration wavevector i1s the same for both pump
waves. Therefore with a broad-band multi-mode pump a single vibration
wave can gcatter energy form each of the pump modes to the

corresponding Stokes mode and we get the coupling equations (C2.15)
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Pig €2.22 Waveveetor relationship for the pump, with Stokes and the
vibration waves for twe slightly different frequency pump beame .

The vibration wave 18§ driven by the beat-waves produced by each pump
mode with the corresponding Stokes mode. ¥ig C2.23 fllustrates the
growth of the vibration wave amplitude in the complex plane. It is
asgumed that all the beat—wave amplitudes Epn Es: have the same
magnitude but random phasea. From Eqa (4)-(6) it can be deduced
{C2.15) that all the beat-waves grow in the directiecn of the sum of
them in the complex plane as shown in Fig C2.23(b) and after a certain
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(a}
t=0

(b}
t=t

(c)
t=2t

interaction length all the beat-waves are in the same phase (Fig

C2.23 (c)) At the entrance of Raman amplifier where this phase locking
occurs 1t can normally be assumed that the effects of the interaction
on the pump medes is negligible. Under this assumption we get from Eqs
(5), (6) that the vibration wave amplitude has an exponentlal growth

9,(2) = q,(0) exp (} v I 2) )]

where I 1is the total pump Intensity (IP a 4 E,Epnlz) and y 1s the

Stokes beesm pain coefficlent with

Beat wave amplitudes Vibration wave amplitudes

!~ \' - \ ‘t}

N N A

e o —_—

Fig €3.23 The growth of the vibration wave amplitude and the beat wave

amplitude which drivea it in a broadband-pumped Raman amplifier. The
veetors are drawn in the complex plane.

monochromatlc pumping [I3 = IS(O)exp(TIPz)]. Applying (7) to (5) we
get an equation for the Stokes mode amplitudes which can be solved to

lead to the expression

c2.23

la,(0){?

2
402

Is(z) = IS(O) + [exp(TIpz) - l] (8)

for the Stokes beam Intensity with broad-band pumping. TIf the beat

waves are non correlated at the entrauce of the Raman amplifier we get
an estimate for their complex sum {in Eq (6)) using random walk

theory:
1
3 Epn Esn* = ;; exp (1) D) lEpn”Esn‘ 9

where N is the number of modes and ¢ gives the phase of the sum vector.
Assuming top hat profiles for the pump and Stokes beams we get an
expression for the initial vibration wave amplitude 'qv(0)| and that
leads to the Stokes beam {ntensity expression

I_(0)

I, (=) = I_(0) + 25 [exp(v1 2) -1] (10)

The expression (10) shows that the Stokes beam growth rate is the same
with broad-band pumping 28 with monochromatic pumping after an initial
interaction which is required for phase~locking. The Interaction
length required for phase locking depends on the number of modes, ie.
the linewldth of the pump beam. In Fig 3 we show our amall signal gain
Raman amplfier experimente with two pump linewidths and the asymptotes
of the theoretical expresslon (10) (C2.16}. After the phase-locking
has occurred the growth and the pump depletion is the same with
broad-band pumping as with single mode pumping in a dispersionless

medium.

The Stokes beam grows from spontaneously Raman scattered photons 1in a
Raman generator. As s0on as the Stokes beam 1s gufficiently strong to
establish 8 vibration wave all the Stokes photons created are golng to
be in the right phase. Therefore the threshold for Stokes beam
formation in & forward Raman generator does not depend on the pump

Inewldth.
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100+ €§} where &w i1s the pump beam linewidth and vP and vs are pump and Stokes
& beam group velocitles, respectively. Using approximate solutions of
'g 50 ag;J the coupling equations (2) and (3) Akhmanov et al (C2.17) first
> ;* digcovered the critical intensity with a definition slightly differing
E? S from Bq {11). It has been verified experimentally many times.
o 20r >
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>t Beat wave amplitudes Vibration wave amplitudes
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Pig €2.24 Smll signal gain measurement with a hydrogen Raman g?n ‘-:) P Q
amplifier. Solid pointe are with pump laser linewidth 0.07 em! and t=t, ! ) ™ ¥ ﬂ_,;'
open pointe with linewidth 0.7 enr!. Solid lines are from Eqn (10)
with N = 20 and F = 200 reapectively. (c) ' .
The effect of dispersion on the Stokes beam amplification 1s that E;%E
beat-waves from different mode palirs have a slightly different 1=t @ ? — - A
wavevector. This causes the beat-wave amplitudes to rotate in the &b &

complex plane from the sum vector direction when the beams propagate

as shown in Fig €2.25. From £2.25(b) we see that 1f the gain is not
sufficiently high the vibration wave amplitude decreases and there is
no Stokes aignal gain. With high gain the Stokes beam grows as it does
without dispersion. A criterioen for the growth of the Stokes beam
comes from the requirement that the gain must be high within the
dephasing length, 7Ip£d » 1. (Ed = [Amp (lfvp - 1/vs)]‘1, Ref (C2.15).
Using Fig C2.25 we have illustrated the interesting result that the
Stokes beam grows in a diapersive medium if thé pump intensaity is
higher than a critical intemsity given by

c2.25

Pig £2.25 The effect of dispersion on the growth of the vibration wave
amplitude with low (b) and high (c) gain. Dispersion causes the
rotation of the beat wave amplitudes in tha complex plane as the pump
and Stokes beame propogate.
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c2.5 DEVELOPMENT OF A NARROW LINE KrF OSCILLATOR
J P Partanen, G M Davis and M J Shaw (RAL)

As explained in the previous section the growth of the Stokes heam in
the Raman amplifier depends on the linewldth of the pump laser even if
the dispersion is not strong. With high dispersion like in liquid
Raman amplifiers, the effect can be very dramatie. We have started to
develop a narrower linewidth KrF oscillator. In the last year we have
studied the line narrowing of KrF lasers. We are also building a small
scale electron-beam—pumped KrF laser to provide a long excitatlon of
the laser medium. Longer pulselength provides many round trips in the

oscillator cavity which makes the line narrowlng easier.

€2.5.1 Line Narrowing of KrF Laser with a Multipass Grating

Interferometer

The bandwidth of a free-running KrF laser is about 90 cm™l. The line
narrowing apparatus in a typical 1 m long oscillator cavity must have a
finesse of the order of 10% to have only one single longitudinal mode
ceclllating. The narrowest operational HKrF laser cavitlea have had
about 10 longitudinal modes. If the line narrowing is done only by
intercavity Fabry-Perot etalons the number of etalons needed for single
mode operation 18 3 or 4. Another approach is to use a grating or a
get of prisme for coarse and etalons for fine line marrowing. In both
of these methods thick Fabry-Perot etalons are slightly tilted inside
the laser cavity to aveld broad-band feedback by reflection. Walk-off
of the beam inside the thick tilted etalon introduces losses and a
reduction of the finesse. These walk~off problems can be avoided by

using a multipass grating interferometer, MGI.

In an MGI the grating is used in its second order Littrow
configuration. Then the first order diffracted radiation i3 travelling

normal to the grating surface. When a mirror is aligned parallel to
the grating as ghown In Flg C2.26 the interference of the beams

c2.27
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Fig £2.26 The Multipass Grating Interferometer (MGI).

travelling between the grating and the mirrer causes the back reflected
beam to have a simfilar wavelength dependence as the transmission
function of a Fabry-Perot etalon (C2.18). For the free spectral range

of an MGI we have an expression

Av, = o (1)

where d 13 the distance between the grating and the mirror and for the

finesse
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3 narrowing of KrF laser with an MGI. The grating avallable for
" (RmEg)‘
Fo —————— )

- ]
1 (RmEg)

where R 18 the reflectivity of the mirror and E: is the zero order
m

diffraction efficiency of the grating with normal incldence. Although

the Littrow diffraction has low efficiency the peak reflectivity of an Mirror KrF Laser cell Fec:bll-y" Perot

MGI can be high in the sawe way as a high reflectivity Fabry-Perot alon

etalon can have high a peak transmission. In addition to this etalon l-a l l %

effect, the Littrow grating in an MGI is used for course line narrowing H | ] %

with the resolution ; . lMGI
Pinhole Pinhole

- 1
. 3
6 vg ® 2w tans )
where w i{s the width of the beam and 8 is the angle of the incoming
beam to the normal of the grating surface.
Fig C2.27 Harrow ling KrF laser cacillator employing the MGI. The
We used the cavity shown in Fig C2.27 to experimentally study the line output beam is taken from the output coupler to the left.

experiments was a 3500 grooves/mm holographic grating for which the
second order Littrow angle is 61°. The resolution of the grating
itself with 0.6 mm apertures is 5 cm '} (Bq (3)). For further line
narrowing an etalon must have 2 free spectral range of 2.5 en! or
more. Therefore the thickness of the etalon must be less then 2 mm. A
glight tilt in an intracavity Fabry-Perot etalon which is only a few
times thicker than the width of the beam doea mot cause any serious
walk-off problems. Therefore we could use an extra 1.5 tm air spaced
etalon (Fig C2.27) with finesse of 15 to achleve more line narrowing.
The effect of this etalon reduces the linewidth to 0.2 eml. The final
line narrowing is doue by the MGI. The distance between the grating
and the mirror was 2.5 cm giving a free spectral ramge of 0.2 em~l (Eq
(1}). We measured the zero order diffraction efficlency of the grating
with normal incidence to be about 40 % and the mirror used in the MGI
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Fig C2.28 Fabry Perot interferometer
taken of the laser output with an
etalon of O.11 cm = FSR. mirror in the MGT to be parallel

had a kigh reflectivity (» 98 Z). From Eq (2) we get that the finesse
of the MGI is about 7 leading to an expected linewldth of the

oscillator cavity of 0.03 em t.

We studied the linewldth of the
laser beam by letting the cutput
which 1s taken through the 95 %
mirror at the other end of the
cavity go through an expanding lens
and a diagnostic Fabry—-Perot etalon.
The etalen used was a 3 e¢m thick
quartz etalon with high reflectivity
cecatings in both ends giving a free
spectral range of 0.11 cm™l.

Fig C2.28 ghows a photograph of
fringes produced by this etalon.
Judging from the figure and more

recent measurements with a
photodiode array we get that the
1linewidth of the cavity 1s about
0.03 co~!. Fringes appeared only

after very careful alignment of the

with the grating surface. The

alignment was done with the help of
a HeNe laser though the dielectric high reflectivity mirror. With
other other diagnostic etalons we checked that the linewidth of the
cavity was of the order of 0.2 em~! without the alignment of the MGI
mircor and 5 cm~! with the Littrow grating along.

C2.5.2 Long Pulse KrF Oscillator

The maximum achievable excitation time in discharge pumped KrF lasers
is about 40ns due to collapse of the discharge. This limits the number
of roundtrips in an oscillator cavity to less than 10 which is not
sufficient to establish a good cavity mode. 1In an electron beam
excited KrF laser the pulse length is determined by the length of the

electron beam and can be made much longer.
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Fig €2.29 The co-axial electron
beam diode designed for the long

ulse KrF oscillator. 3
p Fig €.31 OQutput from the pulse-

transformer into an 850 load
resistor.
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Fig £2.30 Cirvcuit of the transformer driven e-beam generator.



In the long pulse KrF oscillator under construction at RAL we have
designed the electron beam to have 150-200ns pulse length. Ome design
aim was to make the electron beam dlode as short as possible Lo
increase the number of roundtrips. However, the diode must tolerate
about 250 kV cathode voltage, which iz needed for the electrons to
penetrate through the anode foil from vacuum to the lager gas. The
deslgn was carried out using the computer code PE2D(C2.19) which can be
used to calculate equipotential contours of electrodes with complicated
shapes. The shape of the diode 1s shown Iin Fig C2.29. For uniform
illumination the laser gas is inslde an anode tube surrounded by a

coaxial cathode.

The voltage (~ 250kV) and the current (~ 3kA) for the electron beam
diode are provided from a pulse transformer. The high voltage circuit
ig shown in Fig C2.30. Because there is no high voltage capacitor or
pulse-forming line in the secondary circuit it is very important to
have a low inductance primary circuit. We have constructed the primary
circuit using wide copper sheet conductors and a rail spark gap.
Replacing the electron beam diode with a corresponding 85 @ copper
sulphate resistor, we have tested the pulse transformer circult.

High voltage pulse wave forms are shown in Fig €2.31. We can deduce
that the voltage gain of the pulse transformer to 85 Q load is about
5.

The long pulse KrF ascillator will be teated during the Summer 1986.
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c3

PICOSECOND LASERS

c3.1 IMPROVEMENTS IN PICOSECOND LASER PERFORMANCE

J Barr, I N Ross

The picosecond laser system described in section B4.2 has performed

reliably since inetallation. However a number of areas requiring

development znd improvement have been identified.

The beam quality of the un-modified pulse dye amplifier (PDA) was found

to be limited by the PDA spatial filtering and beam expanding optics

after the second amplifier. Removal of these optics has led to a much

improved beam quality without loss in output energy and only a small

{ncreagse in the level of amplified spontaneous emission, Figure C3.1

ghows the farfleld performance after modification and this demonstrates

that the peak intensity at the focus is within a factor of 2 of being
diffraction limited.

Transmitted .5~

Power
Through
Aperture

of Radius R}
D3

1.0
Q-4
08t

07T Diftraction Limited Performance

05 Measured Performance

04

02
04

Radius (R}—

¢3.1 Par field performance of the modified picoaecond dye laser.

c3.1 2

The pulse to pulse fluctuatioms were larger than expected (30Z-50%).
These are attributed to mode beating effects in the Q switched Nd:YAG
laser and to beam pointing instabilities arising from the pumped dye
cells. A pinhole efter the first stage has been enlarged to 200um
which reduced the pulse to pulse fluctuations to 15-25%. Contrel of
the ASE has been retained by adjusting the pump energy delivered to
each stage. Typical ASE levels are <5%. Further improvements in pulse
to pulse fluctuations are expected by reducing the influence of the
mode beating in the Nd:YAG laser by adjusting the polarisation and
delay of the light pumping each stage.

Transform limited pulees have been obtained over the tuning range of
the synchronously pumped dye laser. Previously tranaform limited
pulges were only obtained using the twe plate birefringent filter which
became increasingly lossy for A » 610nm. A tuning wedge was uged to
tune the lager in this region and gave non-transform limited pulses of
4ps duration. By using a pellicle transform limited pulses were
obtained at 630nm with a pulese length of 2.2ps assuming a single sided
exponential pulse shape. Figure 3.2 shows the autocorrelation trace
which has a half width of 4.4ps. The pellicle was constructed In house

out of optical grade melinex of nominal thickness 251m.



3.2 Autosorrelation trace at 630 nm shoving tranaform iimited
performance. The time scale was 6.25 pe/div.

3.2 EXTENDING THE WAVELENGTH RANGE
J R M Barr, I N Ross, W T Toner

A variety of methods have been used to generate wavelengths for use in
plcosecond experiments. The processes that have been investigated
involve frequency mixing, stimulated Raman generation and continuum
generation. The main features of the plcosecond laser system are
summarigsed in gection B4.2. Figure C3.3 shows typlcal energy values
that have been generated at various wavelengths and the approximate

tuning range of the laser using each technique.

€3.2.]1 Frequency Mixing

The residual 1.06fum Iight from the Q switched Nd:YAG contains up to
200mJ in a 2ne pulse corresponding to a peak power of 100MW which is
comparable to the peak power of an amplified pulse. Sum frequency
mixing of the amplified dye output with 1.064m is an attractive

method of generating additional wavelengths. The wavelength reglon
166nm to 415nm can be reached directly and mixing after doubling the
dye laser output covers 222am to 258nm. This process was tested using
two KDP ctyetals borrowed from the Laser Loan Pool. A gimple non
colinear geometry with a 5° croseing angle was adopted. Typical spot
gizea of ~3mm in diameter were used. Approximately 15uJ at 400nm was
generated from ~400uJ at 650nm and ~100mJ at 1.064um. Mixing after
doubling was tested using the same geometry and yielded ~4-8uJ at 248nm
from~40uJ at 324nm. This wavelength i1s of considerable interest since
it corresponds to the KrF laser wavelength and has been used to provide
plcosecond pulses for amplification in a KrF amplifier as described in

section C3.3.

