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Foreword

Foreword

M H R Hutchinson
Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX, UK

This report contains scientific accounts of the work which has been carried out
a the Central Laser Facility (CLF) at the Rutherford Appleton Laboratory
both by university users and facility staff during the financia year 1998/99.

The Vulcan laser has continued to provide the focus of the very strong,
international research programme in laser-plasma interactions. A significant
contribution to the success of this programme has been the further increase in
the intensity which can be produced by Vulcan operating in the CPA mode.
By improving further the beam quality and using F1 parabolic reflectors for
focusing, intensities of up to 5 x 10* W/cm? have been produced. At these
very high intensities, the laser-plasma interaction gives rise to the generation
of energetic electrons and ions, ultra-high magnetic fields and, by producing
highly-directional beams of y-rays, to the nuclear activation of elements via
(y,n) processes. Other areas which have been studied include the devel opment
and use of X-ray lasers for radiography of laser-produced plasma and the
study of instabilities and the use of shock wave propagation in low density
foams to test new conceptsin inertial confinement fusion.

A very significant devel opment has been the approval by EPSRC of a grant for
£3.3M to upgrade the output power of Vulcan to 1PW. This programme will
be carried out over the next three years in parallel with the users’ scientific
programmes. This will enable the intensity to be increaseddoviént? and

will open up new areas of plasma physics to the scientific community world-
wide.

The Astra laser is a 30fs, 10Hz CPA TiS laser which, during the year has been moved to a new laboratory and upgraded to produce
intensities of 18W/cn?. The new laboratory enables two user experimental areas to be operated simultaneously and this has been
highly beneficial in enhancing access to this facility. A further upgracheleti by EPSRC was commenced and this will provide

target intensities of up to WV/cn? to be produced in one of the two areas. The programme so far has concentrated on the
interaction of intense, ultrashort pulses with neutral and ionic molecules and, with the development of the high intensity
configuration, laser-plasma and short-pulse X-ray studies will become possible.

During the year, a decision was made in consultation with the users and EPSRC, the principal funding agency, to clog the Titan
KrF laser to permit the facility to concentrate on the new opportunities provided by the high intensity lasers, Vulcarmand Astr

The highly successful science programme has continued within the Ears8rsence Facility (LSF). A significant development has

been the enhancement of the Raman and pssa@ability by construction of a fast Kerr gate for the rejection of fluorescence signals
which obscure the Raman signal. This has enabled intramolecular electron transfer in some large organic molecules td be observe
for the first time and has improved our understanding of how ultrafast changes in molecular structure influence thejyr. effir@enc

Laser Loan Pool has benefited from an ongoing investment programme in laser and diagnostic equipment which has been funded by
EPSRC and has enabled state of the art lasers to be made available to university users in their own laboratories.

The science being carried out within the CLF by university colleagues from both within the UK and elsewhere in Europetcontinues
be of the highest quality. The very substantial capital investment made by EPSRC in Vulcan, Astra and the LSF will ensure the
continuing excellence of the facilities provided at the CLF and quality of the science carried out by its users.
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Overview of the Central Laser Facility

Overview of the Central Laser Facility

C B Edwards

Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon., OX11 0QX.

Email C.B.Edwards@r|.ac.uk

Laser Facilitiesfor Users

The Centra Laser Facility (CLF) is one of the world's leading
centres for research using lasers. Facilities available to users
include the Vulcan Nd:glass laser which delivers multi-TW
beams to two target areas, the Astra ultra-short pulse
interaction facility based on titanium sapphire laser technology,
arange of state of the art table top laser systems and specialised
diagnostic instruments within the Lasers for Science Facility
and the Laser Loan Pool.

Vulcan

Vulcan is a highly versatile large scae Nd:glass laser
installation which delivers a maximum of 2.5kJ of energy in its
six 10cm and two 15cm beamlines to two target areas, each of
which is equipped with frequency conversion optics to enable
both 1um and 0.5pum operation of al beams. Two further target
areas are available for lower energy applications. A range of
pulse durations are available from 100ps to 20ns in various
geometries

A short pulse (700fs) high irradiance (~5x10™Wcm®) chirped
pulse amplification (CPA) capability is available, with vacuum
propagation to target and reflective beam focusing optics.
Additional low energy beams, including sub-picosecond CPA
probes, are provided for diagnostics with high temporal
resolution. The system is fully characterised and equipped with
advanced diagnostics.

Lasersfor Science Facility (L SF)

The LSF operates a suite of state of the art table-top laser
systems and associated instrumentation giving users access to
highly tuneable (vuv - ir) and variable pulse width (ns to fs)
laser radiation. This includes lasers for ns and ps time-resolved
resonance Raman spectroscopy (TR®), a unique dud
wavelength multi-khz femtosecond synchronised pump-probe
apparatus based on OPA technology, a femtosecond laboratory,
ahigh average power laser plasma x-ray source and a fast gated
(100ps) confocal microscopy laboratory.

In February 1999 funding was awarded by EPSRC for the
development of the new PIRATE facility (Picosecond Infrared
Absorption and Transient Excitation). The high brightness
PIRATE laser, which will be tunable down to 1000 cm?, will
come on line to users in 2000 for experiments in chemistry,
physics, biological and material sciences.

Commercial laser systems are available from the Laser Loan
Pool for periods of up to 6 months at the user's home laboratory.

Astra (HPHR)

The High Power, High Repetition Rate (HPHR) laser, now
named Astra, has been upgraded in energy and installed in a
new purpose-built laboratory. The pulse energy has been
increased to 10mJ and, with a pulse duration of 50fs, produces
intensities of greater than 10 Wem2.

The first experiment performed using the ASTRA facility was

carried out by scientists from Queens’ University, Belfast an

Engineering Services

Mechanical, electrical and software engineering support is
provided for the operation of the laser facilities at the CLF, for
the experimental programmes on these facilities and for the
CLF's research and development activities. Access to
mechanical and electrical CAD tools and workshop facilities
enable a rapid response to be provided to users.

Customers

The main customers of the Central Laser Facility are the UK
Research Councils, who fund beam time primarily for grant-
supported UK University researchers and their overseas
collaborators. A small proportion of access is provided by the
Research Councils for non-grant funded work to enable rapid
access for topical and proof of principle experiments.

The EC provides beam time for European researchers through a
Large Scale Facility Access contract under the TMR
programme. Hiring of the facilities and access to CLF expertise
is also available for industrial research and development.

Accessto Facilities

90% of EPSRC access is provided to grant supported
programmes through a ticket mechanism. Such grants specify
the amount of facility time required, enabling the full cost of the
proposals to be taken into account by the prioritisation panels
convened by EPSRC. Successful proposals are allocated
“tickets” for beam time, which guarantee access subject only to
scheduling considerations.

The remaining EPSRC funded beam time is allocated to Direct
Access for proof of principle experiments, to demonstrate
feasibility or to perform urgent studies. Direct Access
experiments are peer reviewed by an expert panel who advise
the Director of the CLF on scientific priority, etc. Bids for
Direct Access argublicised in scientific journals and on the
CLF Web site. Further information is available from the
Director of the CLF.

Arrangements for funding of beamtime for experiments within
the remit of BBSRC programme differs from the EPSRC model
and potential applicants working in these areas should contact
the Director of the CLF in the first instance for further
information.

European researchers are eligible for beamtime at the CLF
funded by the E.C. through its Large Scale Facilities Access
programme. Calls for Proposals are publicised in Physics
Today and on the CLF Web site. For information on
forthcoming calls for proposals, eligibility criteria, etc. please
contact Dr Ric Allott (r.allott@rl.ac.uk).

The Laser Loan Pool is funded directly by an EPSRC rolling
programme. These facilities are available to all UK researchers
performing work falling within the EPSRC science programme.
For information on forthcoming calls for proposals, eligibility
criteria, etc. please contact Dr Anthony W Parker
Ja.w.parker@rl.ac.uk).

the University College, London and was completed incLFweb site

December 1998.

to study short pulse interactions with atoms,

molecules.
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It studied the interactions between hig
intensity femtosecond laser pulses and a pulsed beam L ogrammes
hydrogen ions. During the year, the laser was used extensiveﬁé 9

jons an

rOI}]urther information on the CLF, its facilities, and the scientific
is available on the CLF Web site at
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Science - High Power Laser Programme — Short Pulse Plasma Physics

Collimated lonization Channels in Glass Targets Irradiated by Ultra-intense Laser
Pulses

M Borghesi, A J Mackinnon®, A R Bell, G Malka? C Vickers, O Willi
Imperial College of Science, Technology and Medicine, London,UK

! presently at Lawrence Livermore National Laboratory, Livermore, US
2 presently at Université Paris-sud, Orsay, France

J R Davies
Instituto Superior Tecnico, GoLP, 1096 Lisboa, Portugal

A Pukhov, J Meyer-ter-Vehn
Max-Planck-Institut fir Quantenoptik, D-85748 Garching, Germany

Main contact email address: mbr@ic.ac.uk

Introduction

Recent computational papers have predicted that, during the ~ Probe
interaction of ultra-intense laser pulses with dense plasmag, . ~ Imaging

collimated beams of very energetic electrons are prodiéicéal w lens
particular, Particle-in-Cell (PIC) simulations predict that MeV | Interaction Glass tar

: / get
electrons, ponderomotively accelerated along the propagation beam
axis, are confined radially by large, self-generated magneti¢ \$
fields?. This confinement can lead to a well collimated electron Al coating
beam propagating into the high density pla®mat high
density the electrons will eventually lose their energy through
collisions and will be stopped after a characteristic rangd-igure 1. Schematic of the experimental arrangement
depending on their energy. Recent experimental results seem
indicate that the electron beam stays collimated during it
propagation through a solid plastic tafgeThis was inferred
from observations of small extent plasma plumes on the rear
200 um thick CH targets irradiated at"1®/cn?. Simulations
performed with a Fokker-Planck hybrid cddsuggest that
inside the solid target the electrons are collimated by a magne
field generated at the edge of the electron beam. The producti
and propagation of electron beams through high densit
plasma_ls are of topical interest for fast ignitor applicatioitss Experimental results
essential for the fast ignitor scheme to be successful that thé ) )
electron energy required to start ignition is deposited in the higfhadowgrams of the target were collected at different times.
density core of the compressed fusion fuel. These electrons aRefore the interaction beam is focused onto the target, the glass
produced at densities close to critical and have to propagate &jdes are transparent to the probe radiation. Immediately after
the core through a dense plasma. So far no direct observatiof¥ interaction, tracks extending into the target which were
of collimated electron beams have been reported. opaque to the probe were observed.

Experimental observations of the interaction of ultra-intensé® typical image is shown in Figure 2. The image has been taken
laser pulseswith aluminium over-coated solid glass (§§O0 With the probe nominally coincident with the interaction, i.e.
targets are reported here. Time-resolved optical probingntegrated betweerts/2 and /2, 1, being the probe pulse
revealed, immediately after the interaction, the presence afuration.The target is mostly still transparent to the probe light,
narrow opaque filaments in the glass. Computational modellinglthough it is becoming opaque near the interaction region (in
indicates that the observations are consistent with collimatethe inner target region non-uniformities in the probe

éofraction of the CPA pulse was compressed with a separate
pair of gratings to a duration of 6 ps (FWHM), frequency
&oubled in a KDP crystal and used as a temporally independent
probe. The relative timing between the probe and the interaction
pulse was controlled to within a few picoseconds. A microscope
tPé)jective, with an F-number of 4, imaged the target with a
&agnification of 55 onto photographic film resulting in a spatial
{/esolution of 2 - 3im in the target plane.

propagation of a fast electron beam through the target. illumination affect the homogeneity of the image background).
_ In particular a track, with a 10 um radius, can be observed
Experimental set-up originating from the interaction region and extending into the

The experiment was performed using the Vulcan Nd:glass laséarget for 300-350 um. Similar tracks were also observed on
operating in the Chirped Pulse Amplification mode (CPA) Thetargets with a 3 um aluminium overcoat. Also, on some of the
targets were glass microscope slides, 250-300 um wide arithages more than one track can be seen. In these cases the
about 2 cm long. One of the narrow sides of the target was oveiracks, separated by a distance of the order of 10um, are parallel
coated with a 1-3 um thick aluminium layer to prevent director slightly diverging (~f/10). Typical lengths of the tracks at
laser transmission (see Figure 1). The 1.03% CPA this timing are in the range 300 to 500 pm. In images recorded
interaction pulse, 1 ps in duration, with an energy of about 20 8t @ nominal time of + 3 ps (i.e. integrated up to 5 - 6 ps), the
was focused by an F/4.5 off-axis parabola (OAP) at normafracks extend up to 600-700 pum. The tracks have a roughly
incidence onto the centre of the coated side of the target. TH@nstant transverse size along their length, typically of the order
focal spot was betweedand 10um in diameter at full width at ~ Of 10-20 um. At about 5-8 ps after the interaction, the part of
half maximum (FWHM), containing 30-40 % of the energy ontargetin the field of view of the imaging system (about 1.5 mm
target giving mean intensities up to 2X1%/cnr. in length) became completely opaque to the probe,
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Science - High Power Laser Programme - Short Pulse Plasma Physics

Self emission

T
arget edge 100 pm

lonised channel

Figure 2. Shadowgram taken during the interaction of a20 TW, 1 ps pulse with a solid glass target coated with 1 um of Al.

limiting our experimental observations to the temporal rangéfhe simulation results are shown in Figure 3. At the left edge of
0-5 ps. A similar phenomenon has been observed at lowehe target a region of full ionisation, and compression due to the
irradiances and attributed to the propagation of a radiativiaser ponderomotive force, is clearly visible. Inside the target a

ionisation front into the targ8t series of ionised filaments are observed. These structures
) ) correspond to a current of fast electrons which splits into
Computational modelling filaments due to the Weibel instabilif The electrons have a

The opagque regions in the field of view of the probe corresponBoltzmann-like energy spectrum with an effective temperature
to regions in which a dense plasma is present. Under the§& KTt = 1.5 MeV. As the code does not include collisions, the
conditions, the probe does not propagate through the plasri@gnisation is due to collective electric fields produced by the
due to the combined effects of absorption in the plasmaglectron jets. When the electron jets propagate through a non-
reflection at the critical density and refraction due to the densitjonised medium, they create fields due to the associated space-
gradients. It is therefore reasonable to infer that the opaquéharge. Also, the magnetic fields rising in time as the jets
tracks correspond to localised, ionised regions inside the targgifopagate induce electric fields due to Faraday's law. As a
The possibility that this localised ionisation is due to theconsequence, an ionised region of about 10 um diameter with
propagation through the solid of a collimated beam of hosmall scale filaments inside is observed. Each of the filaments is
electrons was investigated using computational codes. Thigurrounded by a magnetic field, as observed in Reference 2. The
hypothesis is based on experimental and theoretical eviden&ectron jets propagate parallel to the laser axis, forming a
for the generation of high energy electrons in ultra-intense lasé&tosely packed bundle of ionised filaments. This would appear
solid interaction§®*®, and on reported predictions of as a single channel opaque to transverse optical probing, as
mechanisms leading to their collimation in overdense plasma@bserved in the experiment.