¢3.2.2 Raman Generation

Stimulated Reman scattering in liquide and gases has also been used to
provide additionel wavelength coverage. Ethanol with a Stokes shift of
2921cm-.1 has been used to generate probe wavelengths in experiments.
Typically 350 J at 585nm generates 30-35pJ at 7050m in a cell of 40mm
path length., The pump light (radius Imm) was focused by a 20cm foeal
length lens into the cell giving a 1.4 x diffraction limited spot size
of 3%m. The First and second anti-Stokes were also visible in the
form of rings. Increasing the intensity by a factor of 2-4 leads to
breakdown in the 1iquid which was readily heard due to: the acoustic
shock. 51ight apectral broadening was also noted but unlike continuum
generation in H20 it was very weak and the spectrum dominated by Stokes
and anti-Stokes generation. From the experimental peoint of view
ptimulated Baman generation in liquids causes ptoblems since the
tranamitted beam quality is poor due to thermal and non-linear
processes in the focal region. Spatial filtering ls necessary to
provide a useable beam. However any pointing instablitles caused by

C3.4
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the liquid can increase pulse to pulse fluctuatione due to aperturing
by the pinhole. The pulse to pulse fluctuations are about twice the
level of those in the fundamental and are typically in the range
30~50%.

In view of the beam quality problems of Raman generation in liquids, Hz
was briefly tested as a Raman medfum. H2 {8 attractive because it has
a large Stokes shift of 4155cm-1. H2 wag prepared in a 1.56m long high
pressure cell at 20 atmospheres. The pump radiation was focused using
a In focal length lens to a~170um radiue spot. Typically 600uJ wae
input giving approximately 3-5uJ at Blénm, a conversion of 0.5-0.8Z.
There was evidence that some lst anti-Stokes at 485nm was generated.
The results indicate that unless conversion can be increased by
operating at a higher pressure (~30 atmospherea) or by incressing the
power density that “2 is not a promising medium for picosecond Raman
ghifting. It is Intended thet methane will be tested since it has a

higher gain than l-l2 for picosecond pulses.

¢3.2,.3 Continuum Generation

The main features of continuum generation in H20 have been studied
experimentally. The picosecond pulses were focused into the centre of
a 4em long cell filled with analar grade water using a [0cm lens.
Typically 700uJ at 5B5nm was used giving a conversion into the
continuum of 10%. The main features are shown in Figure C3.4 and were
recotded .by filltering the continuum using a J.Y. H20 UV ppectrometer
and detected using a vacuum photodiode with an 51 cathode. The
gpectrum was not corrected either for the monochromator transmiassion or
the diode semsitivity. The dip at 485nm is due to inverse Reman
gscattering st the lst anti-Stokes wavelength in water, The enhancement
at 730nm fs related to the lst Stokes but the peak occurs at ghorter
wavelengtha than expected (744nm) due to the reduction in monochromator
transmission as BOOnm is approached. The epatial properties of the
continuum are similar to the input light but with approximately twice
the divergence and provides a beam quality that may easily be used in
experiments. The pulse to pulse fluctuetions of the input were Nz
while the fluctuations of the continuum were about 20%. However

C3.5

reducing the input emergy by ~x2 increased the continuum fluctuations

until they were comparable with the input laser,.
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3.4 Continuum generation in water using the picosecond laser.

£3.3 AMPLIFICATION OF PIGCOSECOND PULSES IN EXCIMER LASERS
J R M Barr, I N Ross, W T Toner

One of the limitations of the present picosecond laser system is the
low pulse energy available in the UV (<50uJ). There 18 experimental
and theoretical interest in the behaviour of atoms exposed to the
extremely large electric flelds produced by UV fields in excess of
1015wcm'2 [63.1]. An attractive method for reaching these intensities

is to amplify plcosecond UV pulses 1in rare gas halide excimer

c3.6



amplifiers which can exhiblt small signal gains up to 700 in XeCl [2)
and 2 x 104 in KrF [C3.3,4]. A recent experiment indicates that up to
100 cm-z can be extracted from a KrF amplifier uaing sub-plcosecond
pulses [03.4]. It is anticipated that the 500cm2 aperture of Sprite
will enable up ta 5] to be generated in a picosecond pulse.
Feasibility tests of amplification in XeCl and KrF have been made and
the results are briefly described here.

The generation of the 308nm and 248nm picosecond pulses are described
in sections B4.2 and C3.2 respactively. Typically 10uJ at 308om and
5:] at 248nm were available., Synchronisation between the picosecond
lasers and the excimer amplifiers can be + 2ns £n principle but le
normally limited by the excimer amplifier timing jftter, The excimer
amplifiers were standard Lambda Physik excimer lasers with the mirrors

removed and 5° optics installed.

The preliminary measurements indicate that even with a non optimised
system reasonable results can be achieved. At the time of the test the
EMG101 (XeCl) typically generated lmJ of amplified spontaneous emiaaion
which was less than expected (?10mJ). As a result the observed small
eignal gaius were small ~10-20 for a single pass and ~100 for a double
pass with spatisl filtering. An improvement by at leaat a factor of 10
18 expected with a better gae mix. The amplifier section of an EMG
150wae used for 248nm emplification in Krf. Typical eingle pass gains
were ~400 with an everage of 300puJ per pulse measured on a medn power
calorimeter. Optimisation is expected to increase the amplified energy

to some tens of millijoules after a second paes.
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C4 OPTICS

Ch.1 COLLOTDAL SILICA ANTIREFLECTION COATINGS
I N Ross, F 0'Neill
Chd.1.1 Introduction

Considerable inefficiency is incurred in all the RAL laser facilitles
as a result of the lack of a good high damage threshold antireflection
coating. As much as 30X of the laser output is lost to Fresnel
reflections before reaching the target, Uncoated components include
focussing lenses, blast shields, target chamber windows and harmonic

eryetels (which are now operated freestanding).

A promiging new antireflection coeting hes recently been developed st
LLNL (Lawrence Livermore National Laboratory) (C4.l1) consisting of
colloidal sillica spun or dipped onto the optical component. The
process 1s quick, simple and inexpensive. The coating has excellent
properties with low reflectivity, broad bandwidth and high damage
threshold, and although very fragile i1t can be cleaned off and the
purface recoated without reprofiling, The coating is particularly
effective, in comparison with alternatives, in the ultraviolet at the

excimer lager wavelengths.

Work has been carried out over the last six monthe to generate this
coating technology at Rutherford and considerable progress has been
made in producing a varlety of antireflection coatings and in

investigating their performance.

C4.1.2 Review of Programme

1) Spun Coetings

All spun coatings have been generated on a commercial photoresist
spinner modified to run at the slow speeds required for the colloidal
silica process (350 - 400 r.p.m.}., This spinner is not designed for
spinning components greater than approximately @ 75 mm and we have in
consequence designed and are building a larger scale spianner to enable

us to coat components up to 300 mm in diameter, This coating facility

Ch.l
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is shown in Figure Ci.l.

A large number of coatings have been spun under a variety of conditlons
and for a variety of wavelengthe. We have established the conditions
requited for good uniform defect-free coatings., At a fixed spin speed
we have established the curve for wavelength of minimum reflection

(» min) against concentration of the colloidal eilica solution.

(Figure C4.2). Coatings have been successfully spun onto glass, fused

silica and KDP crystala.
i1) Dip Coatings

Preliminary work towards producing good dip coatings 18 in progress.
This process is necesaary for components such as prisms and cubes which
have a shape not amenable to spluning and which requite coating on
geveral faces. Dip coatings may aleo be advisable for very small
components (less than 30 mm). Figure C4.3 shows a dip tank being

used. The component remains fixed while the liquid surface is lowered
by opening a constant f£low tap. The shape of tank engures a conatant

rate of fall of the liquid surface.

Ch.2
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4.3 Drip coating faeility.

1i1) Colloidal silica solution

A suapension in ethyl alecohol 1a used. It has been prepared from tetra
ethyl ortho silicate by a base hydrolysis process as specified by LLNL.
Once prepared the suspension has been shown to have & shelf 1ife of
many menths, Elimination of contamination from the ethyl silicate has
been shown to improve the laser damage resistant of the coating in the

ultraviolet and this I8 carried out by distillatiom.
iv) Measurements

A number of measurements have been carrled out to test the performance
of the colloidal silica coatings:

C4.3



a)

b)

c)

d)

v)

A UV-VIS apectrophotometer measuring the coating transmission,
together with spot measurements of reflectivity using laser
sources, 1s used to establish the reaidual reflectivity and

wavelength dependence of the coatings.

Laser damage thresholds have been measured at a wavelength of
1.05um in the glass laser damage facility. Damage thresholds in
the ultraviolet have been measured in the excimer laser damage

facility at the Loughborough Univeraity.

Survival tests have been carried out for coatings left in
different laboratory environments and in different vacuum

chambers,

Two procedures have been tested for removing colloidal silica
coatings prior to recoating. One used a2 very weak solution of HF
to etch away the coating, while the cother employed a fine
polishing compound to polish off the coating without destroying

the surface quality of the substrate,

Overcoating

A number of components with colloidal eilica antireflection coatings

have been overcoated with a second dielectric layer by e-beam

evaperation. This has a number of potential advantages.

a)

b)

c)

d)

the combined coating 18 far less fragile and can be cleaned in
the normal way.

a half-wave laver results in excellent antireflection properties
with broader bandwidth and perhaps higher damage level than a

conventional two layer coating,.
the overcoating can 'seal' the porous surface of the colloidal
8ilica and perhaps prevent the substrate being affected by a

hostile environment {eg. fluorine atmosphere or high humidity).

the uniquely low effective refractive index of the colloidal
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Table C4.1 Damage threshold measurements on
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gilica layer coupled to a high index overcoat can give very high

reflectivities even for a two layer coating.
Results

Figure Cé.4 shows the spectral reflectivity curve of two plates coated
on both sides with concentration to give A min = 250 nm and 6530 nm
respectively. All coatings fabricated to date have given

reflectivities at A min between 0.1 and 0.3% per surface.

Table C4.1 gives damage threshold data for different coatings and at
two wavelengths using undistilled and diatilled ethyl silicete raw
material, 1,05 pm damage thresholds of colloidpl gilica coatings were
most satisfactory, and did not appear to drop for coatings made several

months earlier using undistilled chemicals.

The performance of coatings in & normal laboratory environment did not
seem to undergo any aging process over at least a six month period.

However they do seem to be subject to contamination perhaps due to oil
vapoutr when ingerted into vacuum systema. Cleaner vacuum systems will

be necessary before these coatings can be used in the target chambers,

Using both techniques of coating removal, dilute HF solution and fine
polishing compound, good quality bare surfaces and good performance
recoating on fused silica has been demonstrated. Following four
coating/removal cycles a subsequent coating was atill performing well.
It is noted that the HF etch process should only be used with fused
gilica gubstrates since 1t will appreciable etch other substrate
materials during the coating removal.

Pigure C4.5 shows the performance of two overcoated colloidal silica

coatings The Al 03 half-wave overcoating gave an exceptionally low

reaidual reflectivity of 0.1% per surface. The second example designed

for high reflectivity gave 36X for the two layer coating at normal

incidence.

Ch.5

¢4.,2 SINGLET ASPHERIC FOCUSING LENS
D J Nicholas (RAL)

The requirement is for a robust focueing lens operating in the ~kJ
energy range and over the wavelength region of 250 € A < 1060 nm, The
lens gshould have a minimum number of optical surfaces to reduce the
energy losa due to Fresnel reflection. Currently the aspheric lenses
take the form of a doublet (C4.2) whose component separation 1s
adjusted to the operating waveleéngth. The energy logs due to the
insertion of this lens in the system is ~20%. We describe here the
design of an aspheric singlet lena in which the stigmatic focusing at
one wavelength is balanced against the sphero-chromatic aberration at
another. The result is a singlet lema, with a perturbed agpheric
surface, capable of operating over the entire wavelength range
required. The principle of the. design is ze follows: Seidel
transverse ray aberrations of order 1, T(i) can be made to vanish
{C4.3) chooaing the aapheric coefficients such that:

n'u'T(i)

——

B -
1+1 .(1+1)yi+lbn

where the mesning of the symbols are given in Figure Ch.b,
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Rjy Ny

c4.6 Nomenelature adopted.

In the present design the coefficients 8, are chosen so as to minimize
the set of partial derivatives 3TJ/331 in an iterative manner between
two selected wavelengths, miniaizing TJ(lllz) within the set of 2N

linear equations

N
~T, (Ali\z) -7 AT, A A,). Bay, T = 1,2 (.1
1=1 Ja :
i

C4.7

C4.2.1 Analyeis

(C4.4)

The general analysis (based on Aldis' theorem is a formalism

adopted in ray-trace procedures in which the total transverse

aberration for a sysﬁém of K optical surfaces is written as

KKK1

nu N.T, = B Yi,(Ni-Nl_l)-zi(ui-ui_l_)} (c4.2)

¥, £y _ .
+ 744 (“1“1.“1—1“1-1)

vhere Bi 18 the refraction invariant and fy1 - 3E113y1. To proceed

with the analysis an expression is required which relatesa the variables
in Equation {C4.2), for each surface, with the coefficlents a! of the
aspheric. This ie accomplished by writing eech variable as a power
series in the normalized pupil radiua ¢ such that each variable

J J
Ry =L RSP -
Equation (C4.2) then yields

nguy {ZNK(J)pJH):TitJ)p (J)} - BIIZYi(J)pJH):(Ni(J)"Ni_l(J))PJ}

J=0,2,4,, J=1,3,5,. J=1,3,5,. J=0,2,4,..
: o '( . ( (C4.3)
(J) J J D, J
-nil;zi A P }{E(Hi _Hi"'l » }
J=0,2,4,. I=1,3,5,..

+ er_l [Zﬁ(n g HE(“1N:J)'“1—1N1—1U))"J}
© J=1,3,5,. J=0,2,4,.

Thia‘equation is supplemented by similar relationships derived from

the transfer and surfece equatione, that is
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(5 o D=, O3in, D) - 1D w0 P HED g PR
J=1,3,5,. J=0,2,4,. J=1,3,5,.

INJ
+d, 2 M, P
-152,534,.

J=

and

J) J J JYy J
B T L I R I

J=1,3,. J=0,2,6.
A)) 3 J

( z(niﬂi( —ni_lﬂi_i )b H I BEJ)DJ}

J=0,2,4,,. J=1,3,5,.

+
regpectively. Finally, to find the term Niq 1, uge is made of the
relationship

2 2
Ni 1 - Hi

glving

) Ni(‘an}Z =147 Hi(J)pJ}z
J=0,2,4,. J=1,3,5.

Comparing terms of order q + 1 ylelds the required equations for the

agpheric surface and gradient

1

(q+l) at I, (g#1)

Zy Lag,t™
J=2,4,6,.

c4.9

and

+1
(q) _
Z .L!\M(‘:1

J-1,(q)
¥i )
J=2,4,6,.

+1,q+!
q )q

This series terminates at (Yi , powers greater than (g+l1) do

not contain terms of order {q+l).

Only one aspheric is required to correct spherical aberration, the

ith aay. Now 1if T(q) {5 the aberration present when aq+li=0 and Tr(q)

ig the required value for the complete system then,

(g + 1, (1) (@)

nKHK(I)T(q) + (q + l)a nKHK .

q + 1€y Y

Hence,

(1), Ca)_ (a)
8414 © M (Tr -1

{q+1) (ni—ni_l)‘fi

(1)q+l

To satisfy the constant optical path condition we must have, Tr(q)-
0, otherwise an aspheric can be designed which selectively aberrates
the system or minimizes the aberration at more than one wavelength.
Initlally all the a1, ghould be set to zero., Each is evaluated in turn
from the rElationghip above. Afterlcalculating each aq+1i it 1s
necessary to recaleculate quantities of order g before proceeding to the
next term, becsuse some of them are changed by the new value of aq+li'
Once this is done it will be unnecessary to repeat i again since

terms of thie order are unaffected by changes in higher order variables
yet to be calculated. This procedure 18 carried out iteratively at

two selected wavelength say 11 and Az. Analytically this is equivalent
to minimizing the Jacobian J(l1 12) where
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3T, A ) 3T, A ,)
3a1 331
J (A )=
iJ 1 2
AT, ) AT A,
3al 381

The procedure is quite general and could be extended .to more than two
uaveléngths and for more than one aspheric surface. ’

C4,2.2 Practicel deaign application

We ghall consider the design of broadband, or multi-wavelength ahpﬁeric
singlet lenses based on the above analysia. Io ofder to simplify the
discusaion, a plano-convex aspheric lens will be conai&ered, although
the theory 1s quite general and any shape factor could be discussed.
Also, a glass with a low dispersion, such as fused silica will be
chosen. First, the performance of a singlet lens which satisfies
Fermat's theorem at one wavelength on}y; that 1is Tr(q)- 0, will be
examined (hereafter referred to as & Fermat lens). The lens is
designed at a wavelength of 546 (11) (frqm:p;acticallconﬁiqeratlona of
manufacture) and its performance investigated over the wavelength
range of interest 300 < A > 1000nm. Figure C4.7 shows the fractfonal
spherical aberration as a function of wavelength. I

ch.li
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4.7 Optical performmnee of an F/2.5 lene
Curve (A}; a eonventioral Fermut aspherie lene
" Curve (B); the new perturbed aspherie leng
Also showm (o) are three interfarometric measurements of the
len's performancs.

An optical £ocusing system contalining spherical aherration will
produce intensity variation in the vicinity of the focus which may be
estimated as follows. If (Ip#tIp)/Ip 1s the 1ntensit}rratio of ‘the
marginal and paraxial‘taya at'the entrance pupil of a lens of back
focal length £;({To#Jo)/Io the ratio at the equivalent target plane &
distance &4 from the paraxial focus and df ie the spherical aberration
‘content of the'leﬁs, then

Afp Ao
Ip Io

L L



Current estimates gset the required target i1llumination uniformity at
better than 10%, so Alo/Io 0.1, Also Alp/Ip 2d2/R po that

dal &
T ey

For a target of 200 pym diameter illuminated by an F/2.5 lens A/f ~ 10-3

and 4L /R < 5.!0-5. Figure C4,7 gives the fractiomal spherical
aberration content of two F/2.5 aspheric lenses operating over a range
wavelengths. Curve A 1s that of a conventional Fermat aspheric showing
that, essentially, it operatea at its design waveleungth only. Curve B
ig that for a lense based on the present anaylsis with optimizing
wavelengths aselected at 546 nm and 1054 nm, The lens ig now zonal but
has a useful performance range covering the fundamental and first two

harmonics of the neodymium-glass laser,

A pinglet F/2,5 lens, based on this prineciple has been manufactured
and tested at geveral wavelengths using both Zygo and Twyman—Green
interferometers. The experimentally measured performance of the lens
is alsc shown in Figure C4.7. The interferograme from which these

results were derived is shown in Figure C4.8.

C4.13

(@) A=1064nm (b) A= 6328nm

() A=546nm

(

a
(c)) Twyman Green interferometer

(b} Zygo interferometer

4.8 Interferograme for the F/2.5 aepherie singlet.
fa) and (b); Twyman Green interferometen
(e); Zygo interferometer.

A casual glance at the interferograms will show that the lens
operates within an error of A /4 over the entire wavelength range. It
is hoped to retest these measurements at a wavelength of 249nm when
the feeilities become avsilable.
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C4.3 NEW LINE FOCUS OPTICAL DESIGNS
I N Ross

The requirements of the x-ray laser programme have led to a number of
optical designs for generating high—quality high-aspect-ratio line
focl, One of thege 18 already in use and has been desceribed (GC4.5).

4 number of other possible designs have been Investlgated and two of
these, both offering some advantages over the egtablished acheme, are

presented here.

Figure C4.9 shows the two alternative designs. It can be seen that
they satisfy the same criterion for giviung diffraction-limited
transverse resolution in the line focus, since primary focus, line
focus and centres of curvature are colinear. Similarly they are
restricted to provide normal incidence illumination of targets. Both
designs use refracting optice with spherical surfaces and no_coatings
(unless antireflection coatings are required) and are, in conseguence
relatively inexpensive. Both geometrics are simpler and more compact
than the mirror geometry and a particularly useful feature of scheme A

is the coincidence of the line focus and primary focus (virtual),

Scheme A enables a point focus experiment to be converted inte a line
focus experiment simply by inserting the curved plate without moving
the target end target diagnosticse. A further useful feature is the
ability to adjust the length of line focus by changing the tilt angle
of the plate. For polarized light a tilt at the Brewster angle is
convenient in order to eliminate surface losses without the use of
coatings. Approximate expressions have been evaluated to provide
simple estimates for both the length of the line focus (L) and the peak

intensity (I} on the curved plate. These are:—

0.27 t tan a 6 ta?
L~ 7 [+ 25—

mm

E F¢ tana J/an
3.4 x 10792

Iﬂ

where symbels are glving by Figure C4.9.
E = incident energy

linear dimensions are in mm.

As an example a glasa plate of thickness 30 mm, radius 500 mm and

ingerted at Brewster angle glves a line focus length of 9 mm for an
F/2.5 beam, and the peak intensity on the plate is E/90 joules/cm?.
This scheme requires fairly large and thick pieces of glass if very

long foci are required at reasoneble Intensities at the plate.

Scheme B (Figure C4.9) shows a modification to enable longer line

focl to be achieved. The curved plate is now wedged and the surfaces
no longer have a common centre of curvature. Az an example a plate
with radii approximately 300 mm and wedge angle of 200 with 1ts output
face normal to the output bheam gives a line focus of length 13 mm for a
peak intensity on the plate of E/120 joulea/cmz.
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Target positioning microscope (schematic)
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Chd,.4 TA Eapt Target Positioning Microecope

C J Hocker, D Riley 111 image relay lens
With the start—up of TA East for experiments on X-ray laser echemes, it Re bmer prI'ISI'n
was evident that a new and more accurate method of positioning

line-focus targets wag needed. In previous experimente using carbon

fibres up to 7mm long, two 100x microscope systems were uged to project Imuge from reluy lens

images of the target onto screens, where reference marks defined a ProJeCtnn lens
unique position in the chamber. There are two reasons why this scheme ’ R
Viewing
would not work in TA East. >
system

Chamber window
Firstly, the new time-resolving zx-ray spectrometer {section C5.1},

which 1s used as the principal on-axis diagnostic, requires greater

accuracy of target positioning to ensure that the target axie pointa

e
b ==

c4.17 o |
Viewing screen J

c4.10 Target -poeitioning mieroscope (achematic).



into the entrance azperture, When the aspectrometer 1s used with a slit
on the Rowland circle, to give the best apectral resolutionm,
calculatione indicate that the target must be positioned to + 6 microns
at either end of a 7mm fibre: this ia the highest accuracy required.
For comforteble viewing the allowable error must be magnified to at
least lom on & viewing screen, thus a magnification of about 200x is

necessary.

Secondly, the maximum length of 1line foci available in TA East is 21lmm,
and the target viewing system muat be able to accommodate this. At
200x magnification, however, the image of a 2lmm target 1s more than &
metrea long: not the most convenient size for viewing. There would

also be problems illuminating targets of this size evenly.

The solution lies in the fact that the line focus produced by the
Ross-type lens/mirror optics in TA East is a perfect atraight 1line, and
the targets are aggumed to be straight as well, With this assumption,
there ia no need to imege the entire length of the target: two
well-separated polnts imaged at high magnification would permit
accurate positioning. Even so, the existing microscope systems were
felt to be unsuitable, mainly because thelr size would prevent them
being moved close together to view the shorter targets. After gome
experimenting, a split-field microscope was developed, showm
achematically in Flgure C4.10.

A helium-neon beam 18 split by a Fresnel biprism into two beams which
diverge to a field lens. This lens, which is set to image the
splitting point onto the relay lens, caudes the heams to reconverge,
and to illuminate two points on the target, which is half-way between
the field and relay lenses. The separation of these points can be
changed by using a different biprism angle, thus different lengths of
target can be accommodated. Since the field lene 18 used at unit
magnification, the two beams would normally be focused at the target,
and to prevent this an expander lens is used before the split to give

11luminated reglions about lmm wide.
The relay lens is a microscope objective of 75mm focal length, used et

unit magnification, which forms an image of the target for the

projection lens to throw, thisz time at high magnification, onto a

C4,18

Iluminating beams
from field lens

Target A

1:1 Relay lens
Recombiner biprism

Normal image
(no biprism)

Two images =—==
end-to-end -
{with biprism)

Projection lens

To screen

(Q) Target microscope viewing system

(b) Not aligned {€) Correctly aligned

C4.11 Operation of positioning mieroscope.



viewing screen (figure Ci.ll(a)), Immediately behind the relay lens,
however, 15 the second biprism. Thia splite the image into two parts
which, with a proper choice of prism angle, are separated by a distance
equal to the target length. The two 1mages of the illuminated parte of
the target, one formed via each half of the biprism, are thus brought
together for projection, and at 200 x magnification the final image 1s

only about 40cm in extent.

The appearance of the image is shown in Figure C4,11(b) and (c). WHhen
the target is wrongly tilted the image appears broken, and when
correctly aligned the image is continuous; with careful inepection
this condition can be judged very precisely. As before, two complete
aystems are used, with their axes roughly orthogonal, to define the
target position uniquely. Tests with carbon fibres of known dismeter

have shown that the required accuracy is easily achieved.

To set up the microscopes for am experiment, a surveying level 1s used
to define a horizontal North-South line through the chamber centre.
Two fine V-notches on sdjustable mounts, on elther side of the chamber,
are adjusted to lie on this line, and & 25 mieron wire is then
stretched between them to serve gs an alignment target. The splitter
biprism {g rotated around the microscope axis unti]l the two beams are
bigected by the wire, then the prism and field lens ere adjusted to
their nominal distances from the wire. The viewing side 18 set up by
first focusing the wire's image on the screen, using an adjustment on
the projection lens holder, and then rotating the gecond biprism until
the image appeara unbroken. This rotation is the most eritical
adjustment in the system, since the target axis will always be exactly
perpendicular to the roof line of the bipriem. Once get, the biprism
is locked in position, and reference marks can be drawn on the screen

to define the transverse position of the target.

When both microscopes have been set up, the wire is removed. To
poeition a target, the operator first adjusts the tilt movements on the
target mount until both microscopes give continuous images, and then
uses the translation movements to position the images simultaneously on
the reference marka. This sequence {s repeated until the alignment 1s

exact. To define the axial position of the target, one end is centred

C4.19

{n one of the illumination beams, and a further reference mark shows

where the image of that end should lie on the screen.

These devices have been used successfully in two runs in TA Eaat, and
have proved atable and easy to use. Two sets of biprisms, for 7mm and
21mm targets, were obtained, but in prectice the 7mm get has ﬁgen used
for all target sizes without loss of preecision. Sinée none of the
components comes closer to the target than 150mm, they take up
relatively little solid angle, and depoasitien of target material on the
optics is slight. One final feature is that removing only the biprisme
converts the system into a conventional microscope for positioning

other kinds of targets.
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c5 INSTRUMENTATION
¢3.1 FLAT FIELD SPECTROMETER

G Kiehn (Oxford University), O Willi (Imperial College), A Dammerell,
M H Key (RAL)

A novel time resolved KUV grazing incidence spectrograph has been
constructed in conjunction with the X-ray laser programme. This
configuration utilizes the focal properties of the concave grating to
provide 1D gspatial imaping. The spectral line profile is a 1D spatial
profile of the plasma source. Thus, the instrument simultaneously
resolves spectral, temporal, and 1D spatial information. Because the
verification of lasing and the optimisation of the mechanisms involved
are more easily realised using time resolved spectroscopy, this
{nstrument incorporates a flat focal plane to facllitate coupling to a
streak camera for tiwe resolution. Varlous spectra in the 508 to 3008

have been obtained.

c5.1
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Fig 5.1 Schematic of the Flat Field Spectrograph.

A schematic of the instrument is shown in figure C5.1. A gold coated,
concave grating (supplied by Hitachi (C5.1) is used at an angle of
incidence of B7 degrees. The grating has a nominal line epacing of
1200 lines per mm, but thip spacing varies from 1015 1/mm to 1449 1/mm
across the grating surface. It is this variable line spacing which
results in focuseing in a plane for wavelengths between 50f and 3008.
The grating is blazed at 3.2 degrees for high first order efficlency
over the flat-field wavelength range {C5,2) and has & 5.6 m radius of

curvature.

An ultrafast streak camera (supplied by Kentech) ia coupled to the flat
focal fleld to provide temporal resolution. The stresk camera gives up
to 20ps temporal resolution over a 1008 wavelength window within the
508-3008 flat field region, Moving the streak camera aleng the flat
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The spectrograph was used without an entrance slit, the plasma source

being set on the Rowland citcle of the instrument.

Figure G5.2 shows a spectrum taken by irradiating a 7pm thick catrbon
fibre with twe opposing line foci. The irradiance on target was 1013
w/cm2 of green laser light. The Balmer series of carbon are clearly

Seen.

The spectral resolution of the spectrograph in the slitless
configuration is source slze limited and found to be approximately 1A.
A atreak speed of 125 ps/mm was used to obtain 250ps temporal
resolution over a 3.5 ns time window for this shot.

Flgure C5.3 shows B microdensitometer trace of this spectrum. The
intensity of the carbon Balmer spectrum and the minimal higher order
contributions agree with published efficiencles for the grating. An
overall efficiency of 3Z for the spectrograph has been estimated by
combining the efficiencies of the grating and the streak camera {C5.3).
The spectrograph has demonstrated sufficient sensitivity to record
slngle shot time resolved spectra while simultaneously filtering the
input signal for diagnostic purpoaes.

The following characteristics of the instrument make it 1deally suited
for the study of laser produced plasmas.

(1) It has a convenlent geometry for inserting Into a target chamber.
11) The single component optical system makes it easy to align.
111i) The flat field makes it easy to couple to a streak camera.

(iv) The variable spaced rulings give a reduction in ghost images.

RELATIVE INTENSITY

< CHj134-95
- CH_182:17

113. 87
« CH, 120-50

— CH,

100 125 150 175 200
WAVE LENGTH (A)

Fig €5.3 Microdengitometer trace of the C fibre etreak record taken at
t = 600 ps after the input laser - beam.
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pinhole array.

The camera is illustrated in fig (C5.4), which also shows the

X-RAY PINHOLE CAMERA FOR MONOCHROMATIC

IMAGING 50440 CHANNEL PLATE
IMAGE IMNTENSIFIER
MONOCHROMATIC
PLASMA IMAGE

PINHOLE ARRAY

X-RAY MIRROR (LsM} BRAGG ANGLE

POLYCHROMATIC PHOSPHOR/ FILM
10pm PINHOLES. IMAGE FIBRE OPTIC
WINDCW
15cm.

Pig C5.4 lLayout of the monochromatie X-ray pinhole eamera.

The advantages of using a multi-layer mirror over a crystal are:

(1) it has & high integrated reflectivity thus giving a brighter
image
{(11) 1t has a low dispersion which when used with a broad M-band

emitter will give a quasi-continuum feature

(111) ite ideal 2D spacing allows for a very compact instrument.

The pinholes are arranged so that there 18 2 normal polychromatic image
and a monochromatic image. Three pinholes are used so as to facilitate

the alignment of the diffracted image. The angle of incidence on to

C5.4

SHADOW OF
BARBEE MRROR

OIFFRACTION OF
Au M BAND
X-RAYS BY A
CIPd  MIATILAYER
‘BARBEE MRROR
WITH d«70 A

the mirror is adjustable from 20 to 40 giving a wavelength range of

5-10A.

An experiment Lo test the spatial resolution of the instrument has been
conducted in the TA2 target chamber. Gold was chosen as a sultable

target material because of its broad M-band spectrum at around 5-6A.

The mirror angle was set by placing an edge in the pinhole mount that
block direct X-rays but allowed im indirect X-rays reflected off the
mirror. The mirror angle was then adjusted to position the M-hand
emigsion in the centre of the field of view as 1llustrated in

fig C5.5.

The edge was then replaced by the

pinhole array. The pinholes were

BRAGG DIFFRACTED
A-RAY SPECTRUM

10 lum in diameter and covered by a
25um thick beryllium filter.

Fig €5.6 shows the targets which
coneisted of a row of gold microdots
The

microdots were either 10um or 20um

laid on a mylar substrate.

square separated by 10um or 20um
spaces. The target was irradicated
in a i00um diameter focal spot with
a 10J, Insec laser pulse of 0.53um
Fig. C5.7 shows the
polychromatic image which contains
Fig. 5.8

shows the monochromatic image

wavelength,

continuum radiation.

0s without a contribution from
continuum, Note the improved
L]
=7 &1 s- ow 3 LANSTROMI contrast of the monochromatic image.
e BRIADG ANGLE

in B IoEGrEES

Fig €5.5 Board M-band Au spectrum.
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Fig ¢5.6 Illustration of the target design .