H 3,4,5).
and solid target$ The Fokker-Planck hybrid code described in References 5 and 9

The 3-D PIC code (VLPI3 was used to model the electron was used to model the propagation of an electron beam through
generation in conditions close to the experiment, studying tha solid SiQ target. The code represents the fast electrons with a
interaction of a 10 TW, 700 fs, 6 pm radius laser pulse with &okker Planck equation, including collisional drag and random
high density unionised silicon target, at an ion density ofngular scattering, which is solved using a particle, Monte
5x10%cm® (Silicon being similar to Aluminium and a major Carlo method. The background electrons are represented by
constituent of glass). A 3D PIC simulation using solid densityE=nJp, wheren is the resistivity andljy the background
and the spatial scales of the experiment is not currentlgurrent density. The set-up used was very similar to that in
possible. Barrier suppression ionisation by electric fields isReference 5 using the procedure given in Reference 9. Collision
included in the code, while interparticle collisions andcoefficients for solid Si@ were used. The resistivity was
collisional ionisation are not implemented. n=1/(1hy+1Mspitzer) ¥, with the initial, maximum resistivity

Ne= 2 10° Om, in agreement with experimental results (see

Reference 5), and Zi=20 in the Spitzer resistivity with the
T 5 temperature given by the heating of the target. The specific heat
capacity was taken from a simple fit to the results of the
Thomas-Fermi model. The fast electron generation was
: modelled using the following parameters: peak laser intensity
2x10"° Wicn?, spot radius 6 pum, pulse length 1 ps, giving a
laser energy of about 20 J, fast electron temperature given by
KT=1.4(ko)"> MeV, where |y is the intensity in units of
10"®Wecn?. This relation for the fast electron temperature was
chosen as for4>1 it gives KT approximately equal to the
il : maximum oscillation energy of an electron in the laser electric
it et e field, as consistent with PIC results reported here and
= previoulsy. The conversion into fast electrons was 30%,
consistent with reported experimental observatfansThe
Figure 3. PIC code simulation of the interaction of a 10 TW packground heating 2 ps after the peak of the pulse is shown in
laser pulse with unionised Si (ion density of 5%1€m°). The  Figure 4.
plot shows a 2D on axis cut of the electron density (Npné
the time of the laser pulse peak.

EF
=
=

i

uy
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Figure 4. Profile of background heating, temperature in €V, as
predicted by the hybrid code at 2 ps after the peak of the pulse.

An exact comparison with the experiment is difficult, as the
code does not give the total free electron density and the
experimental resultswill also be affected by the time integration
and uncertainties in the probe timing. However, the steep
temperature gradient in Figure 4 shows quite a clear boundary,
and, for example, the 1 eV profile gives a reasonably good
indication of the size of the heated region (i.e. of the region
ionised by the passage of the electrons).

There are two strong points of comparison with the
experimental results: i) the heated region has a roughly constant
diameter ii) it penetrates approximately 350 um.

results® . This may indicate a transition in the mechanism of
fast electron generation from resonance absorption to direct
ponderomotive acceleration. The code results for penetration
depth are at the lower end of the range observed in the
experiment. The most likely reason for this appears to be that
the actual fast electron temperature was higher, due to laser
irradiance higher than the nominal one. This could be due to
better focusing achieved in some shots, or to self-focusing in
the pre-plasma. Similarly, the observations in which more than
one filament was seen, are probably due to shot-to-shot
variations of the spatial distribution of the laser intensity
influencing the electron source.

Conclusion

In conclusion, ionisation filaments have been observed in glass
targets using optical probing techniques, following laser
irradiation at intensities above ¥0W/cnf. An Al coating
prevented direct laser light propagation into the target. The
filaments extended several hundreds microns from the target
surface and maintained a roughly constant diameter of 10-20pum
along this distance. Computer modelling performed with a 2-D
PIC code and a Fokker-Planck hybrid code, indicated that the
observed tracks are consistent with ionisation induced by
magnetically collimated fast electrons. These observations are
consistent with hypotheses drawn on previous experimental
results and provide an important insight into the physics of the

The diameter of the heated region depends on the transver
size of the electron source, which in the code is taken to be g
the order of the focal spot. The code predicts that 5 ps after thg,
peak of the pulse the beam has penetrated about 500 pm into

pagation of electron beams in solids and dense plasmas, a
bject of topical interest in view of applications such as the
st ignitor.

the target. By this time the electrons have lost 78% of theipcknowledgements

energy and the heat front penetration has largely stopped. Th
comparisons also apply to the individual tracks in the cas
where multiple tracks were seen. Finally it should be noted th
using a fast electron temperature #0.46 (ko)'*MeV, as
determined experimentally in Reference 11 and used
previous simulatior® reduced the penetration depth to about
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300 pm , the propagation ceasing 3 ps after the peak of thggferences

pulse. This does not agree with the experimental observations.1

Discussion

The simulations appear to confirm the hypothesis that the.
ionisation tracks observed in the experiment are due to
magnetically collimated fast electrons. Amongst other possibl
causes, ionisation due to direct laser propagation is highly
unlikely due to the presence of the Al coating that makes the
front of the target opaque to the laser radiation. Anomaloug,
laser transmission through Al foils has been repdfted
however this was for thinner foils, free to expand both away and
toward the laser. In these conditions decompression of the foil
plays an important role in decreasing the peak density during
the pulse duration, making laser transmission pos&bl the
conditions of the experiment reported here, due to the effect of
the prepulse and the rising edge of the pulse, the main part of
the pulse will interact with a short scale-length plasma, with & -
profile rising from underdense to highly overdense values.
lonisation due to propagation of high harmonics of the lase
wavelength seems also unlikely, as, in order to propagate’
through the solid density plasma ahead of the interaction region,
the harmonics should be in the X-UV region, and glass i®.
opaque to radiation in this range of wavelength. However, X-
UV light could propagate through a region preheated by the fast

electrons, and therefore contribute to some extent to tht]—zo'

observed experimental features.

Some information about the fast electron and target paramete}é'

can be drawn from the comparison of the experimental and

computational results. The dependence of the penetration depib

on fast electron temperature indicates that iKDf the order of

a MeV, in disagreement with the experimentally determined
scaling K= 0.46 (ho)® MeV, obtained at lower intensiti

but in agreement with PIC codésand recent experimental
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There have been rapid advances in the use of high power, short
pulse lasers over the past several years” . In particular, the
potential of such lasers for epplications in particle
acceleration?, x-ray generation, and inertial confinement
fusion® seems promising. However, much of the highly
nonlinear plasma physics which occurs during such interactions
is not well understood and experiments which address the
fundamental physics of these interactions are required in order
to properly evaluate the suitability of these intense laser-
produced plasmas for such applications.

In this report, we discuss measurements of accelerated ions

In these experiments, the angular distribution of ions emitted
during such high intensity laser plasma interactions was
recorded using CR-39 nuclear track detectors placed at various
positions surrounding the interaction region. These detectors
are sensitive to ions having energies greater than about
100keV/nucleor?.

It was found that there was no significant variation in ion
emission in the azimuthal direction ( i.e., changing the laser
polarisation had little effect). However, a distinct peak was
observed in the emission of ions with energies greater than
300keV at 90 degrees to the axis of propagation. Measurements

produced by the “Coulomb explosion” of a high intensity laserof the ion emission at higher energies were also obtained by
produced plasnfh In this situation, ions are accelerated by using CR-39 track detectors covered with thin aluminum filters
electrostatic forces caused by charge separation induced by tf&um) which blocks all signal from helium ions below about 2
laser ponderomotive pressure. It is found that a spatialljvieV in energy.

resolved measurement of the high energy ions can provide q N 4 shot h in Fi 1
direct and simple estimate of the laser intensity in the plasm \veraged measurements over 4 shots are shown In Figure L.

By imaging the ion emission it is possible to determine how thds clear that the majority of ion emission occurs in the 90 degree
jrection, although the emission lobe also extends in the

intensity of the laser pulse changes as it propagates through tfi& o - .
y P g propag 9 Egaackward direction somewhat. Emission at energies greater

underdense plasma. In these experiments, we have measu . SS9
peak ion energies of 1.0 MeV for deuterium gas interaction t an 2 MeV shows a narrower lobe in the 90 degree direction.

3.6 MeV for helium interactions and greater than 6 MeV for
interactions with neon.

100 T T T T T T T T T T T T T T T T
The production of energetic ions has also been inferred
previously from observations of a plasma channel left trailing |
the high intensity laser pulse as it propagates through the 8ot -
underdense plasmd . The generation of this channel is due to - .
the expansion of energetic ions via the momentum given to=g \ A
them during a Coulomb explosion. As a very high intensity
laser pulse propagates through an underdense plasma the stro
ponderomotive force of the laser pulse forces some of the
electrons from the region of highest intensity. lons are affectec-
much less by the ponderomotive force due to their larger mass
However, as the laser pulse passes, these ions will be given ¢
impulse perpendicular to the laser axis and which is producec
by the large space charge forces due to charge separation. Aft
the laser pulse passes, the electrons will return to their origina .
positions on a timescale of about 1/mpe, (Wherew, is the plasma
frequency), but the lateral momentum given to the ions will be @
retained and they will continue moving out of the plasma 40 80 120 160
carrying low energy electrons with them. The energy of these
ions is thus directly related to the intensity of the focused lasel
pulse and the maximum energy that can be gained by an ion
during these interactions is simply given as the relativistic

steradian
3

ions/

Number of

20T

ve

el atl

angle (degrees)

ponderomotive energy (U = Znfép-1) where Z is the ion
charge and vy is the relativistic factor of the electron quiver
motion in the laser field).

Figure 1. Angular emission of energetic ions. A) distribution of
helium ions with energy greater than 400 keV B) distribution of
helium ions with energy greater than 2 MeV (shown x 10).

These experiments were performed using the Vulcan laser at th(vNOte that dashed lines are drawn as visual aid only) .

Rutherford Appleton Laboratory. This system produces lasefpg gpectrum of the energetic ions was measured using a
pulses having an energy of up to .50 J and a duration of 0.9ps§¢omson parabola which spatially separates ion species having
at a wavelength of 1.054um (Nd:Glass). The laser pulse Wafigterent charge to mass ratios through the use of parallel

focused into a gas jet target (4 mm nozzle diameter) using afectric and magnetic fields. CR-39 was used as the detector.
fl4 off axis parabolic mirror. When helium was used as the

target gas the plasma had an electron density up to about 5 x
10" cm®. Deuterium and neon were also used as target gases.

CLF Annual Report 1998/99 14



jons (number/MeV/str)

Science - High Power Laser Programme - Short Pulse Plasma Physics

LET 8109 ——————T————————
;% [ L /
r ﬂm’l.‘E‘ k‘HeH\ R 7100 L 6 x vacuum intensity // ]
1011?_ ﬂ‘h \"I-. N \ /
E 3 /
r Eh Hé*—————;\\ 610 - Q/ p
r -
e F I / .
10 E L2 3 Ve
i o8 . S s510° / o) - b
r "ug ] < r 4 -
L o | ] E .;‘ / ﬁ //
10°F Ho 3 g 4100 - 4 - 00 ]
E Oo E = * } } //
L . ] E C * e
8 a g sl 4 - ]
E L E + Ve
10°E 3 £ / e
F ] Q s i 3 X vacuum intensity
[ o ] 2109 L /@ i< ]
C / /‘. -
7 E - _ -
10°F o 3 r /e _ — = 7 7 1xvacuum intensity]
F ] e /7 - . g
r 1 L /7 _ -
1 1 1 i 1 1 ://:///’ qu
0 1 2 3 4 5 6 0 - NP 1 N N
0 5108 110° 1510° 2109
energy (MeV)

vacuum intensity (W/cm’)

Figure 2. Typical ion spectrum from helium interaction (90

degrees). Thomson parabola tracks are shown inset. Figure 3. Experimentally estimated laser intensity in plasma

(from peak ion energy) vs. expected “vacuum” intensity (from
simultaneous measurements of laser parameters) Black circles -
interaction at 90 degrees from the axis of propagation and used helium, white circles - deuterium, squares — neon. Dashed lines
a 250 pm diameter pinhole as the aperture.  Typicahre drawn as a visual aid only.

experimentally measured spectra are shown in Figure 2 for . . o
helium. For the spectrum shown it is estimated that 0.25% ap conclusion, these experiments have shown that energetic ions

the incident laser energy is transferred to ions having greatére produced primarily in the 90 degree direction during high

than 300 keV of energy by using the previously measured ioH]tensity laser interactions with underdense plasmas and that the
angular emission profiles generation mechanism can be understood as a result of

Coulomb explosion processes. We have shown that neon ions
The spectrum in Figure 2 also shows good qualitativegreater than 6 MeV can be generated. From these
agreement with a recent calculated ion spectra at an intensity ofeasurements it is likely that the laser pulse undergoes
2 x 108 Wicn? @ (i.e., which also shows the “plateau” structure significant self-focusing as a result of relativistic and charge-

evident in our measurements). displacement effects throughout the interaction region.

The spectrometer was positioned at 42 cm from the laser

The maximum ion energy, such that there were more than 108€ferences

ions/MeV/sterradian, was found to be 3.6 MeV for helium, 1.01.
MeV for deuterium and greater than 6 MeV for neon. It is
possible to use these measured energies as a diagnostic of the
peak laser intensity during the laser plasma interaction. The
interactions are well above the critical power threshold for
relativistic self-focusing (B = 17 (nyi/ne) GW = 1.7 TW for
plasmas of densities £0cm?®) so that it is expected that there

will be a significant enhancement of the peak laser intensity

during the interaction. Such self-focusing occurs because of the
change in plasma refractive index due to the relativistic mas
increase of electrons in the intense laser field. :

Enhancement of the laser intensity is precisely what is observe
if we calculate the necessary laser intensity to produce the
measured ion spectra. In Figure 3, a plot of the laser intensity in
the plasma (obtained from the peak ion energy) versus thg
“expected” laser intensity from the measured laser parameters
(pulse length, energy, focusability) is presented. It is clear that
the effect of the plasma is typically to increase the laseP-
intensity in the interaction region. All of the data from our
measurements are presented here and it should be noted that
there is a significant shot-to-shot variation in these results
probably due to the nonlinear nature of the self-focusing
processes.

The process of relativistic/charge-displacement self-focusing ig
not exactly reproducible from shot to shot since it is sensitive to
small changes in density gradients in the gas jet as well as
fluctuations in the initial beam profile of the incident laser. The
estimates of the laser intensity during the interactions with neon
gas (less than the “vacuum” intensity) suggest that the effects of
ionization induced diffraction can also counteract any self-
focusing process and cause the intensity to be reduced during
such interactions.
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The generation of magnetic fields in laser-produced plasmas has
recently been the subject of increasing attention both
theoretically and experimentally?. One particular phenomenon
, the inverse Faraday effect (IFE) , has been a source of some
controversy as theoretical predictions are in disagreement®.
IFE is a magneto-optical phenomenon in which the propagation
of circularly polarised radiation through a non-linear medium
induces an axia magnetic field aong the direction of
propagation. Relatively small fields generated in this way were
measured in solid state materials using lasers at low powers in
early experiments? and in the early 1970s magnetic fields were
induced in plasmas through the use of circularly polarised
microwaves® . It has been postulated that using circularly
polarised light a much higher intensities, time averaged
azimuthal currents in near critical density plasmas could be
generated which might produce an extremely large axia
magnetic field . For 1 um laser radiation at | =0
Watts/cnd and a plasma density of 8 x 220cm® recent

calculationd predict a magnetic field of greater than 10 M
which should be localised in age to the focal region of the
intense laser pulse. There have been recent measurements

fields due to this effect at lower intensity (~*4V/cn?)®
which disagree significantly with theoretical predictions.

Laboratory. The laser pulse was at a wavelength of 1.054 pm
and had an energy of 60 J, a duration of 0.9 ps, and had a 3.5
times diffraction limited focal spot. A detailed description of the
laser system can be found in Reference 7. In these experiments
the laser pulse was focused into a helium gas-jet target using a
f/4 off axis parabolic mirror. Several diagnostics were run
simultaneously during these experiments in order to measure
the laser parameters (i.e., focal spot diameter, pulse length,
pulse energy) and the vacuum intensity was found to be about
5x10® Wem® A A4 wave plate was placed inside the vacuum
chamber (after recompression) to change the laser polarisation
from linear to circular for the purpose of the IFE measurements.