The resclution of a pinhole camera

ig determined by the relation

1

» EA

D a [l + PJ

where D 18 the minimum resclvable

feature of the plasma and & is the
diameter of the pinhole.

By irradiating different sized
targets the above relationship was
verified for the multilayer pinhole

camera.

C5.6

Cc5.3 TARGET AREA 2 AS AN INSTRUMENTAL DEVELOPMENT AREA
A Ridgeley (RAL)

Since closing down as a facility experimental area in April 1985, TA2
has been re-commissioned as a subsidiary target area. The original TA2
target chamber has been left intact and an opticsl system has been set
up which can accept the backlighting beam into the chamber. The systen
operates with the second harmonic (0.53um) and shares the TAE green
argon icn alignment laser. The alignment system operates by taking 107
of the argon lon laser output through a beam stop in the dividing wall
between TA2 and TAE. The beam stop is operated from TAE for safety
reasons and to ensure TAE has priority in use of facilities. It is
planned to have a gecond (Infra-red) beam operating at lov energles
only (45J) but at a faster repetition rate (~3 mins) and with greater
availability. This facility ghould be useful for the development of

YUV instrumentation for example. f

TA2 has zero prilority in allocation of VULCAN laser shots. This means
that shots can only be directed into TA2 1f neither TAE nor TAW are
imminently ready for a shot or if one of these areas 1s not using the
backlighting. 1In other words TA? muet not interfere with the running
of scheduled experiments in the other target areas. These Iinclusion
conditions mean that potentfal ugers of TAZ should assume that a
reasonable repetition rate for shots into TAZ exists only at the

getting up period in the other target areas.

1t is envisaged that TA2Z will be used mainly for the testing of new
{netruments and diagnostic techniques. Users of this facility to date
include Y Mikhallov of the Lebedev Institute who used the TAZ system to
tegt his arrangement to use spherically curved crystals as a reflection
microscope (C5.4) and B Fraenkel of the Hebrew University of Jerusalem
who has conducted experiments into his double diffraction technigue
(C5.5). ’
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cé LASER-PLASMA GENERATION USING LOW ENERGY KrF LASERS

Ca.l INTRODUCTION
F 0'Neill (RAL)

A large part of the user activity at the Central Laser Facility now
concerns the use of high brightness soft x-ray sources on VULCAN and
Sprite for studies in various areas such as x-ray diffraction, EXAFS
and x-ray microscopy. The number of these applications has grown
rapidly in recent years and the latest work has been described in
section A4 of this teport. In this reporting year we have also begun
to upe low power KrF lasers for generating laser-plasma x-ray sources.
The aim of this work has been to assess the potential of such systems
as future high average power, quasi-CW, x-ray sources to be made
available to users either at the CLF or at their own Universities

through the Laser Support Facility.

It 18 anticipeted that these quasi-CW laser-plasma x-ray sources could
in some cesed compete with storage ring sources especially in those
experiments that require the simultaneous use of laser pulses and x-ray
pulses. These high power laser-plasma x-ray sources would also be
immensley valuable for inmstrument calibration work associated with the
activities of the high power VULCAN and Sprite facilitles at the CLF.

A high average power laser-plasma source would also be relevant for
gome industrial applications particularly x-ray lithography and as a

fast gputtering source for producing coatinga of refractory metsals.

The idea of using low energy, high repetition rate lasers as drivers
for laser-plasma x~ray sources 18 not 2 new one but previous proposals
(C6.1) have concentrated on the use of Nd:YAG aclid state laser
pystems. The investigations reported here are different in that they
concern the use of discharge excited KrF laser systems for laser—plasma
generation, We believe that the use of these systems represents a
radically new approach to high repetition rate laser—~plasma research.
The advantages of the KrF laser as compared to for example the Nd:YAG

laser for this applicatfion can he listed as follows:—

cé.1

(1) XrF i3 a high efficlency gaseous laser system

(2) High repetition rate (» 100 Hz) in a diffraction limited output

beam can be achieved.

{3) Short laser wavelength of 249 nm converts mere efficlently to

soft x-rays.

{4) 100 W lasers commercially available now with potential for
> 1 KW in future.

In the following sections are described some preliminary work on the
generation and application of low energy KrF laser-plasma soft x-ray
sources. Based on this work it seems highly likely that these
laser—plasma sources will have an application in future work at the
CLF.

C6.2 A LOW ENERGY KrF LASER PLASMA SOURCE FOR X~RAY MICROSCOPY

F 0'Neill, Y Owadano, I C E Turcu, E Madrazek (RAL), A G Michette, C
Hills, A M Rogoyski (King's College)

In Section A4 of this Annual Report the gpuccessful use of high power
pulged laper-plasma sources for soft x-ray contact microscopy of both
wet and dried biological materisl was reported. The lasers used in
those experiments were the VULCAN and Sprite systemas. VULCAN is a
Nd:glass laser giving about 100J of energy per beam at a wavelength of
1053 nm, or about 30J of freguency doubled radiation, in a 1 ns pulse
every 20 minutes or so. Sprite 1s a KrF excimer laser giving about
100J of radiation at a wavelength of 249 nm in a 50 ns pulse with a
similar repetition rate. When the laser energy is focused to a small
epot (¢ 300um diameter) on a target, a plasma is formed which emite
goft x-rays in both continuum and line spectra. Typilcally the emitted
x~ray energy in the spectral range 2.3 - 4.4nm over all angles is a few
joules. The 2.3 = 4.4nm spectral range is called the "water window”

and best contrast is achieved by using x-rays in this range for x-ray
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microscopy. The recording medium used in these experiments was a
copolymer resist PMMA-MAA, consisting of poly (methylmethacrylate) and
methacrylic acid, At the x-ray wavelengths predeminant in the spectrum
from a carbon target (around 2 — 4nm) this resist required an exposure
of about 10mecm2, which could be achieved by positioning the specimen,
in contact with the resist, about 50 mm from the target at an angle of
about 50° to the incoming laser beam. There was difficulty in these
experiments in controlling the exposure, and hence the development

procedure, because of the variability of the inclident laser energy.

Smaller pulsed lasers, with about 1J per pulse, can have much better
energy stability from pulse to pulse, leading to more constant
expopiire, They are alaso mich cheaper and easler to operate than the
higher power lasers, and therefore more éuitable for Individual
laboratories. By moving the specimen chamber closer to the target, and
reducing the angle, it 1s atill possible in principle to achieve the
necessary level of exposure in a single pulase. Thia can, however,
result in damage to the specimen chamber window (posaibly breaking it)
and to the resist, caused by debris and radiation from the target.
Alternative ways of obtaining suitable exposures with low power
sources would include the use of more sensitive resists and the

inclusion of x-ray focuaing optics,

In this sectlion we report on the use, for contact x-ray microscopy,
of a KrF excimer laser with 600 mJ per pulse. Various target to
specimen distances were used, with both PMMA-MAA and EPR-9 resists, the

latter a very sensitive resiat used in electron heam lithography.

C6.3
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Fig ¢6.1 Ezperimegntal arrangsment for X-ray mieroseopy experiment.

The experimental arrangement for this work is shown in figure C6.l.

A Lambda-Phyaik EMG150 KrF laser, with an injection locked unstable
resonator cavity, was used, The output beam was diffraction-Iimited
with dimensione 10 x 25 mm, and each 25 ns long pulse gave 600 mJ of
radiation on target at a wavelength of 249 mam., The heam was focused
onto a pre-aligned target using a fused silica lens of focal length

125 cm and the intensity on tatget is estimated to be € 10!2 W/em in a
apot aize~ 50 - 100 um. The laser could be pulsed at 1 - 2 Hz but in
the experiments reported here single pulsea were used for the
exposures, except for taking the carbon target spectra for which
several pulses were used, The x-ray output was monitored by a pinhole
camera, a soft x-ray diode (XRD, figure Ch.2a), and a spectrograph. By
use of suitable filters the XRD output allowed estimates of the total

intensity in particular energy ranges to be obtained, as indicated in
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figure C6.2b. In order to allew the specimen to be positiomed closer
to the target, a specimen chamber design different to that for previous

experiments was used. This is ghown in figure C6,3. For images of
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GLUE SEAL

SigN; WINI
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SUPFORT 0 1omm
| I ————
SCALE

RESIST ON 0- RING
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SUPPORT

Pig 8.3 Details of compact apecimen chamber.

hydrated specimens, a gmall amount of quick drying insulating varnish
was used to seal round the silicon nitride window, in order to maintain
the specimen environment when the target vacuum chamber was evacuated.
Although it was not necessary to have a high vacuum in order to allow
x-ray image formatiom, the path length of soft x-rays In alr at
atmospheric pressure belng geveral millimetres, a vacuum of about

5 x 105 torr was needed to prevent electrical breakdown of the x-tay

diode.
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Targeta of carbon and brass were used in these experimentsa. The

x~ray diode messurements show that, at an angle of 45 to the laser
beam, the soft x-ray energy per pulse in the water window was about l.4
mJ] per steradian for carbon targete and about B ml per steradian for
brass targets for egtimated irradiances on target of about

0.3 - 1.0 x 10!2 W/em. The x-rays were concentrated in a pulse
(figure C6.4b) approximately the same length as the laser pulse (figure
G6.4a). For carbon targets the x-ray spectrum {figure C6.5) obtained

30 ~ (c) LASER |

—»-time

—>| ld— 20 ns

Fig C6.4 (a) Tima profile of KrF laeer pulse

(b) Time profile of ecorresponding X-ray pulse from carbon
target.

(e} X-ray pinhole eameva photograph of the plasma formed with
a earbon target. -

Fig C6.5 Microdensitometer trace
of X-ray spectrum from laeer-produced

using eight lager pulses, shows

4-4rm 23nm lines at wavelengthe of 4,02 nm
s (atrongest), 3.50 nm and 3.37 nm,
due to, respectively, the 182 -
ey 182p and 18> - 1e3p lines in C V
‘i}:’ (helium-1ike {ons) and the Lyman-a
3 line in € VI (hydrogen-like iona).
i_ The level of the trace between the
% lines is consistent with
& microdensitometer noise. From the

relative intensities of the ¢ V

lines z2nd € VI lines, and assuming
Lkuﬂ/AﬁLk coronal equilibrium, the electron
temperature of the emitting region

| L1 1s calculated to be 63eV, while a

Atnm)} 402 35337

pinhole camera image shows the siée
of the region to be abhout 100um
(Eigure Cﬁ.hc]. For brass targets,

more continuum emission was

plaema using a earbon target.

obtained, most of this belng in the
useful, for x-ray microscopy,

water-window wavelength range,

S5ingle shot x—ray exposures were made on PMMA-MAA and EBR-9 resists

in the specimen chamber shown in Fig A6.3. In sll casea, it proved
simple to obtein exposures of electron microscope grids as test
objects, Although no systematic biological study was carried out in
these experiments, several types of material were lmaged in order to
try and assess the potential of the low power laser as a source for
contact x-ray microscopy. The specimens included air-~dried and wet
blood, algae, foxglove epidermal hairs, fatty spreads, flagellae, and
tissue cultures. 1In order to ohtain good exposures of these specimens,
it was necessary when using carbon targets and PMMA-MAA resist to move
the specimen chamber to within 10 mm of the target. Because of the
specimen plus resist thickness, typically about l.%um, the resolution
was 8till]l limited at this distance by diffraction (to about 80 nm for a
wavelength of 4 nm) rather than penumbral blurring. The proximity of
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the specimen chamber to the target almoat invariably led to the silicon
nitride window being destroyed, which could have allowed the resist to
he exposed by scattered ultraviolet radiation in the KrF laser
experimenta. That this was not so was checked by making exposures
using a 6 mm thick CaFZ window ingstead of the normal 0.1 um thick SizN,
window on the specimen cell. This CaF2 window is transparent to

UV radiation down to 140 mm but is opaque to soft x-rays. The resigt
then remained unexposed. To prevent window destruction, the specimen
chamber was moved further swsy and a ten times more semsitive resist,
EBR-9, was used. Although it proved possible to obtain images in this
way, they showed very little range of contrast. Clearly some
compromise is needed, i.e. a resist mid-way in sengitivity between
PMMA-MAA and EBR-9 which still allows imaging without window breakage.
An optical micrograph of a biological image in a developed resist is

shown in figure C6.6, This shows an image of cyanidium algze which are

il

filll H{

i

20 pm

Fig (6.6 X-vay contact image of Cyanidium algee.

C6.8

typlcally 5um in diameter, imaged in ERR-9 resist, The lack of fine
detail in the image is not due to an inherent poor resolution but is
either hecause of the poor range of contrast possible with this resist

or due to a real lack of structure in the dried samples.

In conclusion therefore it has been demonstrated that a laser—plasma
source genetated by a low energy (€1J) KrF laser can emit soft x-rays
with sufficient intensity to make images of biological specimens in

x-ray resist in single pulges.

Some further developments, for example in the cholice of more suitable
resists, in the investigation of a wider range of target materials, and
in the use of x-ray focusing optics are needed before the evaluation of

these sources for soft x-ray contact microscopy cam be completed.
C6.3 A REPETITIVE LASER PLASMA SOURCE FOR X-RAY LITHOGRAPHY
F O'Neill, M C Gower, I C E Turcu, Y Owadano (RAL).

X-ray lithography is a promising technology for the productuion of VLSI
mlcroelectronic circuits on $1 wafers with sub-0.5 um features using
proximity printing. For wavelengthe of $1 nm synchrotron radiation
or electron bombardment x-ray sources can he used in conjunction with
gold on 81, polyimide, or boron nitride substrate maska. Plasmas
produced by Z-pinches and ultra-high power Nd:glass lasers are also
being investigated as potential sources for x-ray lithography.
Recently it has been shown (C6.1, C6.2) that soft x-raye between 4.4
and 8.0 nm generated by a high-repetition-rate 1,06um Nd:YAG
laser-produced plesmz can also be used for 1ithography when using
polyimide mesks. Such maske have a trangmigsive window on the

long-wavelength side of the carbon K-edge at 4.4 nm.

It is well known (C6,3-C6.5) from previous work with high power
systems that soft x-rays can be generated more efficiently from plasmas
produced by a KrF lager at 249 nm rather then a Nd laser at 1,06 pm.
The purpose of the work described here was to demonstrate that this
improved performance could also be achieved using a low-energy
commercially available 249 nm KrF laser (Lambda Physik EMG 150ES). The

C6,9



data reported here represents a majotr improvement over the work
described In Ref C6.2 because the KrF laser-plaama source appears to
be a factor of 100 brighter than the Nd:YAG laser-plasma source. The
experimental setup is shown in Fig C6.7. The laser, which has already

VACULM
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M‘//Cu GRID
% w— FILTER
i
KeF LASER IR " ‘
' > ::7. TARGET
0.6 T, 25ns T FLTER
X-RaYS
FUSED -— o)
SILICA XRD
LENS X-RAY PINHOLE

Fig C6.7 Ezperimantal arrangement for X-ray lithography ezperiments.

been described in Section C6.2, 18 focused onto metal targets using

an aspheric fused silica leus of 125 cm focal length, In Figure C6.8
{c) we phow an x-ray pinhole camera picture on Kodak 101-01 film of the
160 um diameter plasma produced on target by the 0.6 J, 25 ne laser
pulse shown in figure C6.8(a). Microdensitometer traces of the exposed
(calibrated) film were used to measure the size of the plasma.

Accurate focusing was not necessary to obtain x-ray output from the
target because the depth of focus of the lens is approximately #1.5 mm.
The laser was run at a 1 Hz repetition rate. Targets consisted of 0,2
- 1 mm diam solid rods placed in the focal plane of the lens, and

various materials were tested including C, Al, Fe, Cu brass, Mo, Ta &nd

C6.10

W. X-ray eignals from the laser-plasma [Figure C6.8(b)) were detected
through a 2 ym Mylar filter vwsing an x-ray diode (XRD) with a hare Al
cathode pointing at the target at 45° to the laser axis at a distance
of 7 ems C and Al targets gave very low x-ray gignale. Mo, Ta, and W
targets gave the highest signals of about equal amplitude, while Fe,
Cu, and brass were ~30% less. W was chosen as the best target material
for the present experiments because it gave a high x-ray output which

remained constant for many laser shots onto the same gpot on target.

The absolute x-ray yleld shown in Figure C6.8(b) was calculated from
the known sensitivity of the XRD and the estimated transmission of the
Mylar filter in the 4,4 - 8.0 nm wavelength region (C6.7).

Using the XRD data presented above we estimate that a KrF
laser-plasma source generated by ueing a commercially available 100 W
KrF laser would produce an x-ray output of 0.37 W/sr, which is
comparable to the highest intensity achieved from rotating anode
electron bombardment asources. We expected that much higher x~ray
output could be obtained by focussing the laser to a tighter spot on
target using 2 shorter focal length focussing lens. The laser—plasma
source has some additional attractive features. The gource size is
asmaller when viewed over the full 2m emitting solid angle, and resists

are more sensitive to longer wavelength x-rays.

We believe that the results presented here represent a major advance
in the development of laser—plasma sources for long wavelength x-ray
1ithography applications, and we suggest that an exposure system
based on commercially available high—-repetition-rate KrF laser
technology could surpass electron bombardment scurces in terms of
brightness and wafer throughput and would be conaiderably cheaper and

more compact than synchrotton systeme.

This laser plasma source has been uaged for some preliminary work on
the exposure of x-ray resists. As an example of such an exposure we
ghow in Figure C6,9 an x-ray Iimage of a fine gold grating mask
printed by x-ray proximity printing at a gap of 12 um into EBR -9
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resigt. These images were very easy to produce and suggest that this
type of source will find immediate application in the field of x-ray
1ithography.

Fig €6.9 Image of fine Au grating mask printed into EBR-3 resist by
X-ray proximity printing at a mek-reatat gap = 12 pm. Mask and resist

ware protectad from target debria by a 1.2 um Parylena filter.

C6.4  POTENTIAL HIGH REPETITION RATE XUV SOURCES

F 0'Neill, M H Key (RAL)

Synchrotron radiation sources are commonly used for sclentific studies
which require high fluxes of monoechromatic XUV radiation. Typical

applications are iIn photoelectron apectroscopy, gurfece and Interface

studies, x-ray microscopy (scanning and contact) and VUV spectroscopy.
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For thege applications it is sometimes necessary to utilise the
tunability and polarisation properties of the XUV beam from the

synchrotron.

1t 18 interesting to compare the properties of available synchrotron
sources with the potential properties of thermal laser-plasma sources
generated by high repetition rate KrF lasers to aesess if these laser
sources will have any impact in aress now dominated by synchrotrons.

In Section A4 of this report a number of experiments were described
which utilize high power single shot X-ray sources on the VULCAN and
Sprite lasers and in Sections €6.2 and C6.3 above we have presented
preliminary work using low energy repetitive laser—plasma sources.

With all of these sources the XUV output is achieved by focussing the
lager beam to very high intensity ( 10! W/er?) on target. The target
materfal in the focal volume is thus heated to temperatures ~

10°-1F °K at which temperature the plasma radiates strongly in the XUV
region of the spectrum.

In figure C6.10 we compare the single pulse brightness of laser

plasma thermal sources with a single pulse from the SRS bending magnet
at the SERC Daresbury Laboratory. The upper curves represent a
comparison of black-body theory with experiment for two laser-plasma
sources generated by low energy lasers as reported in the literature
(C6.B, C6.9). The theoretical black-body curves for kT = 27eV and kT =

112 eV have been calculated using the ekpreasion:—

L, =2x 1073 v3 [ 1 photona em2 gt sr* fn Av = 1077
(v exp (v /kT) - l] v

The data point taken with the KrF laser used a comparatively low
intensity of #5x10!1W/em on target thus giving a low effective
black-body temperature of 27 eV, The 4w Nd:Glass experimental points
utilised & higher intensity of 2.4 x 10!3 W/ce? on target which gives a
higher effective temperature of 112eV and shorter wavelength radiation
output to ~ 1 KeV. We expect that the KrF laser can achieve a similar

performance to the & Nd:Glass laser by the use of shorter pulses and

C6.13

103}

1022 "

L, [ photons em2 s st in aviv=10"7)

1021

10%

4W Nd:Glass
2410 Wenf
0-4ns

KrF
= 5x10" W/ent
25ns

SRS BENDING
MAGNET

i L ]

10°

Fig C8.10 Comparison
XUV gourcee with the

Laboratory.

10' 102 10° 10%

hv (ev)
of eingle pulse brightness of laser-plasma thermal
synchrotron radiation source at Daresbury



tighter focussing on target. It is werth noting that the
experimental data taken with the & Nd:glass laser represents a
conversion efficienty from laser light to XUV (spectrally integrated)

of = BOZ.

From figure Ch.l0 we see that the single pulse brightness of the
laser source is five orders of magnitude greater than the aingle pulae
from the synchrotron. When one compares the average brightness of
the sources there is very little difference however because the SRS can
operate at a pulse repetition frequency of 5 x 10® Hz whereas the laser

source can only pulse at < 10% Hz. The laser source would however be

(11}
much less expensive to construet and operate and the higher single

pulse brightneas could be utilised for the increasing number of

multi—source experiments which use laser pulses to prepare samples and

XUV sources as probes.

It must be sald however that the SRS bending magnet source brightness
depicted in Fig C.10 represents only what 1s availlable from an existing
gource, A future synchrotron source eapeclally tallored to XUV (111)
operation and incorporating undulators could provide 4 - 5 orders of

magnitude greater output that the present SRS ring. Such a machine
would however be expensive. The laser source described above also has
the potential for orders of magnitude lmprovement hy the use of
multiple lasers of higher repetition rate (» 10 KHz) and by target
optimisation. The gmall physical size of the laser source also
allows the use of compact instruments which view a large solid angle

and give a high XUV flux throughput.

From the above digcussion we see therefore that thermal plasma
sources of high repetition rate generated by KrF lasers could
potentially perform as well as storage ring sources but at a much
reduced capital cost. Before such laser-plasma systems can be
applied to a wide range of scientific studies there are a numher of
technological problem areas that have to be addressed.

(1) Ablated material

When the laser beam is focusged onto target material is "burat”

- Coh.14

off by ablation during the laser pulse and by shock-wave effects
after the pulse, This means that a rapidly renewable target has
to be used on a continuous feed and the ablated material would
have to be prevented from reaching the laser focussing optics
and XUV dispersing optics. This problem will be soluble by
using minimum mass thin foll targets to avold material spall by
shock waves and by using electrostatic deflectors and mechanical
shutters to stop fast moving plasma and slow moving macroscopic

particles from reaching the optics.

Polarisation

The radiation output from & storage ring source is polarised
whereas the radiation from a laser plasma source is likely to be
unpolarised. It seems feasible that by using multilayer coated
XUV relay optice at angles of incidence ~ 450 1t will be

possible to polarise the radiatien from a laser—plasma source.

UHY Compatibility

Much of the work using XUV sources especlally in surface sclence
required UHV conditions of cleanliness. At first sight it would
appear that a laser-plasma source which will generate large
quantities of debris will be incompatible with UHV requirements.
We believe that the techniques described in (1} above will
minimise the debris problem. Alsc since the laser—plasma scurce
is essentially a point source of size € 100 um it should be
possible to use XUV optics to relay the radlation through
differentially pumped chambers and/or thin windows separated by
pinholes into a suitably clean environment compatible with UHV

operations.

In figure C6.11 and C6.12 we show some details of a counceptual high
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power laser—plasma XUV source generated by ten independently triggered
At pregent each laser module could operate at a

commercial KrF lasers.
power of 100 W and a repetition rate of 100 Hz. The operation of this

aystem could be extremely flexible. TFor example the lasers could be

sequentially triggered to give an effective power on target of 1 KW at

T

|

1

\ 1 KHz repetition rate. Another possibility would be to synchronlse all

lasers in one 10J pulse on target which would generate a very suitable

x-ray source for pulsed x-ray diffraction, EXAFS or x-ray microscopy
Finally the

SCALE 5m applications as described in Section A4 of this report.

lagers could be grouped into two pulses of 5J each with variable time

spacing from nanoseconds to seconds to allow time resolved x-ray

Fig C8.11 Conceptual layout of laser—plasm YUV faetflity based om 10 measurements of the "pump—and-probe” type.

KrF laser modules.
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The machine shown in figures Ch.1l and C6.12 13 very attractive since
it uges commercial lasers already available. It 18 worth noting that
much higher KrF lsser powers will be available in the future because

the gaseous laser medium lends itself to this type of development.

It 18 expected that 1 - 10 KW lasers will eventually become available

thus leading to the development of extremely powerful x-ray sources.
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PART II THE APPLICATION OF UV LASERS TO MICROCIRCULIT FABRICATION

1. Introduction
P T Rumsby (RAL)

This part of the Laser Division Annual report covers the work carried
out by Laser Divislon staff on topics related to the laboratory project

on the 'Application of UV lasers to microciteuit fabricatien!.

This project is equally funded by the Engineering Board of the SERC
and the Departmeﬁt of Trade and Industry and is aimed at determining
what impact high power UV excimer lasers can make on the lithography
of mierocircuits. The project has been operating‘aince November 1983
and involves a collaborative effort between the Laser and Technology
Divieione at RAL. Only the Laser Division Work 1s reporteﬂ here.

The aim of the programme is to develop new lensless methods for
performing high resolution, high throughput lithography usiné a varlety
of novel imaging sttema based on lapsed or real time holography {(or
phagse conjugatioﬁ). Brief'p;eliminéry details of soﬁe of the

projects ﬁtarted were presented in last year's report and considerﬁble
progress has been made during the year on these and other new ideas.
However.bécadae the mein objective of the project 18 to pass the
ragults of the research to UK companies for exploitation and as much of
the work is at present subject to patent sction no additional details

of this work are presented here.

During the year basic research has been carried out on )
photorefract!on in different materials. Section 2 reports details of
work ﬁerformed on self pumped phase conjugate emission from BaTi0y in
the vistble region which attempts to understand better the mechani sms
leading to phase conjugate emigsion in this material, Section 3
givea preliminary detalls of a programme that has bheen started to
investigate degeneration four wave mixing by photorefraction in the
near IR in the Important III-V materials.

UV laser photoablation studies have continued In an attempt to
understand better the mechanisms leading to ablative decomposition of
polymers. Ablation .studiea cartied out using Ehe simple polymer
polyacetylene are given in Section 4a while Section 4b gives details of
time resolved studles of the ablation of PMMA films.

Where wet development is carried out the exposure behaviour of

resists at fluences up to that required for ablation is of major
importance since exposure times can be dramattcally reduced by using UV
lasers rather than lamps sc long as reciprocity failure is not

gsevere. Work performed to understand the intensity dependent
photochemlcal changes that occur in resists which could lead to

reciprocity fallure is reported in Section 5.

Finally in Section 6 we report some preliminary results of work that
has been started to uée exclmer lasers to generate X-rays which are
used for proximity lithography. It 1s hoped that this programmé will
lead to the development of a laser based quasi CW X-ray source that is
muéh brighter than an electron beam source and considerably smaller and

cheaper than a synchrotron source.

2. Physices of self-pumped phase conjugate emission from Ba'l"i.[)_;_l
crzstais

(a) Regular oscillations and self-pulsating in self—pumped BaT10.,

A M C Smout, R W Eagon (University of Essex)
M C Gower (RAL)

Introduction

0f the various photorefractive crystals gurrently available, perhaps
the most interesting is BaTi0,, which because of its very large
electro-optic coefficilents allows highly efficient two beam coup}ing
to occur (1,2}, and phase Eonjugate mirrors (PCMs) exhibiting gains of

1047 have been counstructed ﬁsing this material (2). One of the most



important appliations of BaTi0; is as a self-pumped phase conjugate
mirror (SPPCM) (3). 1In this configuration, no external components
other than the BaTi(y crystal are required teo produce a phase conjugate
(PC) replica of an luput beam, and no external pumping of the crystal

i8 needed.
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Fig 1 Ezperimental sat-up.

We report here on a configuration for self-pumping in which the
reflectivity, and hence the intensity of the PC output heam, is seen to
undergorregular gelf-pulsating. Both the periond and character of

these pulsations are seen to he dependent on the tramnsverse position
and angle of incidence of the input beam with respect to the crystal.
The pulsations are accompanied by transient frequency shifts between
the incident and PC beams of  a few Hz. .

The experimental arrangement used to observe the self-pulsating ia
shown in Fig 1. The laser sources used in this work were a Coherent
Radiation model CR500K Krt laser, operating im multi~longitudinal
mode at power levels of up to~ 100mW, and a single mode Innova model
90-5 Art laser which gave powers up to IW. The pulsations have been
observed using all the lines avallable from A = 454 to 560nm,

The observations used two different BaTi0; crystals (from the same
original boule), The dimensions of both crystals are approximately

5% 5 x 5mm. Each cryestal had been electrically poled Iinto a single
ferromagnetic domain prior to the experiments. The crystal waa mounted
on a stand allowing controlled rotation and horizontal displacement

8o that the effect of beam Input position (x) and angle (8) could be
determingd. Maximum steady state reflectivity was found to he 37% at
40°, uncorrected for Freanelrlosses. The incident beam waa polarised

Bc as to he an extraordinary ray.

The firat beamsplitter BS[ in Fig 1 forms part of a Michelson
interferometer, with the mirror Ml as cne arm, and the BaTi0; sample
the other. Neutral density (ND) filters are used to correct for the
lower intensity of the output from the SPPCHM arm. The two beams are
adjusted to yleld a slight angular mismatch resulting in a linear
iﬁterference fringe pattern, which is viewed by a TV camera. Any
frequency shift between the twoc beame therefore becomes apparent by the

lateral motion of the fringe pattern.

The second beamsplitter BS2 allows the intensity of-the PC outpﬁt
wave and the incident wave to be measured simultaneously by photodiodes
PDl and PD2, the outputs from which are connected to a Y/t chart
recorder to enable time dependent characteristics to be measured.

PDl ia alsc interfaced to a computer to facilitate the meaauremeﬁt of

‘the period of large numbers of pulsaticns, and hence calculate mean and

standard deviation values.
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Fig 2 Iog-log plot of intensity ve.
frequency of pulsation for BaTiD3
driven by the Art ionrlaaer. The
beat fit straight line hase elapé

~ 0.8.

Hith the apparatus arranged as in
Fig 1 and the crystal orientated so
that 8~5° and x-lmm, the output at
PD! was seen to behave in a perlodic
or self-pulsating manner the period
of which was dependent on the laser
intensity. A log-log plot of the
intensity dependance of the period
of pulsation 18 ahouﬁ in Fig 2, end
the slope of the best fit line shown
in~ 0.8. fhese pulsations were
accompanied by the appearance of a
new corner cube reflection mechanism
as shown in Fig 3(a): an extra pair
of heams were seen to make a
critical angle reflection of ~ 25°
(ﬂe = 2.424) off the exit face of
the crystal, subsequently achieving
a corner cube reflection in the top
left hand corner of the crystal.

Fig 3 also shows the gequence of

formation of these beams!:

3(b) Initlally the PC output is zero, and no gelf-pumping is -evident.

3(c) The SPPCM starts to build up, with the left hand corner cube

reflection starting fractionally before the usual right hand one.

3(d) At the maximum reflectivity of the pulsation, both self-pumped

channels are operating simultanecusly.

3{e) The PC output fadea rapidly, along with the internal beams, and

the erysetal returns to itas initial state.

Fig 3{a)  Photograph showing the internal beam interaetion geometry.
Note the additional eorner cube refleetion rasulting from a eritical

angle reflection at the output faece of the erystal.

Fig 3(b-e) Sequence of four photographs showing the evolution of the
intemal beams during a puleation (exposure time ~ .58 per frame, total
5 pulsation during ~ 158).