A small fraction of the pulse was split from the uncompressed

main beam, recompressed using a separate pair of gratings and
subsequently frequency doubled to 527 nm for use as a probe
beam. The pulse length of the probe could be adjusted by
changing the separation of the recompression gratings. The

G Minimum pulse duration was 1.3 ps. For the purpose of the IFE

experiments the probe gratings were adjusted to give a pulse
length of ~15 ps duration. A Hamamatsu fast streak camera
(1ps resolution) was used to measure the pulse duration of the
probe beam and to time the probe beam with the main beam.
Several other diagnostics were used during the experiments to

In this paper, we report the first time-resolved measurements @fovide information on laser propagation and plasma dynamics.
multi-MegaGauss magnetic fields generated by the IFE in am particular, Moire deflectometry and measurements of
underdense plasma by a laser focused at relativistic intensitigsrward Raman scattering shadowgraphy were implemented to
of ~10"° Wem? The experiments were performed using theobserve the laser plasma interaction region and density
CPA beam of the Vulcan laser at the Rutherford Appletorgradients in the plasma. Moire deflectometry and shadowgraphy

On Axis
Electron Spectrometer

probe beam
2w, 15ps

Gas Jet Target

CPA Laser

09ps,30],

Imaging element 3x diffraction

transverse
shadowgraphy

Off AxisParabola, f/4 —_

Streak camera

Figure 1. Experimental setup.
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were performed using the same probe beam but with the pulse The magnetic field can be calculated from the intensity ratio
length adjusted to be about 1.5 ps. Furthermore, for these two between shots with the analyser crossed and those with the
diagnostics the probe pulse was transversely directed into the  analyser parallel to the initial polarisation of the probe
plasma. These images were then relayed by a high resolution (Figure 2). In order to calculate the magnetic field the
(~5 um) optical element onto CCD cameras. When helium gagropagation length of the probe in the plasma is needed and this
was used as the target the electron density was found to leas measured by the other probe diagnostics (shadowgraphy,
about 16° cni®. The electron density could be adjusted to lowerMoire deflectometry) as well as by imaging the second
or higher values by changing the backing pressure of the gas jétarmonic emission from the plasma. The “effective length” (the

When th b d coll v it i | lari region in the plasma where the magnetic field is strong enough
en the prob€ was used collinearly it was finearly po arlseqo significantly rotate the probe) is likely smaller than that seen
and was directed onto the same parabolic mirror used to foc

the interaction beam into the gas jet target (see Figure 1). Fg titrr;ztaékéor\]/ﬁn?rlsgrr:]ostlcs, so this magnetic field measured is the
field monitors were used to ensure that the focal regions of the '

two beams overlapped. The collinear probe was then imagethe Faraday rotation angle was measured to be 19 + 5 degrees
onto the slit of the Hamamatsu streak camera, which was usechich gives a magnetic field of ~ 9 £+ 3 MG for an electron
as the detector. A polarimetric system (a pair of high extinctiordensity of 16° cm® and a propagation length of 0.5+ 0.1 mm.

ratio polarisers) was responsible for detecting polarisation, . . . .
changes of the probe due to the magnetic field generated in thAé] |mp(_)rta_nt aspect of this m_easurement is that it shows that
plasma interaction region by the pump beam. The effect of th agnetic f'?'ds. due to the inverse Faradgy eﬁect_ have a
rotation of the plane of polarisation of a linear polarised prob uration which is only fgr about that of th_e intense c_|rc_ular_ly
propagating into a magnetised plasma (Faraday rotation) can Bglarlsed laser pulse which generates the field. The dissipation/

found in Reference 8. The angle of rotation of the electric ﬁeloconvection time for this magnetic field is clearly very short and
vector is given by: Is on the order of a picosecond. Also, there was no definite

evidence of very large magnetic fields in the “wake” of the high

5 n(cm‘3) B,(MG) dz(pm) intensity laser pulse where turbulent fields (vortices) have been

@(deg) = 3.02 x [)\p(pm)] I > predicted to exit . However, from the asymmetry of the
10&@_1@” signal in Figure 2 there is some indication that much smaller
Ner fields (an order of magnitude less than that due to IFE) may

exist in this wake.
where n and B are the electron density and magnetic field

I lusi h f he fi ime- I
strength respectively and A, is the plasmawavelength (= /e ). n conclusion, we have performed the first time-resolved

measurements of the Inverse Faraday Effect in which we
Figure 2 presents a typical streak camera signal. The light line measure fields of 9 + 3 MG from interactions at intensities
(top) shows the measurement when no ana|yser was used and 5X1018 W/CI'T'I2 The field was generated by a 0.9 ps duration
the streak camera Capturaj the probe ||ght unaffected by the laser pulse and lasted for a duration of 1-3 ps. These
analyser. The duration is 15 ps as expected. The dark line measurements are in reasonable agreement with theory.

(lower) was the signa obtained when the analyzer was set to Such fields may be useful for applications of laser plasma

transmit only light rotated due to the axial magnetic field light. accelerators in order to reduce propagation instabilities of laser-

The _signal durat'ion_was ?bOUt 1-3ps — whic_h _is about the  olerated electron beams through plasmas and perhaps
duration of the high intensity laser pulse (to within the strea mprove their emittance.

camera resolution). In the absence of an axial magnetic field
the polarisation of the probe radiation would remain unchangedReferences
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clearly demonstrates that the source of the axial magnetic field. Z M Sheng, J Meyer-ter-Vehn, and A Pukhov
is the circularly polarised light and is due to the IFE. It should Physics of Plasmas 5, 3764 (1998).

be noted that the direction of the field (+ z) was not determined

in these experiments.
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First observations of the laser hosing instability
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Propagation of ultra-high intensity laser beams in plasmas has pulses having an energy of up to 40 J on target and a duration of
recently received much attention with regard to potentia 0.9 psec at a wavelength of 1.054 um (Nd:Glass). The laser
applications such as x-ray lasers, plasma based accelerators, and pulse was focused into a gas jet target (4 mm nozzle diameter)
“fast-ignition” of compressed Inertial Confinement Fusion using an f/4 off-axis parabolic mirror. In vacuum the laser can
pellets. For all of these applications, it is crucial that a highbe focused to a 10 pm diameter spot. With helium as the target
intensity beam can be propagated controllably, often over longas the plasma had electron densities up to abedio¥ cm?.
distances. In the simplest case, it has been proposed that a laser
beam can overcome the natural limits of refraction, and can a)
remain focused due to its own non-linear interaction with the
plasma. In particular, the relativistic quiver velocity of
electrons in an intense laser field can lead to an increased on-
axis index of refraction. This, in conjunction with the increase

in refractive index from the reduction of on-axis electron
density due to the ponderomotive force of the intense pulse,
leads to the formation of a self-focusing structure. This can
balance or even overcome the natural diffraction of the laser
beam to give long-distance propagation of the beam or higher
peak intensities than could be achieved by focusing in vacuum.

untrapped rays

[ ]
self focusing central filament

{1200
pm

laser

D

A simple treatment, for an idealised Gaussian beam, gives a
critical power at which the natural diffraction is balanced by
self-focusing. This critical power i, 17(n,/n) GW, where

n. is the initial plasma density ang is the critical density.

We report here on an experiment to study the propagation of an . .
ultra-high power laser beam. In particular, to study the initial 1) multiple foci
channel formation, we performed shadowgraphy of the laser
beam focused into a supersonic gas jet. For this a second short
pulse low energy frequency-doubled laser beam is passed
orthogonal to the direction of propagation of the channel-
forming beam as a probe. The collimated probe beam passes
through the plasma and is collected by a lens, which re-images
the scattered light from this beam onto a CCD camera. The
refractive index of a plasma is given hy= (1 — n/yny)*?4

where /ny is the ratio of electron density to critical density
andy is the Lorentz factor of plasma electrons quivering in the
electric field of the laser. Thus, when a plasma is formed by the
driving beam, density gradients are created which diffract the
probe beam away from regions of low refractive index. Hence,
shadowgraphy can measure both density gradients produced by
plasma formation, as well as those resulting from plasma
displacement due to the ponderomotive force of the laser beam.

increasing density by plasma creation 30 Hm I

g as.—%v.f*:uu m

= _—ay w i interface
3 g ol " _focal plane
= Shadowgraph -
% 2 shows dark and A- 230 Hm
ER bright areas
=2 ) .
8 7

. . . 1430 pm

density depression on axis due to blow-out
Figure 2. Shadowgraphs taken with A 2-3-168° cm?,

Figure 1. Schematic of probe shadowgraphy of plasma. Figure 2a is typical of the shadowgrams taken during the

These experiments were performed using the Vulcan laser at tﬁxpenment. The incoming laser beam forms a wide column of

; asma which has a density minimum on axis, either due to
Rutherford Appleton Laboratory. This system produces Iase[F;onderomotive or thermal expansion of the plasma within the

CLF Annua Report 1998/99 18



Science - High Power Laser Programme - Short Pulse Plasma Physics

10 ps length of the probe beam. This accounts for the bright
centre, since a density minimum would form a weakly focusing
converging lens. Asthe laser propagates further into the gas jet,
this channel becomes narrower and deeper, such that the rays
towards the centre are focused so sharply that there is actually
an intensity dip on axis. Noticeably, away from this channel
there are a few wesk filaments of fixed angle of 30°. This light
is further evidence of the presence of a focusing channel on
axis. Light travelling within the channel of a self-focusing
beam can be diffracted by processes such as ionisation
defocusing or Raman side scatter. But the self-focusing channel
behaves like an optical fibre of fixed numerical aperture. Rays
of light, which are bent at angles outside of this numerical
aperture, will escape the channel, rather than being totally
internally reflected. Since the amount of light falls off rapidly
with increasing angle, most of the observed light will be at close
to the angle which is just beyond the acceptance angle of this
natural fibre. Relativistic effects alone cannot account for the
increase in refractive index required, so that there must also be a
greatly enhanced density at the edges of the channel.

As the beam travels further into the gas, it is seen to break up
into a great many filaments. As can be seen in Figure 2 the
laser power in each filament is much less than the critical power
for self-focusing. Hence, such filaments cannot be produced by
relativistic self-focusing effects. It is likely that the filaments
remain intact due to the non-linear susceptibility of the
unionised or partialy ionised gas. For helium at close to
atmospheric this atomic self-focusing is exhibited at intensities
of only 10® Wem, close to the tunnel ionisation threshold of
helium?. This can account for the filaments remaining
sufficiently focused to cause enough ionisation to be observed
with shadowgraphy. Recent work by Antonsen et al.”, suggests
that this filamentation is initiated by ionisation. A non-ided
beam (such as the Vulcan high intensity beam), will have high
intensity modulations close to focus, which result in different
ionisation rates across the focal plane. Hence the plasma acts as
a phase plate causing interference in the propagation of the
beam, which further enhances the intensity modulations.
Therefore, there is a feedback mechanism and the beam
becomes unstable to this process. The highest growth-rate for
this instability® occurs when the angle of the scattered beam is
close to ky/ko. This is often observed to be the case for
Ne/Ne:(CKy/ko) = 0.1, but the angle of spread of the filaments is
seen to increase with density.

In the simulations® the interaction medium was helium. With
gases having lower ionisation potentials, one expects this effect
to be even more pronounced. This is the case in our
experiments. For example, when hydrogen or neon were used
in the gas jet, filaments were detected over a much wider range.

Sometimes the channel is observed to extend beyond the edge
of our field of view. More significantly the filament has been
observed by Thomson scattering® to extend for over 10
Rayleigh lengths at high intensity - athough this only occurs
when the laser power exceeds the critical power by a factor of
10 or more. It appears then that the effect of the filamentation
is to prevent whole beam self-focusing of such ultra-intense
pulses at powers close to Py.

However, there is a great variation in the characteristics
observed. This evidently is due to imperfections in beam
quality, which are typical of such ultra-high power laser pulses.
One such example of anomalous behaviour is shown in Figure
2b. In this case, no filaments are observed outside the initial
central channel. Indeed the whole beam seems to refocus itself
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Figure 3. Growth rate (solid line) and phase velocity (dashed
line) of laser hosing as a function of wavevector.

Figure 2c shows another shadowgraph showing a long
propagating central filament, (this time over 3 Rayleigh
lengths). However, this channel once again shows peculiar
behaviour. Before entering the gas jet one can see that the
plasma generated in the low-density gas outside the supersonic
jet of the gas-jet has straight walls as expected. However, after
crossing the boundary of the supersonic flow, the plasma
channel has a transverse structure which oscillates either side of
the direction of propagation, and which has a wavelength of
about 230 um. The “hosing” motion grows slightly as the pulse
propagates. This type of ‘laser hosing’ has been predi®ed
However, previous theories consider only the interaction of a
laser pulse with the high amplitude plasma wave generated by
the pulse, or the motion of the pulse in a pre-created guiding
channel. In each of these cases the wavelength of the
oscillation is predicted to be that of the plasma wave
(ke~wp/ux*ko), which in our experiments corresponds to
Ag=Tum. This would be quite difficult to observe with our
diagnostics.

Recently, however, Dudat al.” have considered a fully
relativistic treatment of the electron response to a laser pulse,
and find that if one considers the non-linear response of the
plasma to an intense laser pulse, then longer wavelength hosing
has a finite growth rate. (This is a 2D analogue to the relativistic
modulational instability). In simulations, they find that at late
times, the propagation of the laser pulse can be dominated by
the longer wavelength hosing. In Figure 3 we plot the growth
rate and phase velocity of the transverse whole-beam
oscillations. It is clear that at sufficiently long wavelengths
(smallky) the oscillation velocityk is close toc, the speed of
light. In the time it takes the pulse to travel one (hosing)
wavelength, the centre of beam motion will have moved
tranversely through one cycle. Hence the oscillation will appear
stationary in the lab frame, as will the channel created by the
normal ponderomotive force of the laser — as we appear to see.
(This would not be the case ferdk,). Figure 2c, therefore,
appears to be the first experimental evidence of laser hosing.
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Recent experiments have demonstrated the potential of using
under-dense plasmas as a source of high (multi - MeV) energy
electrons?. These electrons are accelerated by the electric fields
associated with large amplitude electron plasma waves (EPW)
generated in the plasma by an intense laser pulse. If the plasma
wave is relativistic (i.e., has a phase velocity close to the speed
of light) electrons trapped within the wave can aso be
accelerated to relativistic energies.

Several schemes exist for the production of large amplitude
relativistic EPW?. The most straightforward of these is the
self-modulated wake-field accelerator. In this scheme, an
intense laser pulse is focused into an under-dense plasma.
Noise level plasma waves cause modulation of the laser pulse
wavepacket due to variations of the plasma’s refractive index
(which is dependent on the plasma density). Since low density
plasma has a higher refractive index, the laser intensity is larger
in the troughs of the EPW. Such variations in laser intensity
further enhance the plasma density modulations through the

secondary mechanisms is vital in understanding the production
of large amplitude plasma waves.

In this paper, we report on the study of self-scattering and
propagation of a high intensity laser beam in an underdense
plasma. In particular, we emphasise the importance of
ionisation and Raman side-scatter and their importance in the
evolution of the self-modulated wake-fieddcelerator.

Experimental set-up

The primary diagnostics discussed here are the images of the
self-scattered light produced orthogonal to the propagation of
the laser beam, perpendicular to its plane of polarisation. At
this angle the scattering has a maximum. The spectrum of this
scattered light is obtained by putting a transmission grating in
front of the last imaging lens. With the rulings in line with the
direction of propagation the image is spectrally dispersed
orthogonally to this direction. This diagnostic is used to view
the interaction of the Vulcan laser pulse with a helium gas-jet.

action of the ponderomotive force. Hence, a feedback  The Vulcan laser system produces pulses having an energy of
mechanism is created — which results in growth of the plasmap to 40 J on target and a duration of 0.9 psec at a wavelength
wave and modulation of the laser envelope in the plasma. Thsf 1.054 um (Nd:Glass). The laser pulse was focused into a gas
spectrum of the laser beam therefore exhibits satellitefet target (4 mm nozzle diameter) using an f/4 off axis parabolic

separated from the fundamental frequency by the plasmgairror. In vacuum the laser can be focused to a 10 pm diameter

frequency, so that - in analogy to atomic physics - this processpot. When helium was used as the target gas the plasma had
is referred to as Stimulated (Forward) Raman Scattering (FRS)an electron density up to aboux3.0'® cm®.