The character and period of these self-pulsations vas markedly lasting for at least an hour. At x~ .9 mm chaotic behaviour resulted
- ’

dependant on the transverse position ({x) on the crystal of -the incident and further increases fn x caused a return to a steady atate

goussian beam. Fig 4 shows the wide range of pulsation characteristics reflectivity, but at a higher level (~ 10%) aad with this left hand
corner cube reflection no longer present. MNote that at values of

0] @ @ X ? .95 mm it became geometrically impossible to achieve a critical
000mm f_‘ fr—-1 m‘""mmnmn(m > ozem angle reflection that would intercept the top left hand corner, given

the physical dimensions of the crystal with which these readings were

' . taken.
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Pig 4 Diagram showing the variation in pulsating behaviour of the FC ool
output as the dieplacement (2} of the incident beam ie altered 0 = § wol
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observed over ~ lmm range of x, At x = 0 mm the beam (diameter
~ 1.5 wm) was positioned so as to lie almost entirely within the
erystal, grazing the bottom edge, and all subsequent values of x were

meagsured relative fo this position, A steady state reflectivity of a . . . .
- Fig 5 Plot of pulsation frequency va. emystal orientation. Thg arror

barg reprasent the standard deviation in the point taken over ~ 100
meaguremente of individual pulsation periods.

fairly low value (~ 1%) was ohserved at x = O om, hut on tranglating

the beam further towards the centre of the crystal, self-pulsating

behaviour was seen, the period of which became shorter and more regular

until a maxfmum value was reached a2t x ~ .5mm. Beyond this point the

period started to hecome less well defined until at x~ .8 mm alternate
. amplitude behaviour was ohserved, a state that appeared to be stable,



— = direction of fringe movement
in michelson inferferometer arrangement

FPig 6(a) Diagram showing tha direetion of fringe movement in the
Micheleon interferometer during representative saquences of puleations.
Note that in the altermate amplitude case, the directionm of fringe
motion alternates aleo.

;_| e—
50 MHz

Laser Frequency —

Pig 6(b) Output of scanning Fabry-Perot interferometer analysing the
Frequency of the PC output during a pulsation period. Note that there
is no evidence of mode hopping. The eource uaed was an Art laser
operating in single longitudinal and transverae modse.

Fig, 5 shows the frequency of pulsation as a functlen of x for

varfous values of 8, with the error bare representing the standard
deviation of the mean value for ~ 100 peaks. For & > 40° the critical
angle reflection was again impossible, and no pulsating behaviour could

be observed over the whole range of x values.

When the Michelson interferometer was used, the following effects

were observed. For steady state reflectivity conditions, a static
fringe pattern was seen, in contrast to the observarion (4). During
the self-pulsating behaviour, as the reflectivity increased from zero a
gtatic fringe syétem was again observed building up 10 intensity as

the reflectivity reached ite peak. As the reflectivity dropped
however, the fringes were seen to begin to move laterally to the left
or tight, indicating a frequency shift of ¥ a few Hz. The direction of
the fringe movement, and thus the sign of the frequency shift, was not
random, but followed a set pattern for most of the modes of pulsation

shown in Fig. 4. An example of this is shown in Fig. 6{a).

One possible explanation for this pulsating behaviour might be due to
feedhack from the BaTi0; crystal to the laser resonator, causing
changes in the longitudinal mode structure as observed (5). This would
result in the grating inside the crystal being erased and a new one
formed appropriate to the new laser frequency, and hence the PC
reflectivity would appeer to pulsate, Although it is not clear what
effect this would have on a2 multl longitudinal mode laser, a scanning
Fabry-Perot interferometer was used with the TEMu, single longitudinal
mode ArT laser to examine the PC output. Fig 6(b) shows the pulsating
PC output recorded by numercus scans of the interferometer during a
single pulsation. It can be seen that single wode operation was not
perturbed and that mode-hopping, reported (5), did not take place.
Indeed, no hopping or sweeping of modes was seen during the course of
thousands of pulsations (the longitudinal mode spacing of the laser was
132MRz and as seen from Fig 6(b) any shift in frequency of the PC beam
during a puleation was < 10 MHz).



It is instructive to make a comparison between the behaviour seen

here and that teported in (4}, The pulsations we shaerved were not
ginueeidal, and were stable- for eeveral hours without need for the -
enhanced feedback technique described (4){painting the cryatal c—faces
with Tippex). Another difference is that during stable pulsing the

authora of (4) reported a continuously moving fringe pattern, f.e. a

constant frequency shift hetween the phase conjugate and incfdent
beams, whereas we have always ohgerved a transient shift. While thie
congtant frequency offset hae been observed by several authors (6, 7)
for a SPPCM operating in a steady state, the difference between the
results here and those reported in (4) might suggest that a different
mechaniem iA responaible for the two observed effects. Alao, we have
observed novel pulsating béhaviour where guccessive peaks have
alternating amplitudes (Fig 4), a state which is stable for over amn
hour (the longest period of meagurement).

Although we have been unable to reproduce the results of (4) for our
BaTi0; crystals in air, we have also carried out experiments

with the crystal immersed in an index matehing fluid (of refractive
index 1,42), and have observed an effect we helieve to be similar to
one deseribed in Reference 4, namely sinusoidal oscillations leading

to period doubling and chaoe after several minutes. However the
oscillatione observed using an index matching fluid appear as a

maximum perturbation of ~ 20% on the PC output, which never
extinguishes completely, unlike the pulsing hehaviour we have described

previously.

Pulsations could be produced by the beating between different PC

beams arising from DFWH and etimulated scattering. However, we do not
believe this to be the case eince during the dark periods of the
pulesatione no filamentary structure, usually a prerequisite for
self-pumped PC emission, is observed in the crystal, For beating to
occur between two waves, both waves must be present at all times,

which appears not to be the case. Furthermore, astimulated acattering
theories cannot predict the positive frequency shifts observed here (at
1~5W/cnf then Lam {8) predicte a shift of ~ —4Hz, while Chang and
Hellwarth (9) predict a shift of € =0.05Hz).

(a}

LASER IN

b
PC ON o)

y

LASER
ON OFF

{c)

Pig 7(a) Photograph of self-pumped BaTil; eryetel showing intemal
beams.

Fig ?(b}  Shovt eircuit ourrent obsevved when the e and o-polarised
lager beam ig bloéked and unblocked. jpy’ jph and JR ara the
pyroalectrie, photoveltaie and reverse (pyroelectrial current

denaities, raspectively.

Fig 7(e}  ‘Spontaneous puleations of PC emiseion and ahort eiveuit
pyroelactric cuvvent observed when the pump beam enters the eryatal on
the RHS of centra.



Cne explénation for this pulsating behaviour is discussed in (10} and
in the nett_secﬁion. It might be that there is an additional
stationdfy fringe paftetn get up between the PC and pﬁmp beams or the
secﬁnd set of heams (see Fign 3b-e) which make a transient corner

cuSé reflection. Chérge migration can then occur from one set of
gratings to the nextlénd i1f there is Insufficifent time to rewrite the
original gratings;'fheﬁ a reduétion in P.C. eﬁission will occur and
the whole process collapse. Emission could then build up again and the

cycle-repeat iteelf.
In conclusion then we have observed sponrtaneous pulsating of the fC
emission arisihg from self-pumped BaTi0y crystals. Further work is in

progrees to try to clearly identify the mechaniem responsible.

(b} Photoinduced voltages and frequency shifte in a self-pumped

phase conjugating BaTi0, crystal.

M C Gower (RAL)

Phase’ conjugate mirrors (PCHM'e) which employ the photorefractive effect
in single domain crystals of barium titanate (1-3) are currently of
great interest. However, the detailled mechanisms of photorefraction
in BaTi0; which cause effects such as the ~1Hz frequency shift in the
self-pumped phase conjugate emission (6,7), are still not fully
understood. Here we report measurements on intrinsic and photoinduced

voltages which arise in such self-pumped crystals.

A 5.5 mm cube poled single domain crystal of BaTi(; was pumped in the
self-pumping configuration shown in Fig 7(a) using a multimode IW CW
Art laser at 488 nm. Voltage and current measurements along the c-axls
of the crystal were made using silver paint electrodea and appropriate
meters. Since the resistivity of our BaTi0; crystal was found to be

~ 7 x Iollﬂfcm, an oscilloscope (Tektronix model 511i3 dual beam atorage
with a 5A22N differential amplifier) or z voltmeter (Keithley L35

¥ull microvoltmeter) which had imput impedances & 100 Mi, were used to
make short circuit measurements. The crystal was then found to behave
as though a source of conatant current. On the other hand, open

cireuit voltage measutements were made using a Keithley 620C

10

electrometer which had an internal impedance 2 101"R, The temperature
of the crystal could he controlled by suspending it in silicen oil and

_heating the containet. With the 1.5 mm diameter laser beam entering

the crystal, the Induced short circuit currents shown in Fig 7{b) were

observed for pump beam polarisations in the same {e~Tay) and orthogonal
(o-tay) planes to the c-axis of the crystal. Unblocking of the laser
causes a current to flow fn the positive c~axis direction with a rise
time of ~ 200 usec as determined by the capacitance of the crystal

(~ 20pF) and its assaoclated circuit. This current then alawly
decreases by an order of magnitude to a ateady state value. In the
case of an e-ray pump wave there 18 a rapild decrease of ~ 30% when the
phase conjugate emission builds wp to a value comparable to the pump
intensity. This aelf-pumped emigsion, not observed for an o-ray pump
wave, is. accompanied by the familiar heam fanning and corner cuhe
reflection (3} shown in Fig 7(a). Other beams which develop by
two-beam coupling are also shown in this photograph. Blocking the
laser beam cauges the current to rapidly reverse to a megnitude similar
to that which it had when the laser was unblocked. Similar time

vartations of the open circuit voltage acrosse the crystal were ohserved

with peak values reaching l100V. Photolnduced currents with similar
characteristics were first noticed in BaTi0, 30 years ago (11) in a

atudy of the pyroelectric effect.

The pyroelectric current density, jpy, arises from a change in the
polarisation, P, of a crystal of thickness d due to a change in its
temperature, T, and. s zero in thermel equilibrium (11):

! dp dpy 4T a dP;
Ipy = aE [d'rl. at © PoC, (dT,]r

1 (1)

for small ad, where I, a, Pg, and‘cp are the lager intensity,
absorption coefficlent, density, and specific heat of BaTily,

respectively.

11
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Pig 8 Intenaity dependence of the short circuit transient pyrcelectric
eurrent deneities when unblocking, Jj ., and bhlocking jﬁ, the laser for
both fa) e-polarised and fh) o-polarised light. Measurements of pr
are alao ehoum for a erystal temperature of 60YC.

Using an expanded laser beam of 7 mm diameter to £i111 the entrance
face of the crystal, in Fig 8 we show measurements of the linear
relationship between the transient short circuit pyroelectrie current
density and the laser intemsity for hoth e and o-ray polarisations of
the incident beam. The slopes measured in thie figure agree well with
values estimated using Eq(l) with py=6 gmfem®, C_ = 0.5J/gm/%C and
(%E 2%¢ = 2 x 107 coulomb/en?/9C (11) and meaazred values of

a® = 1.2 cn? anda® = 2,0 cm!. Since the decay times of the cuvrrents
during light and dark phases are similar (~ 30 sec) and inaensitive to
the laser intensity, we concur with Chynoweth (11} that crystal
cooling, rather than space charge build up, is reaponsible for the
equal and opposite current observed when the laser ie blocked. From
Figa 8(a) and 7(b), we gee that when the e-ray pump ig being depleted
by PC emission t:; crystal éppears to equilibrate at slightly lower

temperatures, (-ira in Eg (1) 18 a function of temperature, and going
T

from 20°¢C to 60°C should double the pyroelectric current (11),

Although as shewn in Fig B(b), with the erystal at 60°C a 35%
increase in initial current was obgerved for the o-polarisation,

somewhat suprisingly no increase was observed for e-polarised 1ight.

In Fig 9 we show messurements of the gteady-state short eircult
currente and opea circuit voltages, Such steady state currents are dug
to an intrinsic photovoltaic voltage in the crystal caused by a loeal
charge assymmetry of the lattice at the acceptor and trapping sites
(12-14) of the holes responsible for charge migratipn in BnT!Da. To
our knowledge, photovoltaic fields have not been ohserved before in
BaTiD3 except at temperatures above the Curle temperature of ~ 130%C

(12). The short circuit photoveltaic current denaity is given by:
eL
j . = _ph - )
ph T al pl

where Lph is a mean effective drift length aleng the polar axis of the

12
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Fig 8 Intenasity dependence of the ateady-state (a) short eireuit
photovoltaic eurrent density and (b) the open cireuit photoveltaie
field for both e and o-polarised pump beams measured 10 mine after
unblocking the laser.

holes in the valence band. From the slopes of the graphs in Fig 9(a)
the photovoltaic constants for each polarisation were pe = 0.82nA/W and
P o= 0.39nA/W which are about an order of magnitude smaller than values
measured in iron doped LiNbO, {13),

The open circuit steady-state voltage ia given by the photovoltaic
fleld (15):
rl
B~ 5 7 (3

where the total conductivity, o, is the sum of the dark and
photoconductivities, (Ud + dp). Hence for intensities such that
o »» \E  saturates and we obtain:

p d' ph

«PL
dp sat (4)
E
ph

From Fig 9(b) the photovoltaic saturated fields B;ﬁt

= 10V/em and
8v/cm, which are four orders or magnitude smaller than {n LiNbo; (13).
Eq (4) gives values of a} 0.82 x 107101 and o';- 0.49 x 1070 1(p-cm)~!
when T 48 in Wenf. Although the presence of an intrinmsilc

photovoltaic field in BaTi0; will produce & phase shift, ¢g' between
the 1light interference pattern and the recorded refractive index
hologram which is not 9d“, for the small fields measured this variation
would only be noticeably at extremely small beam crossing angles, e,

- for example with & = 1° and a trap density of & x 1016 em=3, we

eatimate (15) ¢g= 36t ,

The conductivity was also obtained by connecting a 74V battery across
the crystel and measuring the current in the circuit. These
conductivity measurements are shown in Fig 10(a) and can be summarised

byo, = 1.5 x 10712 (@-cm)~! and u‘; = 1.2 x 1071015 o: - 0.82 x 10710

d
1(@-cm)™!, These values for Op are in good agreement with the

saturated photovoltaic fleld measurements.

13
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Fig 10(a) Crystal conductivity obtained from resistivity measurements

ERASURE INTENSITY mwW/em?

versus laser intenaity for e and o-polarised light.

Fig 10(b)

Decay rate of two-beam coupling versus erasure light

tntensity for a erogging angle 0=9U. The intensities of the

interpacting beama werz ~ 1.2 mi/em?.

PULSATIONS AND GRATING MOVEMENT

(a)

(b)

FREQ 'SHIFT * few Hz

{c)

Fig 11 Interference fringes produced by interference of the pump and PC
beame produced by the saet-up shown in (a). The fringes are similar to
those produced by a astigmatic leng and hegin to move out of or into
the centre at the peak of the pulsation as shown in (k) and fe).



A third method used to estimate the conductivity was by measuring the
photoerasure rate of gratings stored in the crystal (2, 16). Two
relatively weak e-polarised beams were arranged sc as to intersect in
the crystal transverse to the c-axis. The decay rate, T, of two-beam
coupling was measured as one of the incident heams was blocked. The
results are shown in Fig 10({b) as the irradiance of a more intense
uniform erasure beam entering the crystal from above is increased.

From the intercept of this graph and using the relationship:
qd I~ Eocrd (5)

where the dilelectric constant (1), € = 168, we find 04 a 1,5 x
10712 (@-cm)1.

By varying the crossing angle and measuring the slopes of graphs
gimilar to Fig 10(b), the photoconductivity can be eastimated (2, 16)
from the intercept of a graph of slope vs git® (8/2). This method
gives a value

a§ ~ 3 x 10710 1 (R-cm)?
which, considering that the grating decay rate is known to have a
nonlinear dependence on erasute intensity (16}, can be regarded as
remarkably good agreement with the saturated photovoltaic field and
registivity measurements.

When the (unexpanded) pump beam enters the crystal to the right of
centre of the face shown in Fig 7(a), then the PC emission and open
circuit pyroelectric currené undergo spontaneous regular pulsations
(17) (see Section 2 above) as shown in Fig 7(c). By interfering the

PC beam with the pump heam and observing the fringes produced (gee -
Fig 11(a)), the holographic graring was found to he stationary until
the peak of each pulsatlon. As shown in Fig 11(b), at the peak the
fringes (similar to those produced by an astigmatic lens) began to move
and accelerate creating elther positive or negative frequency shifts of
a few Hz to the PC beam. Trapped charge carriers are unlikely teo
become untrapped by the photoinduced filelda measured in this work.
Indeed, the pulsation and fringe characteristics were unaffected when

compatrable fields were applied externally to the ctystal. Since the

14

grating is ohserved to begin to move at the time of maximium PC
emiasion, the moﬁement cauging the pulsations may possibly he 1nduced
by the stationary fringe pattern in the crystal set up between the
interference of tﬁe pump and PC besms, When the PC beam and pump
{ntensities become comparable then these fringes reach a maximum
modulation and may then cause charge migration away from the gratings
produced by self-pumped four-wave mixing processes. If the gratings
cannot be rewtitten sufficiently rapidly then this movement would then
lead to a reduction in the PC emisaion which in turn would reduce the
intensity of the interference fringes. The process could then repeat
itself. In contrast te the work reported (6 and 7), very little fringe
movement or frequency shift (< 10~2Hz) was observed for steady-state PC
emigsion (pump entering the middle or LHS, of the face shown in Fig
7{a)). Such small shifts as were observed probably arose from

thermal instabilities to our interferometric setup since they were of a

similar magnitude when the PCH was substituted by a conventional

mirror.
3. Degenerate four-wave mixing at 1.0 um by photorefraction in Gads
crystals

P Wribek (Czech Technical University of Prague) and M C Gowetr (RAL)

GaAs and other ITI-V materials show greet promise for a number of
non-linear optical applications in optical data processing at
wavelengths in the near infra-red, especially for these which demand
a high speed of response and gensitivity of the material. Degenerate
four-vave mixing at !.06um has recently been observed using

photorefractive processes in GaAs by Glass et al (18) and Klein(19).

Crystals of GaAs are noncentroaymmetric cubic with a single
non-vanishing electro-optic tensor component T,, = l.43pm/V. ‘They are
characterised by a large electron mebility (~ 5.8 x 10%cn? /V.8ec).
Using the set-up shown in Fig 12 we have made grating efficlency
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meagurements using a CW Nd:YAG laser at 1,06um. The grating
diffraction efficiency, n, is defined (see Fig 13) as:

diffracted wave
undiffracted background wave

LY L+/13.-

With no external field supplied to the crystal (open circuit) 80 that
diffusion processes dominate the movement of electrons, and, as ig the
case for Cr doped GaAs, the maximum space charge field, Eq »3 diffusion

field, E,, then it can be shown that for I, I, ¢ I3 then:

T
—af
cosb

B
na=a Tl_"B_)T (GE,'TR-)Z e ' l‘ (6)
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the absorption cnefficient at the
lager wavelength of the ‘crystal of

length £. Thus to maximise n, we
‘must obtain maximum modulation of
the fringes (first term in Eq 6) by
making I, = L (B = 1). On the
other hand, the spacing of the

Light intensity maxima fringes should be kept to a minimum,

—-== Mnimum change of refrgetive index 1€ 1arge beam interaction angle, 6)

Fig 13 Beam interaction geometry
for diffraction efficiency.
calculation.

so that E, and 8 can be made as
large as possible. For ocur Gads
crystal with £ = 0.03cm, and

¢ = 2.7eml, 8 = 15° then from

Eq (6) we calculate
n~ 4,6 x 107

Using a TEMy,, CW, Nd:YAG with a
power of ~ 50mW, a coherence length » lcm and the experimental
arrangement shown in Fig 12 with beams I, = T, = 0,5Wen? vertically
and Ip ~ 50mW/cnf hor{zontally polarised, then we measured a
diffraction efficlency of ~ 5 x 10_7, in good agreement with the
caleulation above as obtained form Eq (6).

We are currently investigating the phase conjugation and image
processing properties of GaAs at 1,06um. We would like to thank the
British Council for the award of a travel bursary to P Hribek
throughout the duration of this work.



b4a Excimer laser photoablation studies

(a} Photoablation of plasma polymerised polyactylene films

M Golomhok, M C Gower, S5 J Kirby and P T Rumsby (RAL)

When far ultraviolet light is incident on certain organic polymers
etching takes place without thermal phase changes occurring on the
etched material (20, 21), This phenomenon of photoablation has
attracted attention due to its potential application for self
development in microcircuit lithography. There has been considerable
gpeculation on the mechanism for sblative decomposition. Currently,
bond scission 18 a favoured mechanism. The problem with analysing
photoablation products is that many of the polymers of interest (eg
PMMA and PET) contain oxygen, nitrogen or halogens, which confuse the
analysis of the plume (22).

It 1s therefore of interest to study photoablation on the simplest
organic homopolymer, However, we have found that photoablation of the
simplest polymer, polyethylene, is very inefficlent (23). We now

report studies on its conjugated analogue polyacetylene.

Because polyacetylenes are insoluble in organic solvents it is not
possible to use the spinning and evaporation techniques usuvally used
for preparing thin resist films. The usual technique for synthesis of
polyacetylenes Involvea a heterogeneous catalytic process in a rare
gas atmosphere (24, 25), A less well known technique uses a microwave
discharge glow polymerisation of acetylene gas at low pressures

{26, 27). This was the methed we selected for several reasons.
Because only acetylene is present in this particular synthetic proceas
there 18 little chance of contamination - an important factor since
even trace amounts of other materials can greatly alter the properties
of the polyacetylenes which are semiconductors {(28). The plasma

discharge technique also yields films in the micron regime of

interest for photolithography. Finally polyacetylene films prepared by

this technique are less liable to be attached by the air.

18

The discharge polymerisation was carried out in a Technice plasma
exciton 300-1 discharge apparatus The rf oscillator was tuned to &

power of 150W at 13.56MHz. The polymer was formed on a glass plate

.gubatrate. Since polyacetylene films prepared by this technique have

thus far received little attention, 1t was necessary to characterise

the thin layere so as to assess their suitability for photoablation.

Variation of preassure conditions greatly alters the film quality.

There are three possible regimes for the discharge pressure: (1) static
regime where the chamber is filled to a certain pressure, the flow
lines closed and the discharge initiated, (2) flow regime, where a
congtant flow 1s set prior to discharge (3) flow regime, where the gas
flow 18 set constant during discharge. Regimes (1) and (2} give very
low pressures due to removal of acetylene through the polymerisation

process (see Fig 14). 1In (2) deposition is very slow (typically less

€3 H, Pressure|milifor}

4
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Q L 1 L L . X " L L c ’ »
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time [min)
Pig 14 Pressure of acetylene in radio frequency plasma glow discharge,

wherg steady flow at pressure 200 m torr set before discharge,

frequeney 13.56 Mha, power 150W.
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than 10nm/min). {3) was found to
yield satisfactory results providing
a low pressure was maintained. Fig
15 shows mean deposition rates for
constant pressure during discharge.
As shown by the easily observed
interference fringes at higher
pressures (> 300mTorr), the films
were powdery and not uniform . In a
typical run the chamber was pumped
down to 150mTorr, flooded with
acetylene and re-evacuated to
200mTorr. When the plasma discharge
is switched on, the pressure drops
to around 50mTorr and the flow of

acetylene is adjusted to maintain a

! .

T AT ) Pressre pressure of 200mTorr during
{mititere) discharge., A discharge time of 40
i minutes gave a clear strong film of
Fig 15 Deposition rate of
polyacetylene on glass vs
equilibrivm discharge gas
pressure

about 1.,67um thicknesa. Because of
the extended T conjugation in these
fi1lms the polymer chains are
susceptible to air attack (29, 30). This is observed as & cracking
and warping in the £1lm which occurs after around 24 hours. The

films were therefore ablated immediately after deposition and coated
with gold.

The £film thickness was measured by a Sloan Dektak stylus or in the
case of thin and ablated filmes, by coating with gold and counting the
fringes arising from interference between the reflection form the top

and bottom of an etch.

The ablation studies were performed using an Oxford Lasers KX2
excimer laser at the ArF wavelength 193nm, The output of 175mJ/cr? was
focused or expanded depending on the fluence required. The pulse

duration wags 20ns. A submillimetre grid wss used for contact printing
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eteling as a function of single shot fluemce. Numbenr of ehote = 25.
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to establish etch depth and an electron beam etched chrome on quartz

mask for contact etching of micron characteristics which were later

gtudied on an electren microscope.

Although a range of single shot Fluences up to 1J/cr? were incident

on the film, it was found that the maximum possible etch depth for a

single pulse was .l17um for thicknesses ranging from .Zum to 3.Z2um

layers. Above fluences of TOOmJ/an, melting i8 observed resulting in

a loss of stralght line contour at an edge vertex.

Fig 18 Scanning Electron Micrograph
pictures of 1 um lines etched by
direct contact print on polyacetylene
films. Fluence per shot 175m7/cm ’
25 pulses.

The etch rate appeared to he
independent of film thickness. Fig
16 shows single shot etch areas as a
function of fluence; The etching
efficlency drops to half {ts maximum
value at 200mJ/em® and levels out at
around .10nm cnf /J. Figs 17 and 13
show results for 25 shot direct
etching using a range of fluences on
l.67um polyacetylene filmas. Two
standard parameters derived from
such measurements (31) are the
resigt contrast ¥, and sensitivity
Qy+ We find for polycetylene films,
Y = 5 and @y = 270mJ/cn® shot. This
compares with values of Y = 6 and

QG = 80m)/cr? measured for direct
etching of thin filae of PMMA at a
laser wavelength of 193 mm (32).

Using a Princeton Applied Research
(PAR) Model 1225, 0.2m polychromator
in conjunction with an OMA2 oaptical

multichannel analyser and a Model 1254 vidicon detector, spectra of

+ the plume emfssion in a vacuum above the ablstion site were recorded.

A survey gpectrum is shown in Fig 19. The most prominent bands in the
region 300-600nm are due to the C, Swan system and the CH A-X
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Fig 19 Survey emiasion from plume during 193 nm laser ablation of

polyacetylene film.
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trangition at 431 nm. As first polnted out in work on the emission
spectra of the plume from PMMA (22), these band systems are
characterigtic of the emission from low temperature flames, TFurther
gpectroscopic analysis is currently underway. We note the fact that the
required total fluences in this study are consliderably higher than
those reported for photosblation of other polymeric meterials (32).
This may be attributed to the I bonding structure and the resulting
higher absorption cross-section. Consequently the distinction between
photochemical and thermal pathways which result in ablation will be
less marked than in saturated polymer chaians. However, the

gimplicity of etructure and ease of fabrication make further study of
this material of interest., We note in this regard, photothermal
studies of the related diacetylenes (33). Finally, rather than
insulating polymers the polyacetylenes are of great interest as organic
semiconductors so that using negative etching to provide finely
resolved narrow conducting strips above an Iinsulating substrate would

be of coneiderable interest for future study.

(b) Time Resolved Studies of FMMA Ablation

G M Davis and M C Gower (RAL)

There have been many reports (32, 34) in recent years on the ablative
photodecompoaition (APD) of polymeric material following exposure by
the short wavelength high peak powers available with excimer lasers,
Several of these studies have indicated that the polymer 1s ablated on
a timescale comparable to the laser pulse length of ~ 15ns (35-37).
There is some evidence that the ablating plume (38) shields the
polymer from the latter part of the laser pulase resulting in a ‘

reduction of the amount of material ablated per shot.
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" &n Oxford laser Model KX2 excimer laser was used in this study. The

gap mixture was changed depending on the wavelength required, The
experimental apparatus is shown in Fig 20, Two fast calibrated
photodiodes PD! and PD2 were used to monitor the incident and
tranamitted pulse shapes. Aperture Al was designed to restrict the

beam to a size small enough tn enter detector PD1.

A 50cm focal length lens was used to increase the fluence incident on
the polymer above that available directly from the laser., To decrease
the fluence elther a diverging lens or the reflection from a sequence
of fused aillca plates was uwaed. A lom diameter aperture A2 selected a
reasonably uniform portion of the beam to illuminate the polymer film.
At high fluences this was more difficult to achieve due to non—

und formities In the laser output and there was a 507 variation in the

fluence over the irradiated area.

Igsofine electron beam resist P10 (PMMA), was spun onto fused silica
substrates to a thickness of 0.6um-0,7um, The thickness of each sample
was measured using an interference microscope. The resist was not
pre-baked prior to the exposure but the gamples were left ~ 3 days
before use (studles using pre-baked samples produced qualitatively

similar results.)

The PMMA~coated silica surface was positioned ~ lmm~2mm from aperture
A2 in Fig 20. Initial studies showed that when etching occurred at a
fluence cloaé to the ablation threshold at 193nm a substantial
fraction of the transmitted light was diffracted by the aperture. To
enable the detector PD2 to collect all the diffracted light the
distance between the substrate and front surface of PD2 was made as

small as possible (< 3-4cm).

In order to avold saturation of the photodiode detectors, diffusers
were used directly in front of the photodiodes. For each wavelength
and intensity the signale from PD2 and PD1 were monitored

simultaneocuely. The ratic of these signals wes recorded for both
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TRANSMISSION CURVES NEAR THRESHOLD

untcoated and coated substrates placed after aperture A2, Assuming

that the decrease in transmission due to Fresnel reflections was the

100}
same in both cases, a value for the transmission of the PMMA film was 21";""" % % { \
rodT

deduced. sof

For laser wavelengths at 193 nm (ArF), 222nm (KrCl) and 249 nm (KrF)
the tranemission of multiple pulse exposures of the FMMA layer was
studled for a range of intensaities above and below the ablation
threshold. Heasurements from photographs of the oscilloscope traces
of the photodiodes signals enabled the time evolution of the
transmiesion to be studied within the temporal resolution determined by

the 3.5n8 risetime of the Tektronix Model 466 storage oscilloscopes.

NORMALISED TRANSMISSION (%]

Ag the Intensity was raised the resist underwent a series of changes

which were qualitatively similar for each of the wavelengths studied. ] % 20 % D 7 ¥ % 30 o
At intensities near the threshold for ablation the resist began to STAHTQCF 15t PULSE START OF 2nd PULSE

etch very slowly. The removal of resist was confirmed by optical and TME [ns)

electron microscopy of freestanding ~ 30um mask exposures at these TRANSMISSION CURVES ABOVE THRESHOLD

intengities. We have defined the threshold of ablation as that value
of peak intensity (IT) sufficient to etch the ¥ 0.66um layer in ~ 40
laser pulses. By comparison, after exposing the resist to ~ 60 laper

pulses at ~ 2/3 of IT only the outline with no groass etching of the

irradiated region could be seen in the resist with only a small amount

of debris deposited in diffraction rings around the edges., The gradual

accumulation of ablated debris deposited on the resist causes scatter

_——— -

of subsequent pulses, Thia scatter by debris is responsible for the

_——

observed steady decrease in transmission for intensities just below

-~

threshold. At still lower intensities no evidence of any etching could

be seen even after 60 pulses. The transmittance of the laser

A .

measured at intensities less than 1/5 to 1/10 of the threshold

NORMALISED TRANSMISSION [%)

intensity was the same as the small-gignal value as measured by a

spectrophotometer and a lamp source.

W 20 30 40 \V o © 20 30 4D

o
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Fig 21 shows the temporal variation of the transmittance for the START OF 1st PULSE START OF 2nd PULSE
first and second laser pulse at wavelengths of 193nm (ArF), 222om TIME [ns)

(KrCtl) and 249nm (XrF). At the intensity values near threshold used Pig 21 Temporal transmission measurementa of P10 regtat during the

firet and second laser pulses at 248, 232 and 193 nm.
(a} Intensity near to ablation threshold.
(b) Inteneity several times the ablation threshold.

to obtain the data shown {n Fig 21(a) ahout 10 laser pulses were
required to remove most of the PMMA layer at each of the three
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wavelengths. The value of transmission prior to the first laser pulse
correaponds to the average small signal transmission measured with low
intensity (< 0.4MW/cn ) laser pulses or extrapolated from
spectrophotometer measurements, In the intensity regime near threshold
there was negligible variation in the transmittance during the laser
pulees at 248 and 222nm. However, at 193nm there is 2 small initial
rise in transmission of the sample which is probably due to a small
quantity of resist being removed at the beginning of the first pulse.
During the latter stages of the 193nm laser pulse a slight decrease in
transmission is seen. Probably as a result of scattering of the
incident laser by ablating material. §&ince less resist 1s removed per
pulse at 222nm and 248nm, the transmisaion was unchanged at these
wavelengths. PMMA {s more transparent and scattering by ablated

material is less at the longer wavelengths.

As shown in Fig 21{a) for all wavelengths a discrete jump between the
transmigsion at the end of the first laser pulse and the transmission
at the start of the second pulse was observed. This we attribute
primiarily to light scattering from the debris deposited on the

surface by the first pulse. Scanning electron micrographs confirm that
at all wavelengths a large amount of debris is deposited both in and
around the exposed area. The slight rise in transmission during the
second pulse at each wavelength is thought to be due to removal of this
debrié.