If the plasma wave reaches an amplitude where the density
depression is of the order of the initial dens@y/(, =~ 1), then

the orbits of electrons from successive buckets of the plasma
wave can overlap. Hence an electron, rather than feeling its I
returning force, can continue its trajectory in the same direction 250
and will be further accelerated by the electric field of the
plasma wave. So the plasma wave in this limit not only acts as 500
an accelerating structure but also the injection source of A (nm)
accelerated particles. In previous experiments we have 750
measured 18 electrons self-trapped and accelerated to energies
above 2 MeV, with a maximum energy of up to 94 Mav

100
Important questions remain about how this mechanism can

grow to wave breaking levels in the time of our laser pulse, 125
which is typically 1 ps. For such pulses, the growth of the
instability has a maximum of aboutp@ec! growth for a laser
intensity of @~ 1.4. - where g, the normalised vector potential,
is a measure of the laser's electric field. Ror=a 1, the quiver
velocity is close to the speed of light and the growth rate
actually stops increasing due to the relativistic mass increase &fgure 1. Spectrally dispersed images of interaction of Vulcan
the electrons. Hence, to reach wave breaking, one must initiawth helium gas-jet.

the scattering from a noise EPW of the order of at lea5tof0 Results

the wave breaking limit. Since the EPW related to FRS i
relativistic, the thermal noise source is small.

0 150 300 450 600
distance (um)

A typical image of the interaction is shown in Figure 1,
although the characteristics of the images can change

Several other possibilities have been suggested which woutepnsiderably from shot to shot.

account for the_elevated amplitude of the noifse EPW." Thesg i important to note that the scattering is initially only at the
include generation of a leading edge wake-field through th(?undamental frequencyy. Clearly the light scattered at the

action of ionisation or othe%éparametric instabilities such ag -0 frequency has a characteristic v-shape along the
Raman side and back scatfér Hence, the study of these direction of propagation. This indicates the presence of

filaments of scattered light (see Najmuétral., in this report),
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and it is likely that the filamentation is a result of ionisation
scattering instability ®. 1

As the laser light propagates, the spectra shows light shifted

away from the fundamental frequency, both at shorter and
longer wavelength. The separation of the scattered satellites is

a multiples of the plasma frequency and these higher order 2.
harmonics appear to increase in intensity as the pulse
propagates further into the gas jet. Such multiple satellites are
typica of the signal one expects from Raman Side scatter.

Noticeably at bout 200 pum into the jet, the fundamental 3
frequency and longer wavelength scattering (Stokes satellite) is
reduced significantly, and the satellites on the blue side (ant#-
Stokes satellites) are greatly reduced. However, the blue
satellites reappear later, while the red one andgheature do

not. The development of multiple orders of blue satellites is a
indication that the Raman side scattering instability has become
non-linear (involving 4 or more waves) — and that the instability
is convective in this situation (i.e., the scattering grows as the
laser pulse moves through the plasma).

The rapid large volume ionisation is a feature of the initial part
of the interaction only. It appears that the ionisation scattering
instability enhances the seeding of the Raman side scattering
instability. Such instabilities are vital for providing the pulse
shaping and electron seeding for the self-modulated wakefield
accelerator.

21
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Introduction experiment, it was sensitive primarily to protons as the front
piece of radio-chromic film 110 pm thick) will transmit
protons having energies greater than 2.8 MeV, but will stop all
but the highest energy aluminium ions. After exposure, the
CR39 is developed in concentrated sodium hydroxide solution
which etches a pit at the location on the surface where each
proton has stopped and released its kinetic energy. The stopping
range of protons in CR39 and radio-chromic film is easily
calculated and consequently, this allows a direct determination
of the energy range for those protons which produce a particular
series of pits. CR39/radiochromic film “sandwich” detectors
can therefore provide both spatial and spectral information of
protons emitted from the rear of the target.

In this paper, we report the use of an innovative diagnostic
technique to measure magnetic fields in solid density plasmas
produced by ultra-high intensity lasers (5 x 10" W/cm?). These
measurements are obtained by recording the deflection of
energetic protons produced simultaneously in the interaction
which indicate that fields inside the target must be in excess of
30 MG. This paper reports the highest recorded magnetic fields
generated in the laboratory, the first measurements of magnetic
fields produced in overdense regions of plasma, as well as the
first measurements of high energy proton generation (up to
18 MeV) and propagation into the target during intense laser
plasmainteractions.

Figure 1(a) shows a scanned image from a piece of radio-
Experimental M easurements chromic film. The film contains signal only within a well-

The results reported here were obtained during experiments at defined raqius from th_e cgntral hot-spot. The angle subtended
the Rutherford Appleton Laboratory using the CPA beam of the by the perimeter of this circle covers a cone _hal_f angle of 30
VULCAN laser This laser system produces pulses up to 50 J at degrees anql the mark at the centre of the film |nd|_cat_es a region
a wavelength 1.053um and with a pulse duration of 0.9 - 1.2 p¥vhere the film has been saturated. Radio-chromic film is also
The beam was p-polarized and was focused using an f/4 off axggnsitive to both electrons and x-rays which were also measured
parabolic mirror onto a thin (125 pm) aluminium targetto be emitted from the rear of the target during these
positioned at 45 degrees to the axis of laser propagation. THperiments. However, it is clear from the images shown in
intensity on target was up to 5 10'° Wicn? and was Figure 1(b)-(e) that the signal on the radio-chromic film
determined by simultaneous measurements of the pulse ener@incides with that on the CR39 which is sensitive only to ions.
duration, and focal spot size. Behind the target, at a distance ferefore, it is likely that the signal on the fim is
25 mm, and aligned with the normal to the target we placed Brédominantly due to energetic ion emission. With this

“sandwich” of several pieces of radio-chromic film and CR39assumption, the measured proton emission is*ir0tons/shot
plastic track detectors. with energies greater than 2 MeV. lon signal on the CR39

shows a ring pattern such that the diameter of the ring decreases
Radio-chromic film is a transparent material (typically nylon) with increasing ion energy up to a maximum of 17.6 MeV. The
which is coated with an organic dye. Upon exposure to ionisingentral position of each ring is coincident with the target
radiation the film undergoes a colour change. The opticahormal. The outer extreme of the radio-chromic film signal, can
density of the film is subsequently measured at a particulagherefore be seen to be a sharp lower energy proton cut-off
wavelength and is calibrated against dose (Gy) using a knowselow which no protons are observed. This “ion ring” structure
®Co source. The equivalent dose from protons at a particulagas observed consistently from a series of shots at an intensity
energy is calculated and hence, the total number of protonsf ~ 5 x 13° W/cn?. The central hot spot is correlated with the
passing through the film at each point can be determined. highest energy ions which exhibit collimated propagation.
sitive td)ndeed it must be noted that all the protons must have been

CR39 is a plastic nuclear track detector. It is only sen In thignitially highly collimated to produce such well defined rings

ions with energies greater than 100 keV/nucleon.

i—BEE = =FQZ 1= &6 F 1 e 20
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Figure 1. Ring structure observed on CR39 “sandwich” track detectors (a) radiochromic film (front surface) (b) tracks from 3
MeV protons (c) 8.9 MeV (d) 11.6 MeV (e) 17.6 MeV proton (track detectors were 5 cm x 5 cm x 0.75 mm

CLF Annual Report 1998/99 22



Science - High Power Laser Programme - Short Pulse Plasma Physics

and the highest energy protons are hardly deflected.

Figure 3 shows the magnetic fields generated from a Fokker-
Planck simulation at an incident laser intensity of | =
5x10"° Wicn?, 50 J laser energy, 30% laser conversion into a
fast electron population with a temperature of 1.5 MeVum6

spot size at a time 1 ps after the peak of the laser pulse. The

deflected like charged particles in a magnetic spectrometer. It is number of electrons .and the fgst electron temperature were
determined from previous experimental measurements. It was

clear that suich magnetic fields must be generated by an electron bserved that average fields of 15 to 20 MG (Figure 3) are

current — which WOl.JId tend 1o focus a beam of electrons —_bu roduced and in the simulation fields up to 30 MG are possible.
defocus or scatter ions. Such large fields have been predicted

and have been shown to contribute to the focusing of electror
at the rear of such targets resulting in plasma formation. 15

It is likely that this relationship between the energy of the
emitted protons and the angle at which they are emitted is
caused by large azimutha magnetic fields within the solid
target material that develop and persist during the first few
picoseconds after the laser pulse. The protons are consequently

The source of the energetic protons measured in this experimefé\ o i}
originate from hydrocarbon contaminants on theama$ of the 5 [ — 5 — _— il
o
Q

aluminum target. 10 1 e 30— 5 ]

It is probable that the energetic protons are generated at s
front surface and are subsequently transported through tt2
target. Previous measurements of the expansion velocity X
plasmas created on the rear surface during similar interactior s
indicate that the ion velocities produced would be much loweS
than the protons measured in the present experiment. THX
existence of a “beam” of high energy ions travelling into the

target is also consistent with previous measurements of bear

plasma fusion reactions from high intensity laser interaction: _40 _60 80
with CD, targets. Distance into target (um)

A calculation to determine the energy of the protons leaving thEigure 3. Simulated magnetic field structure (MGauss) from
rear of target as a function of the energy they have enteringokker-Planck calculation

shows an apparent lower energy cut-off of about 2 MeV, which

is consistent with the ion energy measurements with the CR39sing a qualitatively similar magnetic field distribution
as well as the radio-chromic film data. From this evidence it igalthough increased by a scaling factor of 3), 10 MeV protons
probable that protons are transported into the target from theere launched into the target in a8 spot, and the resulting
front surface and escape at the rear with a minimum energyroton distribution at the detector plane was -calculated
which consequently produces a sharply defined image on th@igure 2 (c)). The resulting deflection pattern was observed to
radio-chromic film. be very similar to that observed in the experiment with fields of

To obtain an estimate for the magnetic field strength required t40 10 60 MG in the bulk of the target and a peak field of 90 MG
9 9 q Pquired to reproduce the deflection. 10 MeV protons were

deflect the protons as measured with the CR39, a chargec osen as they should be most affected by the magnetic fields

particle tracking code was developed to simulate the transpojrlllside the target before dissipation and compare directly to the

of a 12 ym radius proton beam into the target. The magnetlgxperimental results. Similarly, the measured deflection of

field for these simulations was constant in the z directior] . o
L .~ . lower ener rotons can be reproduced using this field
tthUQh the target (125 um), but had a profile in the r d'reCt'OQ:onfiguratio%)./ I-ﬁ)igher energy protor?s, however, a%e typically
}/vrl}lck]:fwaslilgzrgstr:c?n;,(;ose tg 30 MfG athf=1l@m and t?‘e?d' deflected too much by these fields to agree with the
ell off as 1/f. This radial dependence for the magnetic fie ISexperimental observations. This is because the highest energy

s!mllar to that _observed_ In previous det_alled numerical rotons are able to penetrate far into the target before large
simulations. In this case, incident protpns with an energy o agnetic fields have been formed, and are consequently
10MeV are used to simulate the experimentally observed NG aflected less '

pattern produced by 8.9 MeV protons - since energy losses

within the target will result in these protons leaving the targetcondusions
with an energy of 8.9 MeV. Figure 2(a) shows the measure
data which is replicated remarkably well in the simulation
(Figure 2(b)).

n conclusion, these measurements are the first observations of
the structure and magnitude of the magnetic field generated
within a solid target during an ultra-high intensity laser
interaction. These experiments suggest that the plasma exhibits
an anomalous resistivity at the very high current densities which
are produced from these interactions.

C © O

(@) (b el

Figure 2. (a) experimental ion ring (E = 10 MeV), (b) simulated
ring structure from best fit magnetic field (30 MG) (c) ion ring
from field structure calculated from electron propagation
simulations
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Introduction

At high intensities the harmonics generated by the laser-solid
interaction suffer from a low source brightness due to spectral
broadening and a large angular emission distribution.
Previoudly it has been found that the conversion efficiencies
depend on the scalelength L/A of the plasma formed before the
arrival of the main pulse, and at high values of IA? the low
source brightness has been associated with the prepulse and
contrast ratio of the incident laser beam.” A method that would
effectively increase the contrast ratio of the incident laser would
therefore reduce the deleterious effects of any pre-plasma
formation and gpproach the conditions necessary for the
theoretical predictions of specular emission and transform
limited bandwidths. This is important since the harmonics
emitted by the interaction of an intense laser pulse with a solid
target represent a promising source of coherent short
wavelength radiation, with high conversion efficiencies
observed both experimentally and in simulations. %34

One way of increasing the contrast ratio of the incident laser is

to use a ‘plasma mirror’. This consists of a transparent optical
flat placed at a point after the final focusing optic where the
intensity is approximately tbwcm?2 Any prepulse below this
plasma formation threshold is transmitted, while above this I
value a plasma is formed and the light is reflected from the

critical surface close to the peak of the pulse. Since the plasma Jargei

expansion length (£ = 0.1 pm, wheret is the main pulse

allowed harmonic orders in the range 20 < n < 120 to be
detected on a shot to shot basis. In addition to the XUV
spectrometer an optical spectrometer was used to measure the
spectrum of the "8 harmonic, at 351 nm, viewing along the
direction of the target normal. The configurations of the plasma
mirrors are also shown in Figure 1, the particular arrangement
depending on which focusing parabola was being used at the
time.

[ncident
Beam

Lanm-asas

Ll -a%as
arhal
T o :ullr;'l:'- : parakula

i [3.25

A Crrating

duration and gis the sound speed) is small compared to the i -

laser wavelength the reflectivity is consistent with a sharp 1y
plasma-vacuum boundary and the plasma acts as a plane mirror. 1
In this way the contrast ratio of the laser pulse can be increased

by a factor of 100 - 1000.

Experimental Arrangement

MOP |
[ [ P
LA
D

A schematic of the experimental arrangement is shown in

Figure 1. The experiment was performed in Target Area West
of the VULCAN Nd:glass laser system, using the CPA beam 8. y i
The CPA configuration delivered 700 fs — 1 ps pulses at 1 ik

Plasmie Mirror Conlg ol one

1.0531m with energies on target in the range 20 — 60 J. The ol o

laser was focused by using either a /1.7 on-axis or f/3.25 off-
axis parabolic mirror, which resulted in intensities of up to
3x10"° Wem? On target intensities were estimated by both
CR39 plastic nuclear track detectors and a soft X-ray penumbral
imaging camera. Focal spot sizes (from the penumbral image)
were combined with the shot energy to yield the focussed

Targe

intensity, and the CR39 track analysis provided maximum ion
energies associated with the plasma expansion which gave
another measure of the shot intensity. The targets consisted of

optically polished fused silica slabs at®4ingle of incidence
with the beam p-polarised.

The harmonics were detected by a slitless flat-field XUV

(@) {1

spectrometer with a Hitachi variable line-spaced (1200 I/mm) Figure 1. The Experimental Arrangement - The
grating. After the grating the dispersed light in the wavelength configurations for the plasma mirror refer to the particular

range 540 - 276 A was directed by & 4f®ld coated mirror

focusing optic employed: (a) with the off-axis parabola and

onto a double microchannel plate detector coupled to an two mirrors both at 48 and (b) with the on-axis parabola
intensified CCD camera. Shorter wavelength light in the range using a single mirror at normal incidence.

272 - 85 A traveled straight through and was detected by a

backthinned XUV CCD camera. This arrangement of detectors
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Figure 2. Typical lineout of the harmonic spectrum measured
on the XUV CCD.

Results

An example of the spectra obtained by the XUV spectrometer is
shown in Figure 2. Harmonics up to the 61% of the fundamental
were observed in first order diffraction. The soft X-ray
penumbral image established that the focal spot size was ~10
um (FWHM) yielding an intensity on target of ~1x10%° Wem

Bandwidth M easur ements

Figure 3 shows the spectrum of the third harmonic of the
fundamental in second order. We can see an immediate
difference between the two shots; one a ‘normal’ glass slab
target and the other using the plasma mirror. Both shots had a
similar intensity on target as inferred by the penumbral imaging
camera (~ 5 x 8 Wem?. The normal shot is slightly red
shifted with v/c ~ 0.003, which is in good agreement with
previous measurements of the hole boring velocities for similar
intensities?  When using the plasma mirror, however, the
result is a slight blue shifting of the signal (again with v/c ~
0.003). This can be interpreted as evidence for the production
of extremely short scale-length plasma with ki< 1. In this

case the excursion distance of electrons in the laser field
(d = clho,, whereuwy, is the plasma frequency) extends across the
whole vacuum-plasma boundary and the laser effectively
interacts with a solid density plasma. Since the plasma pressure
at almost solid densities is higher than the light pressure of the
incident pulse, a consequence is the blue shifting of the
harmonic. On the other hand, for larger scale-lengths, the laser
interacts solely at critical densities where the laser pressure is
superior to the plasma pressure and the result is hole boring and
red shifting of the harmonic.

Further evidence for a short scale-length using the plasma
mirror is the absence of any significant self-phase modulation in
the case of the plasma mirror. The bandwidth of the normal
target is 5.5 nm while the plasma mirror produces a bandwidth
of 0.7 nm. This compares to the transform limited bandwidth
(AN, = AN/N? whereAN,, is the bandwidth of thehharmonic

and A\, is the bandwidth of the fundamental) of 0.2 nm and
suggests that very little spectral broadening takes place in any
underdense plasma.

Conversion Efficiencies
The conversion efficiencies of the®@nd 22 harmonics are

(Note that the signal at 173 A is an Oxygen plasma emissiophown in Figure 4. The conversion is seen to be at least one

line)
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Figure 3. The spectrum of the 3rd harmonic. The solid line

order of magnitude greater in the case of the plasma mirror.
(The open triangles on the graph represent the plasma mirror
targets assuming 100% conversion across the mirrors). There
are two possible reasons for this increase in conversion using
the plasma mirror.

Firstly a difference in the angular distribution of harmonic
emission between the two types of targets would reduce the
observed efficiency for the normal targets. A large angular
distribution is due to the Rayleigh-Taylor like instability
rippling the density profile as the critical surface is locally
steepened. The high laser pressure pushing back the critical
surface leads to further growth of this instability. With an
increase in the contrast ratio using the plasma mirror the
preformed plasma has less time to expand and any instability
growth of the critical surface is corpemdingly lower: the laser
then interacts acts with an essentially smooth flat surface and
short scale-length plasma. In this way the angular distribution
using the plasma mirror is reduced and results in an increase in
the observed efficiencies.

Furthermore, a reduction in the plasma scale-length would also
result in an increase in conversion efficiency since to maximise
harmonic generation it is necessary that the laser pulse interacts
close to the critical surface and the conversion is
correspondingly increased for shorter scale-lengths. Low pre-
plasma formation is also indicated by the broadening of plasma
emission lines observed on the XUV CCD when using the
plasma mirror, suggesting a higher density and temperature, as
well as shorter scale-length, than without the plasma mirror.
The above two points, together with the near-transform limited

represents the plasma mirror, with the dashed line representingpandwidth and blue shifting of thé’iarmonic, are a result of

a ‘normal’ glass slab target.
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the reduced scale-length and increased contrast ratio when using
the plasma mirror targets.
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Figure 4. The conversion efficiencies of the 20th and 21st
harmonics. Solid circles represent normal targets, open circles
and triangles plasma mirror targets.

Conclusions

In summary we have demonstrated a technique for increasing
the contrast ratio of the incident laser pulse and the concurrent
effects on the harmonic generation mechanism. Previous
experiments with pulse durations on the order 150 fs have
shown that broad harmonic bandwidths and large angular
distribution are certainly associated with the prepulse of the
laser and that the contrast ratio plays an important role in
maximising the source brightness of the harmonics? The
results presented here suggest that the plasma mirror can be
used as an effective method to reduce the deleterious effects of
the expanding critical surface which leads to spectra
broadening, a large angular distribution and hence lower
brightness of the harmonic source.

Another way to increase the contrast ratio of the incident laser
is by frequency doubling the fundamental, where the contrast
ratio is given by: I, ~ 1,2 Future work being planned on the
Vulcan laser will be doing this and should allow the prepulse
level to be reduced to less than 10 Wcm? on target at full
intensity.
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Introduction

The angular distribution of bremsstrahlung y-rays produced by
fast electrons accelerated in relativistic laser-solid interaction
has been studied by photo-neutron activation in copper. We
show that the y-ray beam moves from the target normal to the
direction of the laser k-vector as the scale-length is increased.
Similar behaviour isfound also in 2D-PIC simulations.

Experiment

Large numbers of high energy electrons are generated in laser-
solid interactions at 10™°-10% W/cm? as predicted by computer
simulations™? and confirmed by a number of experiments®®.
There are many potentid mechanisms for fast-electron
generation, eg. classica and Brune-type resonance
absorption”®, ponderomotive acceleration® (possibly affected
by a self-generated azimuthal magnetic field)? and wakefield
acceleration®?. Differing angular distributions of the electrons
are expected for different mechanisms. the resonance
absorption processes are expected to produce electrons mainly
in the direction of the density gradient for p-polarised light
while the other two mechanisms would produce e ectrons
mainly in the laser beam propagation direction k-laser.

Cu Lagad
- bzam
——

Figure 1. Schematic drawing of the target set-up.

We have experimentally studied the angular distribution of
>10MeV electrons under different plasma scale-lengths™™'?.
We have done this by measuring activation induced by photo-
neutron reactions in copper by bremsstrahlung. The experiment
was carried out using the p-polarised, 50J, 1ps CPA beam of the
Vulcan Nd:glass laser system at Rutherford Appleton
Laboratory (RAL)™. The laser beam was incident on target at
45° angle of incidence. The targets (see Figurel) were 1.75mm
thick tantalum dabs backed by 3mm of copper. These were
surrounded by 12 copper wedges subtending a total angle of
120° for determination of the angular distribution. The
activation %2Cu, (ty, =9.74min, B* decay) of the Cu pieces was

27

messured after each shot by coincidence counting of the
positron annihilation gammaray photons. The plasma scale-
length was determined by shadowgraphic imaging of the
inaccessible region of pre-plasma 30ps before the main pulse.

In total, simultaneous angular distributions and scale-length
data were collected on 17 shots. Most of the shots were with a
relatively small pre-pulse resulting in a plasma scale-length
L<10um. On three shots a very large pre-plasma was created by
apre-pulse having 6 % of laser energy which preceded the main
pulse by 0.3---1.5ns. The measured angular distributions were
corrected for decay and fitted with a Gaussian distribution to
estimate the main y-ray beam direction. The scale-length was
estimated from the shadowgraphic images by assuming an
exponential density profile.

¥
¥
'
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B
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Figure 2. Four normalised angular distributions fitted with
Gaussian distributions, offset for clarity. Top two plots show
cases with large scale-length (a, L=5.9um) and small scale-
length (b, L=2.6um). The lower two plots show evidence of two
different electron beams as a very wide single peak (c) and asa
double-pesked distribution (d).

Figure 2 displays some angular spectra obtained in the large L,
(@), and the intermediate L, (b) case. The width of these
distributions is 35-40° (FWHM). Very wide, (c), width =56°or
double-pesked, (d), distributions were sometimes observed.
This can be seen as evidence of generation of two separate
electron beams, that generate two partialy overlapping y-ray
beams.

To find if there is correlation between the plasma scale-length
and the direction of main y-ray emission, the peak of y-ray
emission is plotted against the measured size of the pre-plasma
in Figure 3. It can be observed that these two are nearly linearly
correlated (r>=0.81) for L less than about 10pm. However, at
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very large L (obtained with large pre-pulse) no correlation is
observed.

i
o =
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e CAONAL

iy ol Precles e (o]

Figure 3. The direction of the main gamma-ray emission
versus the size of preplasma (the distance x from the ablation
front to the edge of the inaccessible region). For exponential
density profile plasma scale-length L=x/9.

Discussion

The observed correlation between L and electron angular
distribution could be explained by Brunel-type resonance
absorption being the dominant absorption mechanism in
plasmas with a steep density gradient (L\A). As the plasma
scale-length increases, the jxB type mechanism becomes the
main absorption mechanism. This simple picture breaks down
a shallow density gradients (L\>>1). The converging laser
beam has to traverse a large distance in coronal plasma which
results in an essentially random angular distribution. This may
be due to filamentation and self-focusing of the laser beam in
the under-dense plasma'® or e.g. the hosing instability™.

The absolute activation in the reference copper piece showed
large shot-to-shot variations. The initial activity ranged from 6
to 2200Bg. The average was 460Bq, standard deviation 510Bq
and median 300Bg. Below 10 Wicm? there was little
activation but otherwise there was no correlation with intensity.
The activation yield showed no correlation to plasma scale-
length either suggesting that the different mechanisms have
similar efficiency of fast electron production. However, even if
there was a correlation it might be lost in practice as only the
electrons far in the tail of distribution can produce y-rays with a
sufficient energy to induce activation.

Fields in excess of 500T have been predicted in the solid over
distances of tens of micrometers due to current of fast
electrons'®. In the interaction region even higher fields
exceeding 10* T are predicted'™®. The Larmor radius
r.=p/(gB) of a 10 MeV electron in a 500T field is ~ 65um and
ina10* T field only 3.3um. Depending on the structure of the
fields, it appears likely that the fast electrons can change their
direction while traversing such fields or that two beams could
coal esce altogether.

In conclusion, we have shown a correlation between the plasma
density scale-length L and the main direction of fast (>10MeV)
electron generation using photo-neutron reactions in copper.
That is to say, for very small L\A the y-ray beam is normal to
the target, for intermediate L\WH the beam is aong k-laser and
for long L\, the beam direction is uncorrelated. We have
found the photo-neutron activation technique to be a powerful
diagnostic for measurement of >10MeV electrons.
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This paper reports measurements of the high energy ions and etched which can be counted and a spectrum is determined from
protons emitted from the front of solid targets, of various  the energy dispersion along the parabola.

materials, produced from ultra-intense laser-plasma interaction.
Heavy ions with energies up to 420 MeV have been observed
from the ablating plume of the plasma, the maximum energies
observed being for the ions with the highest mass number and
charge state. The proton spectra show a peaked structure and
the angular distribution of the protons indicates the presence of
a low energy “ion ring”.

To measure the angular distribution of the protons at the front
of the target, a “sandwich” of radiochromic film and CR39 was
placed in front of the target. The radiochromic film is a
transparent substrate coated in an organic dye which turns blue
according to the dose of the ionising particles passing through
it. The optical density is calibrated as a function of dose against
a®Co source. The dose is then related to the equivalent number
Targets including aluminium, glass and lead were irradiateaf protons per square millimetre as a function of optical density.
with the CPA beam of the VULCAN laser. Vulcan delivers Radio-chromic film is sensitive to electrons and photons too,
about 50 J in a pulse of approximately 1 ps duration at &utin this measurement, the signal is mainly due to protons.
wavelength of 1.053im. The beam was p-polarised and was
focused on to the target at 45 degrees using a f/1.6 on-axis
parabola. The intensity on target was determined from the laser
beam diagnostics and by using a penumbral camera to measure
the spot size resulting in a maximum intensity on target up to
5x10" Wicn.
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Figure 2. Image from radio-chromic film indicating a low
b energy “ion ring”

Figure 2 shows a typical image from a piece of radio-chromic
film placed in front of a 12fm thick aluminium target. Most

) ) of the signal is contained in an area which subtends a half angle
Figurel. Thompson parabola spectrometer aligned to 15 of 15 degrees at the target.

degrees from the front target normal. ) S
The ring that is visible is due to protons of about 3 MeV energy,

The main diagnostic used in this experiment was_ 4B E which have saturated the film. This ring pattern is observed
Thompson parabola spectrometer. The detector views the froater a series of shots but is not observed for the higher energy
of the target at an angle of 15 degrees off the target normabrotons. The ring is slightly shifted away from the target normal
Protons and other ions emitted from the target are collimateghich is aligned with the centre of Figure 2. This ring may be
and pass through a 25@m pinhole into the detector. The formed by magnetic fields deflecting the lower energy protons.
detector consists of two opposing magnets, between whiclthe magnetic fields are generated by currents produced from
attached to the inside surfaces, ampper plates. When a high perpendicular density and temperature gradients in the ablated
voltage is applied to the plates, parallel electric and magnetiglasma.

fields exist between the plates, serving to deflect the ions and. L
protons according to their charge to mass ratio. Each speci€igher energy protons are recorded on the CR39. This indicates

with a particular charge to mass ratio describes a parabola ¢h complicated distribution but generally the more energetic
the detector plane and the position along the parabola gives tREOtONS are ejected more towards the target normal. The origin
energy. At the detector plane a piece of CR39 is positioneef the protons is derived from hydrocarbon contaminants on the
which is sensitive to ions and protons with energies greater thetirface.

100 keV/nucleon. The CR39 is etched in Sodium Hydroxide

solution and where ions were incident on the surface, pits are
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The proton spectrum shows quite distinct peaks, which tend to
occur inthe 1 to 10 MeV range. Carbon energies up to 80 MeV
have been observed as well as lead ions up to 420 MeV. The
highest ion energies occur with the highest charge states and
these ions have similar velocities consistent with the expansion
velocity of the plasma as observed with probing diagnostics.

Aluminium targets show ion energies up to 150 MeV with fully
stripped AI*** . These ions are thought to be produced from the
space charge effect created by electrons escaping the target
dragging theions behind them, Figure 5.

10° =
Figure 3. Raw data on a CR39 track detector from an ]
auminium target. A single proton parabola and many parabolas % ]
from different charge states of auminium ions can be observed. ~10°%+
All the parabolas have their origin on the mark |eft by neutral % ]
particlesin the top left corner = 1 [— Aluminium 13+
. . ~ 7 —— Aluminium 12+
Figure 4 shows a proton spectrum and ion spectra from a lead 210 T |— Aluminium 11+
target. The protons show a maximum energy of just over o 1 |[—— Aluminium 10+
11MeV. Higher proton energies could not be recorded with this ]
diagnostic. However, other measurements using a wedge filter 6 |
on apiece of CR39 indicated energies up to 17 MeV. 10 1,‘ pases T T
10 100
10 12 — proton lon Energy (MeV)
— carbon 6+
1 _ Cargon i: Figure 5. Spectra of aluminium ion measured from thin
10 et aluminium targets showing the four highest charge states only.
— lead 28+
b} 10 lead 46+
; In conclusion, the highest energy ions yet observed from a
) laser-produced plasma have been measured from a variety of
= target materials.
~
2 \
o
2 4
1 100

lon Energy (MeV)

Figure 4. Spectra from a thick lead target showing lead ions
and ions from hydrocarbon contaminants
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Introduction

With remarkable advancements in laser technology in recent
years, due to the development of chirped-pulse amplification
techniques (CPA)*?, focused intensities of 10%° — 10° Wem?
are now achievable.

electrons can quiver relativistically with ponderomotive

measure of the activity of the samples immediately after the
laser pulse could be obtained, since the efficiency of the
coincidence system and the half lives of the activated samples
were known (Table 1).

Ta bremsstrahlung
When these intensities are incident on a solid target, freetarget

energies in the MeV range. These fast electrons can produce
bremsstrahlung in high Z targets. These bremsstrahlung photons

can then be used to induce photo-nuclear reactiths.

The study of high intensity laser-plasma interactions is of

current interest in many fields of research e.g. the Fast Ignit
scheme for inertial confinement fusion (IEFplasma particle
accelerators™ and

astrophysics as well as laser-induced
nuclear effects described above. The temperature of electrons
produced in the laser-plasma interactions is a fundamental

or

L aser

parameter and hence it is of great importance to measure it

experimentally. This report describes a procedure which can beFigure 1. Schematic of activation set up. The copper sample was
used to determine this value, using the measured activities Ofalways placed behind tantalum target as a reference.
isotopes which have been produced by the laser induced photon

beam.

45°

—

Cu target for
nor malisation

Various activation
targets

~—\

A\

—

Experimental
The ultra-intense beam-line of the Vulcan Nd:Glass tseas

employed in this experiment. The beam was incident on a scmCu(y nFCu
le '

tantalum target, 10x10x1.75 mm in dimension, and at an an

of 45", The light was p-polarised, and the target wags®C(y,n)''C

maintained in vacuum. The experimental set-up and the

diagnostics involved are described in greater detail in anoth

publicatiort?.