At fluences several times higher than threshold as shown in Fig 21(b)

a rapid decrease in transmisalon occurs. We attribute this behaviour to
1ight scattering from materfal ejected by the initial part of the pulse
causing a reductfion in Intensity on the resist to values below
threshold for ablation during the latter stages of the pulse. Material
largely ceases to be removed during the latter part of the pulse while
at even later times as the plume disperses the transmisasion begins to
rise. Again there is a discrete change in transmission between the
end of the first pulse and start of the second., However in contrast to
the behaviour observed using fluences near threshold there is now a
larger transmission at the start of the second pulse., Electron
micrographs of the ablated eurface and surrounding regions show that

there 18 less debris deposited on resist surfaces tham at lower
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fluences. Hence at these higher fluences there will be fewer light
scattering centres resulting in an apparent increase In the

tranemission of the sample at the beginning of the second pulse.

At the Iintensities used to obtain the data in Fig 21(b) most of the
resist 15 removed by a single laser pulse at both 222 and 248nm. - The
amount of material removed during the second pulse is insufficlent to
cavce a decrease in transmission due to scattering. Instead the
combination of resist and debris removal cause an 1lncrease in the
transmission during the pulse. However at a wavelength of 193nm the
absorption in the resist is much greater than at longer wavelengths and
the scattering by the ablating plume ie likely to be larger so that
aven at 16 times the ablation threshold intensity only about half of
the resist was found to be removed in a single pulse. Hence, as can
be seen in Fig 21(b) transmission of the second laser pulse at 193nm

follows a gimilar trend to that of the first pulse.

The maximum slopes of transmission curves similiar to those shown 1in
Fig 21 were found to increase with increasing laser intenaity for all
those wavelengths investigated. The larger etching rates observed at
higher fluences will produce a greater density of material in the pulse
which will increasingly scatter the light during the latter stages of
the pulse. A change in the size of the particles in the plume at

higher fluences may also alter the acattering properties of the plume.

Apart from the absolute value of Intensitles needed to effect the

same degree of ablation, the overall ablation chatacteristics of PMMA
which we have described show little dependence on the irradiating
wavelength. To illustrate this the number of pulses required to remove
most of the resist was measured at each wavelength as a function of

the laser intensity normalised to its ablation threshold value IT. The

results are shown in Fig 22. As can be seen from this figure the only
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Fig 22 Number of laser pulses requived to remove the P10 reatet film

verges lager intemsity normiised to the ablation threshold.

appreciable distinction between the ablation rates is the relatively
large asymptotic value approacherd at high normalised intensities of the

ArF laser source.

In contrast to common practice, we have characterised the threshold
for ablation in terms of the peak laser intensity rather than 1its
energy fluence. The ablation phenomenon is only observed when a

large number of photons are absorbed and effect bond scission in a
sufficiently short period of time., A threshold for this effect
characteriged by a laser intensity i1s therefore more appropriate.

Sinece it 1s only those photone which are abgorbed in the polymer which
can cause bond scission, in comparing the ablation characteristics at
different wavelengths 1t 18 more meaningful to compare the ratio of the
threshold inteneity to the abeorption depth, le the parameter ITQ which
we call the ablation power density, Table 1 shows measurements of the
thregshold intensity IT' absorption depth lﬁz, and ablation power

denaity for P10 reslst as a function of the ablating laser wavelength.
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These measurements show that the ablation power density decreases as
the laser wavelength Increases.
unit volume are required to cause ablation at longer wavelengths than
at shorter wavelengths. If the ablation mechanism were purely a
thermal rather than a photochemical process then I
for each wavelength, On the other hand, 1f photochemical bond scission
were solely responsible for ablation then the ablation power density
should decrease at short wavelengths since in this UV gpectral region
the quantum efficlency for bond breakage is generally larger for
shorter wavelengths., Since the opposite trend is observed, we conclude

that different reaction pathways are involved in ablation and that

Therefore, fewer absorbed photons per

Ablation Absorption Ablation
Threshold Depth Power
Intensity Density
X {nm) L, (Mifen?) 1/, (m) Ip o (GW/en®)
248 11 11.0 10
222 5 1.56 32
193 3 0.72 42
TABLE 1

T

the predominent process causing ablation depends on the laser

wavelength. A similar conclusion was recently reached by Srinivasan

and Braren (39).
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5. Excimer laser lithography: intensity-dependent resist damage

G M Davis and M C Gower (RAL)

There has recently heen considerable interest in the use of excimer
lagers as light sources for high resolution lithography (40-43). One
of the potential advantages of using commercially available excimer
lasers as light sources is that they produce much higher average powers
(up to 100W) than conventional lamp sources. Provided that there 1s no
reciprocity fallure in the response of the photoresists exposure times
can be greatly reduced by use of an excimer laser source. However the
short duration (~10-20n8) pulses of high peak intensity (up to
50MW/er? ) that are typical of excimer lasers may result in
intensity-dependent photochemical changes which might produce a

reciprocity fallure of the sensitivity of response of the resist.

Reciprocity failure 18 not necessarily undesirable and may even
enhance the resolution (44, 45), However, {f resist gsensitivity ia
sacrificed to such an extent so as to negate the higher power
produced by the laser source, then the use of an excimer laser is no

longer so attractive.

The study of reciprocity failure in photoresists when exposed to
excimer laser light has to date received surprisingly little attention.
The most detailed investigations have been made using an XeCl laser to
expose reslsts at a wavelength of 308om (46, 47). Compared to the
value measured at low {~ mW/cm?) intensities with the 313am line from
an Xe-Hg lamp, these studies showed a maximum loss of sensitivity of
only a factor of three for peak laser intensitles up to 2.4MW/cm? when
exposing Shipley AZ2400 and two 1BM experimental resists. However,
experiments by Kawamura et al (48, 49) using a KrF excimer to expose
PMMA/benzoin resist at 249nm phowed strong increase in etch depth
with peak intensity for a given integrated fluence on the resist and

sugpgeated substantial reciprocity failure In the resist,
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In the work reported here we have examined one of the possible causes
of reciprocity faflure namely the intensity dependence of the
absorption coefficlent of the resist. When assessing the suitability
of a resist for use at a particular irradiating wavelength one of the
important parameters to assess is the absorption coefficient at that
wavelength. Lin {50, 51) has pointed out that an absorption
coefficient » 2.5pm ! ig too high to produce etches with steep wall
angles while an absorption coefficient € 0.05pm™! typically results in
low sensitivity of exposure. Furthermore, it is well known (50, 52,
53) that the absorption coefficfent of some resists varies with the
degree of exposure. For exanple, exposing a 0.8um layer of PMMA for
two minutes with a Xe—Hg lamp estimated to deliver ~ 168nJ/cm? in the
gpectral range 200-260nm, reduced its transmission at 200nm by ~ 117
(50). This “photodyeing” is dependent on the total energy fluence
received and eimilar effects can be expected for low peak intensity
exposures by excimer laser sources. To our knowledge the only
experimental evidence of this effect 18 by White et al. (54) who showed
that exposures of 0.lum thick films of PMMA to seven thousand 0.1lmJ,
10ns pulses of an F, laser at 157nm, resulted in a 77% decrease in

transmission.

In addition to these low intensity changes, using higher peak laser
intensities to expose resists may result {n intensity dependent changes
in the absorption coefficient. Recently Sheats (45) observed
intensity dependent photobleaching of strongly absorbing

PMMA/acridine films (absorption depth of < 0.09%m) following single
pulse exposures of 3 - 4MW/cm? ar 248nm.

In our experiments we have Investigated whether similar effects are
observed for Shipley AZ2400, Isofine e-beam resists P10 (PMMA) and
PM20, resista. These resists are suitable for use at one or more of
the excimer laser wavelengths at 248, 222 or 193nm. Thin 0.5-1.5um
thick layers of resist were spun onto fused silica substrates and the
transmiselon of these samples relative to an uncoated substrate were

measured using an LKB Ultrospec UV/VIS spectrophotometer Model 4050.
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An Oxford Lasers Model KX2 excimer laser operating on either KrF
(248nm), KrCl (222nm) or ArF (193nm) was ueed for the relative
transmission measurements at high (0.01-100MW/cm?) peak intensities.
Vacuum photodiodes were used to simultaneously monitor the transmitted
and Incident laser pulses. Reflectious from a succession of fused
silica beamsplitters were used to vary the peak intensity incident upon
the photoresist. A 50cm focal length lens was used to focus the

laser beam so that high Iincident peak intensities could be obtained by

placing the substrate at varying distances from the lens.
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Fig 23 Measured emall and large signal abeorption depths of PM20, P10
and AZ2400 resigts as a function of wavelength.

Fig 23 shows curves of the small signal absorption depth as measured
with the spectrophotometer in the spectral range 196 to 260 nm. Also
ghown in this figure are values of the absorption depth measured with
the laser operating at 193, 222 and 248 nm. Table 2, column A records
the peak laser intensitiles used .for these measurementsa. For

wvavelengths shorter than 232nm the intensity transmitted by the ~ 0.5um
thick layer of AZ2400 was below the detection 1limit of the

31

spectrophotometer so that for this spectral region the absorption depth
is € 0.08uym. On the other hand no accurate laser measurements of
abgorption depth were made at 248nm for PLO and PM20 since thin films
of thege reslsats were too transmltting at this wavelength. For those
resists and wavelengths where measurements could be made there was no
significant difference between the spectrophctometer and laser—measured
values of absorption depth. These results therefore show no evidence
of reciprocity fallure in the response of the resists upon exposure to

pulsed exclmer light.

However at fluences {Table 2, Column B) higher than those used Lo
record the laser measurements for Fig 23 {(Column A), the exposed region
could be seen after 60 laser shots. The nature of the mark made by

the laser was not investigated In detail but appeared to be damage to
the reoist. A further increase in the intensity caused direct etching
of the resist. Column C (Table 2) records the peak intensities
required to etch » 90% of the film in 40 leser shots. At even higher
single pulse peak intensities {Table 2, Column D) rapld ablation of the
resista 'In ~ 2-4 laser shots was observed. This process, sometimes

called ablative photodecompoaition (20), has been used as a dry etch
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RESIST | x(nm) | A(MW/emZ) | B{MW/cm?) | C({MW/cm?) | D(MW/cm?)

193 0.40 1.8 3.2 8.1
P10 222 0.017 1.4 5.2 9.4

248 - 5.4 11 27

193 0.40 1.8 3.7 19
PM20Q 222 0.017 1.5 6.8 29

248 - 14 38 107

193 — 0.4 1.8 19
AZ2400 | 222 _ 1.1 2.9 25

248 0.038 0.57 4.6 39

A: Intensities vsed for absorption measurements.

B: Intensitles at which the exposed area wes visible after 60 laser

pulses.

C: Intensities sufficient to etch > 90% of the resist film in 40

laser pulses.

D: Intensitles at which ablative photodecomposition was observed.

TABLE 2

technique for the fabrication of fine lines in several organic
reasists guch as Shipley AZ2400 (55), PMMA (55) and PM20 (32).

We conclude that if conventional wet development i1s the desired

fabrication process then the peak incident laser intensity should not
exceed that at which damage i1s observed. The shortest exposure time
per unit area for each resist can then be obtained from Table 2. For

example, our experiments have shown that about 60 laser pulses at

i3

248nm each of ~ ImJ/cm? and 9ns (FWHM) duration were sufficlent to
cause complete etehing of a lum thick layer of AZ2400 resist following
a one minute development in a 1:4 solution of Shipley AZ2401
developer:water. Using a KrF excimer laser with the maximum repetition
rate commercially available (500pps), we can deduce the minimum
exposure time required to deliver the integrated dose of 180mJ/cm?
necessary for exposure to the bottom of the resist layer. The damage
threshold of AZ2400 at 248nm 1s ~ 0.5MW/cm? (Table 2, Column B} which
restricts the eingle shot fluence to < 10mJ/cm? for laser pulses of 20
ns (FWHM) duration. This results in & minimum exposure time of

~ 36meec. The maximum area that can be exposed in 36msec 1s then
limited to about 20cm? by the single pulse laser energy of 200mJ. It
is interesting to compare this result with the minimum exposure time
that can be achieved for the same area using a deep UV Xe-Hg lamp.
Using a Canon Proximity Mask Aligner Model PLA-521FA that provides
illumination in the spectral range 200~-270 nm, exposure times of about
380msec have been reported for 1 pm thick layers of AZ2400. Hence
exposure with this lamp source takes about an order of magnitude
longer than would exposure using a high repetition rate KrF excimer

laser source.

We conclude that the minimum exposute time that 1t is possible to
achieve with an excimer laser operating at a wavelegth of 248, 222 or
193nm {8 gset by the ablation damage threshold to the resist.

However, the low powers of conventicnal lemp sources at these
wavelengthe (a few tens of oW's/nm at 250 nm) ensure that a substantial
reduction in exposure time cau still be achieved by replacing the lamp
in a lithographic machine by an excimer laser. If the wafer
fabrication rate is limited primarily by exposure time the use of an
excilmer laser light source could result in a significant increase in

the wafer throughput of the machine.
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6. X-Ray Lithography using & KrF Laser Plasma Source

M C Gower and F O0'Neill {RAL)

In the eemiconductor industry it is generally accepted that lithography
using 10 or 5 to 1 optical step and repeat machines will gatisfy the
bulk of the requirements of the imdustry in the short term. These
requiremente might provide critical circuit dimensions as swmall as
0.7ym to 0.5um over stepped flelds of several square centimetres. It
18 also generally agreed that as device geometries shrink further, the
industry will eventually be forced to use X~ray lithography in a
proximity mode of printing. The short wavelengths of X-rays allow
diffraction effects to be minimised (the resolution for proximity
printing of a mask onto a wafer which i1s a distance d away 18 ¢ Ad/2.
X-ray lithography can also be used over larger fields than can be
reproduced by an optical etepper and 1s of potential interest for wafer
scale integration of devices. Indeed use is currently made of X-ray
lithography in the fabriceting of bubble memorles where the

requirement is for very high resolution on a single layer of

photoresist with minimum overlay accuracy.

Although X-ray lithography can offer higher resolution without the
depth of focus and dust problems which optical projection schemes
suffer, many technological developments are still needed before X-ray
lithography becomes the workhorse of the industry. Not the least of
these developments must be in mask fabrication. Since the proximity
printing technique is inherently 1:1, high resolution masks must be
made on strong, stable transparent membranes of deposited materials
such as gold which are opaque to the X-ray source. To date, films of
polyimide and boron nitride have been used as substrates. Sensitive
resists which have a large atopping power for the X-rays while being
relatively insensitive to the dry etch process must also be fabricated.
Finally, before anything else, efficlent high brightness sources of
X-rays need to be developed. Electron bombardment sources can produce
fluxes on the wafer of ~ 0.1-0.2oW/em? but are characterised by large

(~ few mm) spot slzes which are incongruous with preducing very small

35

Fig 24 Scanning electron micrograph (SEM)
of exposure in EBR-9 resist using a free
gtanding gold mask and an EMG 210F KrF
laser source.

Fig 25 SEM of exposure in P(MMA-MA)
resist using a free standing Copper
mask and an EMG 150BES KrF laser source.

(< 0.5pum) critical dimensiones on the chip. On the other hand,
synchrotron scurces can produce fluxes of 10-20mW/cm? at the mask.
However at a capital cost of geveral million dollars these sources are
extremely expensive and are relatively unreliable. Furthermore
production is halted on all exposure systems simultaneously, should the
aynchrotron malfunction for any reason. Laser produced plasma

sources appear more promising. The laser is relatively inrexpensive and

can be remote from the clean room and the aligner.

We have carrled out exposures using the X-rays from a plasma produced
by a low energy commerically aveallable excimer laser. In Flg 24 we
ghow a scanning electron micrograph of 0.5 ym lines and spaces of the
image recorded in EBR-9 photoresist of a gold grating mask proximity
printed using a 12 ym gap between mask and resist. This Image was
recorded using pulses of focussed radiationm from a 1J, 20Hz, 245 om
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commercially available KrF laser (Lambda-Physik EMG 210E). Shorter
exposure times requiring fewer laser pulses can be achieved using a
similar laser which ia injection locked to improve its spatial
coherence. In Fig 25 we show a photograph of an exposure recorded
using 100 pulses of a 600 mf Injectlon locked KrF laser (Lambda-Physik
EMG 150ES). With a high repetition rate (500Hz) version of this laser
we eatimate average fluxes of ~ 1mW/cm? can be delivered to the mask.
This ia produced by a point source and represents an order of
magnitude improvement over the brightness of bombardment sources.
Further details of this work can be found in Section C6.3 of this

ennual report and in Ref 56.
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