The horizontal and vertical distribution of the bremsstrahlu
beam was determined under fixed laser conditions, using cop

activation techniqués. Different materials were placed in the

photon beam (directed along laser direction) to undergo nuclear

activation. A copper pce was always placed directly behinqi

Reaction Half-life Q-value Peak o (mb)
(MeV)

9.7 mins 10.9 75

20.5 mins 18.7 13.1
Secufy,n)®cu | 12.7 hours 10.9 65
YAg(y,n)'®Ag | 24 mins 9.5 155
9(;4rlpr(y,n)l4°Pr 3.4 mins 9.4 335
FK(y,n®EK | 7.6 mins 13.7 11
®Zn@y,n*zn | 38.1 mins 11.7 123

the tantalum target and was used as a reference in these
measurements (Figure 1). These samples had dimensiofisible 1. Nuclear reactions produced in this experiment and

~10x10x3 mm.

their associated properties.

In addition to the tantalum target, seven different samplegnalysisand Discussion

underwent y,n) reactions — the isotopéC, *¥K, #zn, 1%Ag,

10pr, #2Cu and®Cu were produced. All of these isotopes (with
the exception of'®Ta) emit positrons, which annihilate at rest
with free electrons in solids, to produce two 511 keV gamm

rays at 180to each other. These gamma rays were detected vi

two Nal scintillation counters operated in coincidence. Thus

31

The supra-thermal electron temperature T was obtained for a
given shot by calculating theoretical values for the activity of
the copper samples compared to another sample with a different

Q-value in the activation stack for a given value of kT (MeV),
d comparing this ratio with the experimental value. As an

&xample, the activity ratio ofiC /%2Cu is taken here.
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The theoretical Carbon/Copper activity ratio was calculated in 6=0 to 30.5 for copper, and2=0 to 14 for the carbon sample,

the following way: according to the geometry of the system. The activity ratio of
Hcf?Cu was then calculated for electron temperature kT MeV
and compared with the experimental value. The calculation was
E then repeated with different kT values until the data fitted the

-HEH . .
— 2, OKkTO experimental ratio.
N,(E) = N,E%e @ e o | |
. ) The ™CF’Cu activity ratio is shown as a function of kT in
where No(E) is the number of electrons at energy E, No iSa  Figyre 4, with three typical measured activity ratios from

constant, E is the electron energy, k is Boltzmann's constant,  gitferent laser shots, at nominally #&Wem?, plotted as points
and T is the electron temperature. Figure 2 shows this eleCtr%rresponding to KT values of 1.43. 1.63. and 2.06 MeV.

The relativistic electron energy distribution is given by

distribution for E=0 to 25 MeV, kT = 1.63 MeV gNl1. 10 12 14 16 18 20 22
o ' ' ' ' ' ' i
relativistic energy spectrum for E = 0to 25 MeV §
10 213 {1E3
g 1.0 %
o .
oo <
b 0.5
° 0.0 %
o .0 1E-4¢ 11E-4
E 0.001 \ . : : : : : ' :
z \ 1.0 12 14 16 18 20 22
0.0001, £ 10 15 20 B %0 kT (MeV)

Energy (MeV) Figure 4. Activity ratio as a function of KT with three

experimental ratios plotted against their corresponding kT

Figure 2. The shape of the relativistic electron energy values

distributions with N=1, kT=1.63 MeV.

Electrons of energy E MeV produce a gamma-ray energpummary

spectrum in tantalum. This spectrum was calculated using th® procedure to determine the temperature of fast electrons in
analytical expression in refered@eFigure 3 shows examples high-intensity (16Wcmi®) laser-solid interactions, based on

of gamma-ray spectra produced along the electron (and henégiclear activation techniques, has been described. For large-
the laser) direction in a tantalum target by 15 MeV and 20 Me\scale, single-shot laser facilities such as VULCAN, this method
electrons. can be used to calculate the temperature between shots, making

a shot-to-shot comparison of the electron temperature easily
brem spectra along el ectron direction attainable.
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Introduction

Energy transport in high intensity laser-solid interaction has
been a focus of interest particularly in connection with the Fast
Ignitor Scheme for Inertial Confinement Fusion®. Briefly, the
idea underpinning this scheme is to separate the heating of the
fusion pellet from its compression, thereby making the fusion
process more efficient and possibly easier to achieve. The
heating of the fusion pellet to sufficiently large temperatures
(> 10 keV) is then achieved using the fast electrons (~MeV)
generated in high intensity >10™ Wem laser solid interactions.
Very large amounts of energy (>> 1kJ) need to be deposited in
asmall fraction of the fuel pellet in a very short period of time
(~10ps). PIC code simulations have predicted large conversion
efficiencies from laser radiation into fast electrons and their
existence has been confirmed experimentally?. However in a
typical fusion scenario the electrons will be generated a long

beam. A schematic diagram of the experimental layout is shown
in Figure 1.

Results

Figure 3(top) shows the X-ray image obtained from the
experiment. The dimensions of the X-ray emission region are
150umx10um. Because the data was recorded with a single X-
ray pinhole camera the spatial orientation of the X-ray emission
region cannot be determined unambiguously. It is therefore
possible, in principle, that the observed X-ray signal
corresponds to the energy distribution of the laser on the target
surface. However the longitudinal dimension of the X-ray
emission region is significantly larger than the focal spot of the
laser (about 10-15um diameter), which makes it highly
improbable that the observed X-ray source is on the surface of
the target. Also the quality of the focal spot was monitored on a
shot to shot basis using an equivalent plane monitor and the

distance from the compressed core (~100um). Understandiragspect ratio of the major to the minor axis never exceeded 2.
the physics underlying the electron transport and energ

deposition in these interactions is therefore paramount. ?&ecent experimental work suggested that the electrons

propagate in a narrow filament which roughly corresponds to
The currents required (>50 MA) far exceed the Alfvén-Lawsonthe focal spot siZe Theoretical work by Daviest al. ¥ has

limit for the propagation of an electron beam in vacuumalso suggested that the fast electrons generated around the
(~0.1MA for a relativisticy=5). Therefore the beam has to be critical surface propagate into the target in a narrow filament
almost perfectly compensated by a return current to enablhich roughly corresponds to the focal spot diameter in size.
propagation. Consequently the process of electron propagatiorhe formation of the filament can be understood as follows:
and energy deposition cannot be approximated by the trajectnrv

of a single electron but instead has to be viewed as a collect T MG S oL
phenomenon dominated by the fields and currents set up by - | !
fast electron beam. In this report we will show the firs
guantitative measurements of the energy deposition by a fi
electron beam in a solid glass target.

Simuletad
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Figure 2. Line-out of the experimental data compared with
simulated film density assuming an exponential temperature
profile.

The Vulcan laser was focused with an /1.5 on-axis parabolgitially the transport of the fast electrons is inhibited by a large
and delivered up to 50 J in a 1 ps pulse to target. The pea}fectric field due to the large resistivity of the cold target. This
intensity was around 2 ¥owcm? The laser was incident at an |eads to strong heating of the background electrons and the
angle of 45° onto a 10x10x 0.5 mm glass slab target. The X-rajgrmation of a low resistivity channel, which then allows a
image was taken using a pinhole camera and recorded usifgturn current to flow and the fast electrons to propagate. This
Kodak DEF film. The pinhole camera was elevated 60° out oprocess is more efficient along the axis of the fast electron
the laser plane and situated directly above the focusing lasgleam, as the current density is higher there. The electrons are

Figure 1. Experimental Layout
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confined to this filament by the self-generated magnetic field of
the fast electron current. This magnetic field reaches
magnitudes of several thousand Tesla for our experimental
conditions. Direct experimental evidence for these large
magnetic fields was observed in the same experiment®.

As mentioned above the fast electron current has to be almost
perfectly compensated by a return current in order to propagate.
This return current is colder and far more collisiona than the
fast electrons, which in turn leads to a strong heating of the
background plasma. Davies et al. have predicted background
temperatures of severa keV in a filament which can extend to
several hundred microns depth®.

To test this hypothesis it was assumed that the X-ray filament is
in the laser plane. This assumption is justified by the
observation of other signatures of the electron beam, which lie
in the laser plane. These include large magnetic fields, y-ray
emission cones and the observation of a filament in the target
using an optical probe 529 (al in this report). We can then
determine the orientation of the filament and find that it is
rotated 15 degrees from the target normal towards the laser axis.
Using the attenuation of the X-rays in the glass target and the
film response for Kodak DEF x-ray film” we can calculate the
temperature of the filament at different depthsinto the target.

A simple exponential temperature dependence reproduces the
experimental datawell and isin accordance with the predictions
of Davies et al. Figure 2 shows a comparison of the lineout of
the X-ray image compared to the calculated film density at
different depths in to the target. One of the striking features of
the data is the sudden drop in film density at around 100 pm

injected at the target surface have traversed the region of
interest. The data, by contrast, is a time-integrated image of the
X-ray filament. This may suggest that the hot plasma region
remains confined by the magnetic field for long enough to
prevent blurring due to lateral heat transport. Indeed this
hypothesis is also supported by the relative magnitudes of the
magnetic field pressure and the plasma pressure. Both the
magnetic field measurements by Clatlal.” and simulatiofi
suggest that Rsma~Pmsg fOr our conditions. This question
cannot be resolved with our current time integrated diagnostics
and requires time-resolved X-ray imaging.
-

175 gm

v Tika'i)

Figure 3. Comparison of experimental data (top) and
simulation (bottom) and of the simulation convolved with the
5um pinhole function (middle). The simulation represents a
snapshot at 2ps after the peak of a 1ps FWHM pulse, the
experimental data is time integrated

The total energy contained in the filament is ~5.5 J or 11% of
the total laser energy, corresponding to 20-30% of the total

depth. This is due to the combined effect of the rapid drop irnergy in the fast electron distribution. The technique discussed
film sensitivity to X-rays below 3 keV and the increasingin this report allows quantitative measurements of the

attenuation by the glass target. The fact that this feature is webropagation and energy deposition resulting from the fast
reproduced by the simulated film response gives credence tectrons generated in high intensity laser-solid interactions.
our interpretation that we are indeed observing the hot channdignificant further research is needed to be able to transfer our
observed in the simulations. findings to a Fast Ignitor scale experiment. Remaining issues
Figure 3 shows a comparison of the simulations for Oupr%thet_sclatllng W|thtbackgr%un? pl?ﬁma Clon?'tlo?ﬁ’ ef.gt.htarlgetz
experimental conditions to the data. The pulse had a FWHM 0?2 initial temperature, and aiso the puiselengin of e 1aser.
e latter may prove particularly crucial since the scalelength

1ps and a peak intensity was 1.8%1%cm? (corresponding to e . L
50J in a 10um radius focal spot). The fast electron distributio" 'ateral diffusion scales af17 , wheren is the resistivity and

was assumed to contain 30% of the total laser energy and hads the pulse duratih This would result in less collimated
the shape of a simple exponential. The electrons were injectd@w of the fast electrons and might become relevant for the
with a divergence of 30°. The time dependent fast electrofr10ps duration pulses envisaged in the Fast Ignitor concept.
temperature was scaled to the intensity of the laser pulsé'as (I)Conclusion

and the pulse-shape was assumed to be Gaussian. The bOItWH have shown quantitative evidence of fast electron transport

image _shows the _tempe_rature distribution pr_edlcte_d by th?amd energy deposition into the target in laser-solid interactions.
simulation. T_he middle image shows_ the S|mul_a_1t|on dataThe electron beam propagates in a narrow filament penetrating
convolv_ed W'Fh a 5;_1m p'F‘hO'e function to facilitate the large depths into the target, in good agreement with previous
comparison with the pinhole image. theoretical work. This is of great importance to the Fast Ignitor

The overall agreement between the experimental data and t§éheme because it suggests that it may be possible to transport a
simulation is remarkably good, especially since the treatment darge fraction of the initial beam energy through large lengths of
the fast electron generation is not self-consistent in the code afdgsma without significant spreading. However, this also
there are no laser dynamics included. This may go some way &mnphasizes the need to create plasma conditions where the
explaining the difference between the experimental results an@irectionality of the electron beam and its propagation stability
the simulation. In the experimental data we observe somewhafe well controlled, as such a small beam could easily miss the
higher peak temperatures and a steeper gradient than in tEempressed core of a fusion target completely.

simulation. The most likely reason is that the simpleReferences

exponential distribution i_s a reasonable approximation only aj Tabaket al, Physics of Plasmas, 1, pp.1626 (1994)

large electron energies. Bremsstrahlung measurements
conducted simultaneously with this experiment suggest tha?.
there is also a cold electron population (~100 keV temperature%
which increases the total number of electrons at low energies
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electrons would be stopped far earlier on in the target and lead
to a steeper, more highly peaked distribution. This will bed-

Santaleet al, this report.

Tatarakiset al, Phys. Rev. Lett., 81, 999 (1998)
Davieset al, Phys. Rev. E., 59, 6032 (1999)
Clark et al, this report

investigated in more depth at a later date. 6. Borghesiet al, this report

It is also important to note that the simulated temperature 7. Rockettet al, Appl. Opt., 24, pp. 2536 (1985)
distribution represents a snapshot taken at 2ps after the peak of . ' =

the pulse. This is the point at which most of the electrons 8. Davieset al, Phys. Rev. E, 52, 7193 (1997)

CLF Annual Report 1998/99 34



Science - High Power Laser Programme - Short Pulse Plasma Physics

Studies of Novel Laser-Solid Interactions at High Intensities on Vulcan using

Nuclear Techniques

K W D Ledingham, | Spencer, T McCanny, R P Singhal

Department of Physics and Astronomy, University of Glasgow, Glasgow G12 8QQ, UK

M | K Santala, E Clark, | Watts, F N Beg, M Zepf, K Krushelnick, M Tatarakis, A E Dangor
Blackett Laboratory, Imperial College, Prince Consort Rd., London SW7 2BZ, UK

P A Norreys, R Allott, D Neely, R J Clarke

Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, UK

A Machacek, J SWark

Department of Physics, University of Oxford, Clarendon Lab.,Oxford OX1 3PU, UK

A J Cresswell, D C W Sander son

Scottish Universities Research/Reactor Centre, East Kilbride, Glasgow G75 0QU, UK

J Magill

European Commission, Institute for Transuranium Elements, Postfach 2340, D-76125, Karlsruhe, Germany.

Introduction

The last few years have witnessed a dramatic upsurge in short
pulse laser technology with its concomitant high achievable
peak powers. This has been brought about by the development
of chirped-pulse amplification (CPA)*?. Now table-top
terrawatt lasers are to be found in many university and national
laboratories and recently the first petawatt laser has been
developed at Livermore® with others being proposed elsewhere.
With these high power lasers, focused intensities between
10%°-10® Wem™ have been achieved.

At these intensities free electrons can quiver in a laser focus
totally relativistically with ponderomotive energies of MeV. A
number of mechanisms are proposed which can cause the
electrons in plasmas to be accelerated to many times the
ponderomotive potential such as wakefield acceleration®,
plasma wave breaking®, vxB acceleration in the presence of an

azimuthal magnetic field”, and resonance absorption®.

The reason for the current and burgeoning interest in high
intensity laser-plasma interactions is their relevance to a
number of diverse fields e.g. advanced concepts of plasma high
energy particle accelerators*'®, laser induced nuclear photo-
physics, astrophysics and inertial confinement fusion (ICF)!?.
Specificaly the question of carrying out nuclear physics using a
laser source has been addressed by a number of authors using
high repetition rate, fs lasers’>® and by using single shot ultra-
high intensity lasers like the petawatt laser at the NOV A facility
and Vulcan >, A seminal theoretical paper written by
Boyer, Luc and Rhodes more than ten years ago predicted the
possibility of optically induced nuclear fission'®. The first
quantitative measurement of bremsstrahlung photons with
energies > 2 MeV from the interaction of a laser with matter
was reported by Sherman, Burnett and Enright'®. They showed
that they were produced by relativistic electrons when a 600ps,
CO, laser pulse interacted with thick targets. Recently more
energetic electrons have been produced by terawatt and
petawatt lasers of 1 pm light in < ps pulses 1517,

The motivation for writing the present letter is to show how a
50 TW laser (Vulcan) can be used to carry out (y,n) and (v.f)
reactions. These reactions are the simplest photo-nuclear
reactions for y-ray beams with an end-point up to about
30 MeV, generated by bremsstrahlung from the energetic
electrons produced by laser intensities of about 10™wcm?.
Typicaly (y,n) reactions produce proton rich isotopes which
decay to stability by positron emission, electron capture (EC) or
both®® and have thresholds for production (Q values) which are
typically >8MeV. The (y,f) reactions are also energetically
favoured having thresholds of about 4 MeV.

35

Experimental

The experiment used the ultra-intense beam-line of the Vulcan
Nd: glass laser? incident on atantalum target, 1.75mm thick, at
45° with p-polarised light within an evacuated target chamber.
The experimental arrangement has been described in greater
detail elsewhere'® as well as the principal diagnostics
employed. Briefly the Vulcan laser delivered pulses on target
up to 50 J with pulse lengths about 1 ps. A 95% reflecting
turning mirror located after the recompression gratings was
used to steer the beam on target focused by a f/1.7, 22cm focal
length on-axis parabolic mirror. This turning mirror permitted
5% transmission of the laser energy for measurements of the
laser spectrum, the pulse duration by a single shot
autocorrelator and the focal spot quality by an equivalent plane
monitor. The contrast ratio between the peak and ASE energies
was measured by a third order autocorrelator to be 1:10°.
Equivalent plane images showed that the diameter of the focal
spot was 9um, containing 35% of the laser energy when the
target holder was placed in the beam. The focused intensity on
target for each shot was monitored by a penumbra imaging
camera.

Firstly the angular distribution of the high energy y rays
following the laser irradiation of the tantalum bremsstrahlung
target was measured. The energy loss to bremsstrahlung when
the laser induced electrons dowed down in the target scales as
Z? (atomic number) and hence high Z targets are favoured. In
the present case tantalum (1.75 mm thick) was chosen.

Pieces of copper were placed around the target such that both
horizontal and vertical distributions of the y-rays could be
determined. The y-rays interact with the copper, inducing the
photo-neutron reaction ®Cu(y,n)®*Cu with a 9.74 min half life.
The B* activity in each piece of copper was measured
separately, corrected to time zero for decay (laser shot time) and
the angular distributions determined. This is the subject of a
paper (published elsewhere?®) dealing with the plasma physics
implications of this observation. The laser was operated with a
plasma scae length of ~ 7y corresponding to the main y
emission being along the laser beam propagation direction.
Thisis contrary to the observations reported in reference 19.

Results and Discussion

A number of (y,n) reactions from different targets were carried
out (Figurel). Positrons slow down in materials and annihilate
a rest with electrons producing two back-to-back photons of
511 keV energy.
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Ta bremsstrahlung
target

Cu target for
nor malisation

Various activation
targets

Figure 1. The arrangement for irradiating a number of different
targets simultaneously. All samples had dimensions
~10x10x3mm. The copper target was used for normalisation of
activities.

These were detected with high efficiency and signd to noise
ratio using either two 3"x 3" or 2'x2" Nal scintillators operated
in coincidence. The absolute efficiency of these systems was
determined using a calibrated *Na source. The activity of the
sources was corrected to time zero and knowing the (y,n) cross
sections®?), the number of high energy photons produced by
each laser shot could be determined from which could be
estimated the number of initia high energy electrons. Typically
~10%° y-rays were generated from the highest activity sources
~ 5kBq. Table 1 presents a list of the isotopes activated, the
half lives, the Q values, the peak (y,n) cross sections. In earlier
works™®, the activity produced in the copper sample was
analysed for two hours and hence any long lived %Cu activity
from the ®Cu(y,n)*'Cu reaction was difficult to measure
unambiguoudly. In this letter the activity was analysed for
many hours and is shown in Figure 2. The half-lives
determined from the two gradients of the activity agree well
with the accepted values of 9.7mand 12.7h.
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Figure 2. The half-lives of the two isotopes of Cu: ®Cu, *Cu
following the irradiation of Cu at 10"*Wcm™2 The half-lives
agree well the accepted values of 9.7m and 12.7h.

Figure 3 shows the activity measured as a function of time for
the other isotopes listed in Tablel, 'C, ®K, %zn, ®Ag and
“%pr Because of the differing Q values for the isotope
production, the activities can be used to establish the shape of
the bremsstrahlung spectrum and hence the temperature of the
energetic electrons. Thus nuclear activation can be used as a
powerful plasma diagnostic technique. For laser intensities of
about 10" Wem'?, isotopes with half-lives with up to ~24 hrs
can be readily detected for medium A isotopes. For large A
isotopes, longer lived activities can be measured since the (y,n)
Cross sections increase with A.
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Nuclear T Q Peak Radiation
reaction (MeV) | a(mb) measur ed

cy,ntc 20.5m 18.7 13.1 B*

K (y,n)*K 7.6m 13.7 11 B*
SCu(y,n)%Cu 9.7m 10.9 75 B*
“zZn(y,n)®zn | 38.1m 11.9 123 B*
®Cu (y,n)*Cu | 12.7h 10.9 65 B*

YTAg(y,n)®Ag | 24m 9.5 155 B*
“pr (yn)Pr | 34m 9.4 335 B*
BiTa(y,n)*Ta | 8.2h 7.6 367 EC
Hf X-rays
ZBUY,H™= 53m 7.8 150 847 keV y
884 keV y
Y(yf)y*cs | 323m 1436 keV y
U(y.h)*sr 2.7h 1384 keV y

Table 1. (y,n) and (y,f) reactions at intensities ~ 10*%Wcm™2

Generally isotopes (Z,A) which decay by EC alone or with a
small B* fraction can be detected by the characteristic X-rays of
the element Z-1. This was carried out in the case of the Ta
target using awell shielded, 16% intrinsic Ge detector to detect
the Hf X-rays. The low energy y spectrum from Ta is shown in
Figure 4 with the Hf X-rays clearly visible.
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Figure 3. Theactivities of the isotopes listed in Table 1 asa
function of time. The measured haf lives agree well with the
accepted values. The activities shown in this figure come from
different laser shots.
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Figure4 . The low energy y-ray spectrum from Ta as measured
by an intrinsic Ge detector. The characteristic Hf X-rays from
the decay of *®*Taare clearly visible. The Pb x-raysare
background peaks.

Findly a U (depleted uranium) sample of dimensions
~10x10x2mm (~3g) with a fisson fragment 300um
polycarbonate foil on the front and back sides was targeted.
This sandwich was shrink wrapped in plastic to contain any
gaseous radioactivity and enclosed in an aluminium container.
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The sample was irradiated with 3 consecutive laser shots,
twenty minutes apart, of nominally 10™Wcm? intensity and
analysed using the Ge detector. Both (n,f) and (y,f) reactionsin
fissionable materials produce a double headed asymmetric
fission yield distribution of fragments with maxima at mass
numbers about 95 and 140 corresponding to the neutron magic
numbers of 50 and 82.

The principal fission fragments amount to about 5-6% of the
total fission yield. Evidence for fission events is normally
carried out by detecting the characteristic y-rays from the
principal fission fragments, detection of fission fragment tracks
or fission neutrons. In the case of U with a (y,f) cross section
which pesks at about 150mb the most abundant isotopes
produced include 3, 1¥Cs and %Sr 2 with suitable y-ray
energies and haf-lives.  The background activity from
fissionable materials is normaly sufficiently large that very
careful background measurements must be taken. Specifically
for 28U(ty,=4.5x10%) the background activity is 12.3 kBg/g.
Two Ge y-ray spectra in the region of 850 keV and 1400 keV
are shown in Figures after background subtraction was
performed.
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Figure 5. Some of the characteristic y-rays emitted by three of
the principal fission fragments following a >2U(y;f) reaction.
The details of the isotopes and half-lives are given in Table 1.

The unambiguous characteristic y-rays of the fission fragments
1134 138Cs and %?Sr are indicated.

From the intensity of the %* y-ray peak in Figure 5 using the
known efficiency of the Ge detector, the fission yield to that
isotope, and the (y,f) cross section (Tablel), it has been
estimated that about 10° fission events are generated by a laser
shot of ~10Wem™ in a 28U target of 2 mm thickness. Any
(n,f) reactions are likely to be considerably lower in intensity
than the (y, f) reactions because of the reduced numbers of
neutrons™” .

Yic/ *?Cu Activity Ratio
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In summary, it has been shown that when a beam of 1um light
a ~ 10" Wem? interacts with a high Z target, a sufficiently
intense high energy y-ray beam is generated such that photo-
nuclear reactions can be carried out. 'C, ¥K, ®2%cu, %zn,
106ag, %r, and ¥Ta have been produced in measurable
quantities up to activities of about 5kBq at the highest laser
intensities.  In addition photo-fission of U has been
demonstrated from the most abundant fission fragments. Some
ten years ago Boyer, Luc and Rhodes'® estimated theoretically
that for 248 nm radiation at an intensity of 10*'Wcm?, some
10° fission reactions could be generated per pulse in uranium
lcm thick. Thisisin reasonable agreement with fission yields
from U in the present experiment at 10™°Wcm? intensity of
1.053um radiation.

One of the principal applications of nuclear activation to intense
laser pulse interaction with solid targets is to measure the
temperature of the electrons involved. In the present work the
ratio of the activities from ®2Cu and 'C will uniquely determine
this quantity. In the following analysis, it was assumed that the
spectrum was characterised by the relativistic electron energy
distribution E?exp(-E/kT)'® . These eectrons then produce
y-radiation in the Ta target with the y spectrum determined
uniquely by the electron energy. The analysis proceeded using
0.5 MeV electron energy bins and for each, the y spectrum was
estimated®. This procedure alows a determination of the
energy spectrum for the bremmstrahlung produced in 0.5 MeV
energy bins. The corresponding (y,n) cross sections for the ®3Cu
and 2C have been measured experimentally®”. These cross
sections and the calculated y flux for each bin were used to
evaluate the expected yields of ®2Cu and 'C. The ratio of the
two activities eliminated the need for absolute electron flux
measurements. The details of this procedure will be published
elsewhere®. Figure 6 shows a graph of the calculated ratio of
the activities as a function of kT. Three typica experimenta
measurements for this quantity for laser intensities ~ 10™°Wem®
are shown as experimental points corresponding to electron
temperatures of 1.43, 1.63 and 2.06 MeV for these shots. The
large shot to shot variation is a particularly important result.
The observed fluctuation is probably due to the highly non-
linear nature of the plasma interactions at these intensities
where the effects of a number of scattering instabilities play an
important role.

1.0 12 14 16 18 20 22

1E-3 1E-3

1E-4 1E-4

1 1 1 1 1 1 1
1.0 12 14 16 1.8 2.0 22

KT (MeV)

Figure 6. The calculated XC/®?Cu ratio as a function of kT.
Three typical experimental ratios are shown for three shots at
laser intensities ~ 10°wem,

Conclusions

It has been shown that a focused laser of wavelength 1um can
be the source of energetic electrons at intensities ~10°wWem.
These generate a highly directional y-ray beam that can produce
photo-nuclear reactions which can be used as an exciting new
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diagnostic tool in plasma physics. Short lived isotope
production and fission have been demonstrated.  With
intensities of 10 Wem from petawatt lasers, isotopes with
much higher activities and longer half-lives could be generated
from a single shot. Although it is uncertain how the photon
energy scales with laser intensity, pion production, energetically
possible with y-rays >140 MeV, is a distinct possibility and can
be demonstrated using similar activation experiments to those
described in this letter. Alternatively using CPA technology,
10Hz, 1J, 100fs lasers can deliver similar single shot intensities
as the present experiment but with greatly increased activities
after integrating a number of shots.
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Introduction main pulse and the back-lighter pulse. Radiographs were taken
with a flat RbAP crystal spectrometer; the crystal was aligned

In recent years the availability of low density foams has glve§0 as to record on film the spectrum from 2.2 to 3.8 keV.

scientists the opportunity to investigate the formation an
propagation of subsonic, transonic and supersonic waves. Subihthis spectral range it was possible to detect the 1s2p and 1s3p
studies are of major importance for the development and testirepsorption lines of chlorine. The spectrometer was aligned to
of new ideas in Inertial Confinement FusiorFoam targets record the central part of the foam with a 50x spatial
also allow direct observation of the development of shockmagnification. An aluminium shield with a central window
waves. The collision of shock waves in this density regime ha@igure 1) was mounted between the target and the spectrometer
never been investigated before at these energy densities, aaperture to screen the intense self-emission of the plasma at the
experimental data is required to test theoretical modelling. foam edges.

In this experiment shock fronts were driven through a lowAn optical streak camera system looking at the interaction
density foam target by high intensity laser pulses. Theentre allowed timing of the main pulse with back-lighter pulse
propagation of shock waves through the target was detected layd recorded the delay between those two pulses for each shot.
time resolved point projection absorption spectroscopy. From

image processing of the exposed films and comparison witkExperimental results and analysis

synthetic absorption spectra, it was possible to reconstrugtiims were scanned to high resolution with a microdensitometer

temperature and density profiles of the shocked foam. and the images were corrected for the actual film sensitivity.
Film chemical fog, and radiation background present inside the
taxkhphter pin spectrometer, were subtracted from the intensity image to
obtain the original x-ray intensity signal. On each film two
fom i main features were present: the back-lighter flash and the foam

self-emission. The self-emission was time and space integrated,

LAEER and its spectrum was dominated by chlorine He-like and H-like
*’ - * a-lines and was used to calibrate in energy each scanned film.
Figure 2 shows two shock fronts just before collision.
Ehigkd

Figurel. ExperimentalSetup: top view

Experimental setup

The targets consisted of triacrylate foam cylinders at a density
of 50 mg/cc; the foam was doped with 25% by weight of
chlorine. The average target dimensions were 200 pm in

diameter and 250 um in length. The target was mounted in the - # t
centre of the TAE target chamber of the Vulcan laser facility.

The laser pulse had a flat-top profile with 1 ns FWHM durationFigure 2. Radiograph of colliding shocks: the white band
and was frequency doubled using a KDP crystal to obtain across is the strong self-emission corresponding {dikies of
0.527 pm wavelength. chlorine

Two beams were focused on each side of the foahuging a
typical irradiance of 5 1 W/cn?. Phase plates were used to

smooth spatial non-uniformities in the laser beam. The bismuth spectrum emitted by the back-lighter pin is an M

shell quasi continuum emissfnthat enables detection of
The back-lighter target was a 15 pum diameter bismuth coateabsorption lines of the chlorine. This is necessary for a precise
gold pin. The pin was irradiated by two simultaneous 0.527 pnmeasurement of temperature, because the absorption pattern
laser pulses focused on to the pin with f/2 lenses. The pulsghanges considerably within a few eV, whilst changes in
length, and consequently the duration of x-ray flash producediensity of a factor of 2 or more are needed to cause an
was 90 picoseconds, allowing resolution of the evolution and

propagation of the shock fronts. Different stages of the shocks’

interaction were recorded by changing the delay between the
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experimentally detectable difference at our spectral and spati T —

resolution (Figure 3). —

The data analysis consisted in working out the density profile 1! |. f\(__j
by comparing transmission in the continuum (2.4-2.6 keV) ol | I II,-"‘I_.- — |
different parts of the foam along the shock propagatior

direction. - | 1 |'II
Temperature profiles were obtained by comparison of actue : | [ll ||'
transmission profiles with synthetic profiles from the | | |
sepSAHA) code: this programme simulates absorption feature | | .-I‘I |
of chlorinated CH foams assuming local thermal equilibrium; = | |
populations of different ion configurations are calculated using | |
Saha-Boltzmann statistics and a detailed absorption spectrum l Ll
obtained (Figure 4). i L

Conclusions

At the time of this publication the analysis of collected
radiographs is still in progress; an attempt has bee_n made %nsitivity to foam temperature is shown at the energy of 1s2p
reproduce the behaviour of observed shocks using a 1 hes of Cl

Lagrangian code, but there is significant disagreement at times '
after collision of the two shocks. It seems then necessary to
adopt a two dimensional approach, to take iatmount the
energy and mass loss in the transverse direction during
collision.

igure 3. Synthetic transmission profiles for chlorinated foam;

183D toams: tions
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Introduction foam and entered an x-ray crystal spectrometer set to look
around the chlorine K-edge (2.8 keV). A Rubidium Acid
hthalate crystal with a 2d spacing of 26.12 angstroms was used
he spectrometer. 12.5um Beryllium filters were placed at the
ﬁntrance to the spectrometer and between the crystal and the
h . : . Im to stop sub-keV radiation fogging the film. A magnet was
interacts .W'th t_he bow _ShOCk caused t.’y the interaction of thﬁsed to deflect hot electrons emitted by the target away from the
stellar wind with the interstellar medium, a forward shockfiIm plane. A copper shield was used to block x-rays produced
results. Ejecta material tends to stagnate at the impact site aﬂgm the laser irradiation of the chlorinated foil fogging the film

the pre_ssure_from th.'s can cause a reverse shock to fqrm N 84 an 8m tungsten wire was used to block x-rays from the
expanding ejecta. Little physical evidence to back this up $mmediate rear of the foil

available and most of our knowledge comes from computer-
based simulations. The ejecta of the supernova remnant, Sthe backlighter emits x-rays in the 3keV energy region only
1987A, is expected to impact upon its circumstellar ringappreciably for the duration of the laser, giving an 80ps
sometime in the next six yed&rgin fact the Hubble Space 'snapshot’ of the foam and foil. The timings of the backlighter
Telescope has already seen the beginnings of the impact). Theams with respect to the six heating beams were changed from
impact is expected to give new details on both the nature of thehot to shot to create a sequence showing the temporal
interstellar medium and the history of the supernova progenitoevolution of the system. The timing differences were measured
Experimental studies into the phenomenon will help improveon every shot with an optical streak camera.
the computational models and give a better overview of the
radiation profile expected from the collision and allow anT_he x-ray spectral data was ta_ken on Kpdak_ Industrex_ CX-type
optimum observation strategy to be developed. film ar_ld then (_:onverted to optical density with a densitometer.
Chemical fogging from the development process was accounted
Fortunately some simple situations can be scaled down tfor by detracting the ambient background. A known calibration
laboratory levels and experiments can be performed that wilvedge was then used to convert the data to photon flux. The
provide a basis for enhancement of the simulation codes. Weata was then compared with the backlighter spectrum to give
outline details of such an experiment carried out that applies tthe x-ray transmission.
the case where the expanding material follows a power-law
density profile that interacts with a stationary medium of
constant density.

Recent theoretical studies of exploding Type | superridvae
have suggested that as the supernova ejecta interacts with |5
circumstellar medium, e.g. that left over from the stellar wind o

5x10PWim?

80ps 527nm
We used an exploding chlorinated foil to impact upon a low-

density chlorinated foam. Spatially resolved point projection x-

ray spectroscopy methods were used to record the optical
density of the system around the Chlorine K-band. Analysis of
this data gives detailed information about the density and

temperature of the system at given times. By or <= === —mmmmmm e keV Xrays__J

50mg/cc CH foam (25% Cl)

Bi coated Au
Backlighter pin

Experimental Arrangement

The experiment was performed using the Vulcan Nd:glass laser
facility. The YLF long pulse oscillator was used to give six
beams with laser energy of 200 Joules, in a 1ns FWHM flat-

o
7.5um thick CHCI foil

Shield wire

topped pulse, at a laser wavelength of 1054nm. These were then Shield piate

frequency doubled using KDP crystals to give a laser 3x101 4 Wi

wavelength of 527nm and energy of 70J per beam. These beams 1ns 527nm

were focused onto a thin CHCI foil with a focal spot of 200um

to give a laser irradiance of 3Xf@/m?. The laser irradiated Figure 1. Schematic of the experimental setup

foil then exploded and impacted upon a cylindrical foam of

175um diameter, lying close to the rear of the foil. The foams )

used were triacrylate of density 50mg/cc, doped withModelling

chlorinated triacrylate to give 25% chlorine by weight. Most ofThe experiment was designed using the 1D lagrangian
the data taken was with either 7.5um or 30.0um foils. For théydrocode, Medusa, modified to include multigroup radiation
7.5um foils the foam-foil distance was roughly 100pum and fottransfe?. A slight modification was also made to model the
the 30.0um foils, the foam-foil distance was roughly 200um. expansion of chlorinated foils more accurately. Planckian
pacities used in the simulations were calculated using the

The YLF short pulse oscillator was used to give two add't'onagetailed opacity code IMP

beams of 80J of laser energy in an 80ps FWHM flat-toppe
pulse, at a wavelength of 1054nm. These were then frequen®reliminary simulations suggest that with the 7.5um foils, the
doubled using KDP crystals to give a wavelength of 527nm anémpact occurs and a forward shock is launched ahead of the
energy of 25J per beam. The beams were focused onto the tipiaipacting material. After the impact, there is not enough
an 18um diameter, gold backlighter pin coated with 1um omaterial left in the expanding foil to cause a big enough build
bismuth to give a laser irradiance of 5¥W/m?. The  up atthe impact site for a reverse shock to occur.

backlighter emitted a burst of x-rays, which passed through the

41 CLF Annual Report 1998/99



Science — High Power Laser Programme — Long Pulse Plasma Physics

With the 30um foils, however, the simulations suggest that thReferences

initial impact occurs and the forward shock is launched
Pressure from the material build-up at the impact site causes a
reverse shock to form in the expanding plasma.

2.
Current analysis of the transmission data uses the following
procedure.

The line structure observed is compared with a simulateg'
spectrum to obtain the local temperature. Local thermodynamic
equilibrium (LTE) is assumed and the simulated spectra aré-
calculated using the steady state Saha-Boltzman opacity code,
Sepsahd The atomic data used in this code was calculate%
with the Multi-Configurational Dirac Fock treatment (MCDF)
used in the General Relativistic Atomic Structure Package
(GRASPY.

The density profile is found by comparing the transmissions'
away from the line structure with that calculated with the IMP
code. Where possible, input temperatures for the code are fourrd
from the above step, otherwise they are taken from the
simulations. The errors are mostly negligible as for this
situation, the background transmission is only weakly coupled"
to the temperature.

Results

Only preliminary results are available as detailed analysis has
yet to take place. The results suggest that further modifications
to the simulation code are needed concerning the expansion of
the foils. That taken into consideration, it seems that with the
7.5um foils, only a forward shock was seen. With the 30.0um
foils, however, preliminary analysis suggests that reverse
shocks were seen behind the stagnant ejecta on a few of the
shots. Further analysis is needed before accurate conclusions
can be drawn.

CLF Annual Report 1998/99

K J Borkowski, J M Blondin, C L Sarazin
The Astrophys. Journ., 400 222 (1992)

R A Chevalier
The Astrophys. Journ., 258 790 (1982)

C F McKee, J K Truelove
Phys. Reports, 256 157 (1995)

K J Borkowski, J M Blondin, R McCray
The Astrophys. Journ., 477 281 (1997)

M J Edwards
Radiation Transport & Short Pulse Interaction in Laser
Irradiated Targets (thesis), Imperial College (1989)

S J Rose
Appl. Phys. B, 25 1667 (1992)

S J Davidson et al
Appl. Phys. Lett., 52 847 (1988)

K G Dyall et al
Comp. Phys. Comms, 55 435 (1989)

42



Science — High Power Laser Programme — Long Pulse Plasma Physics

Measurement of the change in XUV opacity of Al due to shock compression

E Wolfrum, A M Allen, P D SBurnett, J SWark
Department of Physics, Clarendon Laboratory, Parks Road, University of Oxford, Oxford OX1 3PU, UK.

R Keenan, R M N O’'Rourke, CL S Lewis
School of Mathematics and Physics, Queens University, Belfast, BT7 1NN, UK.

S Dobosz, G J Tallents
Department of Physics, University of Essex, Colchester CO4 3Q

S J Rose, A Djaoui

Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, UK
M H Key, T W Barbee Jr.

Lawrence Livermore National Laboratory, Livermore California 94550, USA.

Main contact email address:E.Wolfrum@r|.ac.uk

times relative to the 200 ps shock transit time. Transmission
hrough shocked and un-irradiated parts of the foil was
ompared to determine the change in opacity.

Introduction

The opacity of shock-compressed material in the XUV spectr
region is of general scientific interest for laboratory and
astrophysical plasmisand of particular interest in inertially

confined fusion (ICF) research. =

Radiography with laser produced plasma x-ray sources is '
widely used in ICF research to probe the hydrodynamics of 1.05 um Ge x-ray laser drive
spherical shell implosions or accelerated planar foil analogues,

4 0.4 um Al filter
driven at megabar pressures either directly by laser light or O'ylm Altiter 19.6 nm Ge x;ray laser u\
indirectly by thermal XUV radiation in a laser-heated N — )
hohlraun?. Recently both thermland laséf® XUV sources 45 XUV mimo \ T . i
have been used to study the very small-scale hydrodynamig sz m il drive \ Ge stipe target 2um Aol oheridal mirror
perturbations induced by laser speckle. To interpret such 4
experiments, knowledge of the opacity of shock-compressed aperture

material is required.

We present here the first experimental determination of th&igure 1. Experimental setup for XUV laser radiography

increase in the mass absorption coefficient for shockme experimental arrangement is shown in Figure 1. It includes
compressed aluminium. Experiments which were carried out t9 gandard configuration to produce the Ge XUV laser using
study imprint and subsequent Rayleigh Taylor (RT) growth dugjye heams of the Nd glass laser Vulcan at the UK’s Rutherford

to single mode imprift yielded radiographs showing two Appleton Laboratory. Al foil targets, 2 um thick, were
dominant features. These were, firstly, the large amplitudes iBqsitioned 3.5 cm from the exit plane of the Ge laser normal to
optical depth due to the single mode imprint, which was thghe heam, where the beam illuminated an area approximately
quantity we wanted to measure, and, secondly, an increase i um by 500 pm. A Mo/Si multi-layer XUV mirror of
the total opacity following the envelope of the single mode1gg cm radius of curvature was placed at less than 0.6 degree
Fraunhofer interference pattern. As we were mainly interestegom normal incidence 53 cm behind the Al foil in line with the
in the development of the single mode pattern after shockyy |aser beam. The XUV mirror was protected by a 0.4 um
breakout, i.e. in the RT growth phase, we only gathered a feW| fiiter and imaged the transmission through the foil. It
data points before shock breakout, where the aluminium foil iBroduced an image with 5 pm resolution at 18 x magnification
compressed to its highest density. On analysis of the data, Wg; 5 plane XUV mirror at 45 degrees and 0.4 pm Al filter onto
decided that it was worth dedicating a full radiographyy pack thinned XUV CCD detector with 1024x1024 pixels of
experiment to the measurement of the change in opacity due ¥ |, m size. One other 11 cm aperture beam of Vulcan with an
shock compression, this time using a drive beam with a singlg,qependently controlled pulse shape and synchronisation was
smooth spot, omitting the single mode interference pattermysed to irradiate the front surface of the Al target at 16 degrees
Great care was taken to take a temporal series of shots duriggy, normal incidence. This beam was operated with
the compression phase, i.e. before shock breakout. Thignyersion to the 530 nm second harmonic in a pulse of 100 ps
experiment and its results are described below. rise-time and 1 ns duration. A beam block with a rectangular
As a full XUV-laser radiography experiment is rather @Perture was placed in the beam and it was focused with a 3.5 m

complicated and restricted to a few wavelengths because of tfgcal length lens onto the Al foil. The average drive intensity at
limited availability of appropriate high quality XUV mirrors, an the centre of the iradiation was 7xiowem? or
alternative method of measuring the change in opacity due tb1x10° Wem? in two data sets recorded. For the two
shock compression was tested. Instead of imaging the Al folfradiances different aperture sizes were used, 11x15 mm and
via XUV mirrors onto a CCD, a flatfield spectrometer was usedt6Xx20 mm. The size of the aperture was small enough to

to take the data. We give details of this experiment and compaRfoduce a diffraction limited spot at the focal plane with
its results with those acquired with XUV-laser radiography. FWHM of the central maximum in two perpen_dlcular dlrectlorjs
of 120 x 103 pm and 110 x 87 um, respectively. The relative

Experiment — Radiography timing of the 75 ps XUV laser drive pulse and the 1 ns foil

irradiation was determined by optical streak camera
measurements and was adjustable with mechanical mirror
slides. In the following we denote as time t = 0 the time when
the drive pulse has risen to half of its maximum intensity. The
corresponding ablation pressure determined from the numerical

The experiment was conducted with a 19.6 nhm XUV laser
producing an intense monochromatic 50 ps” pulse which
illuminated an Al foil. The foil was shocked by irradiation with
530 nm laser light and probed by the XUV laser at different
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modelling was 1 to 4.5 Mbar. A typical radiograph is shown inA steep increase in the opacity can be seen at the start of the
Figure 2. The most obvious feature is the reduction inaser pulse leading to a maximum, which is consistent with
transmission in the region of the foil, which is shocked. Themaximum compression of the foil. After shock breakout the Al
ratio of the intensity in the un-irradiated and irradiated regiongoil is accelerated and decompression starts at the rear side of
was determined and the logarithm of this ratio gave the change foil. This is reflected in the data by the rapid decrease in

in opacity relative to the cold opacity.

10

400

CCD counts

200

-200  -100 0 100

20m

Figure 2. Typica radiograph. Probing time t=400 ps.

Results

The experimentally determined change in opacity is shown in
Figure 3a) and b) for intensities of 7x10% Wcm? or
1.1x10% Wem? respectively. Also shown in these figures are
the results from previous single mode experiments (open
symbols), which agree very well with the present results.

a) 1=71012W/cm2

20 T T T T

O  single mode exp (15 pm)

o P, oell

10 i i

1 1 1 1
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b) 1=1.110"3 Wicm?
T T T T
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Figure 3. Relative change in opacity for a) 7 10" W/cm? and
b) 1.1 10" W/cm?
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opacity at t = 240 psfor | = 7x10™ Wem™ and at t = 200 ps for
I = 1.1x10" Wem™,

Experiment — Flatfield

The same 19.6 nm XUV laser was used to illuminate a 2 pm

thick Al foil, which was shocked by 530 nm laser light in the
geometry described above. The experimental setup is shown in
Figure 4.

1.05 um Ge x-ray laser drive

Andor CCD
19.6 nm Ge x-ray laser x‘
0.53 um foil drive N Flat field
spectromet

' \ % T - 2\pmAIfoiI
;

Ge stripe target
aperture

Figure 4. Experimental setup with flatfield spectrometer.

A flatfield spectrometer with a 1200 |/mm grating was placed
on axis with a back-thinned Andor CCD camera as detector.
The size of the detector was 28 mm by 7 mm consisting of 1024
by 256 pixel, respectively, and was placed with the long side
parallel to the horizontal. This ensured that the horizontal
divergence of the XUV laser was captured completely.

Intensity (arb.untis)

100 200 300 200 500
pixel

Figure 5. Spatidly resolved Ge XUV laser line with the
shadow of a solid 125 um wide gold wire.

Figure 5 shows the Ge XUV laser line with a 125 um thick gold
wire placed vertically in the plane of the Al foil. The dip in
intensity is clearly visible, but the XUV light is not completely
blocked out. About 6% of the maximum laser intensity is
detected in the center of the shadow area due to refraction
effects. This introduces a rather large error, which could be
avoided by imaging the horizontal plane with a gold-coated
grazing incidence mirrd?.

Similarly, the shocked region in the Al foil led to higher
absorption of the XUV laser, visible as a dip in the intensity. As
the other dimension on the detector is the wavelength and the
grating is focussing the laser light into a three-pixel wide line,
the vertical spatial resolution is not available. Therefore, we had
to make sure that no XUV laser light from above or below the
irradiated spot could be seen by the flatfield spectrometer. To
ensure this, we used a 10 x 4 mm aperture together with a 1m
focal length lens to produce a spot on the Al foil, which was
oblong in the vertical direction (54 um horizontal by 136 um
vertical, FWHM). Furthermore, we reduced the entrance slit of
the spectrometer to 1.5 mm. A spectrum together with its
lineout is shown in Figure 6 for a probing time of 200 ps.
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1.

Intensity (arb.untis)

100 200 300 400 500
pixel

Figure 6. Spatially resolved Ge XUV laser line passing through
a shocked 2pm thick Al foil. Probing time t = 200 ps. 4.

Because the horizontal dimension of the focussed drive beam is
only half as wide as the solid gold wire, the data have beeh.
evaluated assuming a 10% background due to refraction effects.
The uncertainty of this estimate is expressed in the large error
bars of the data points. In Figure 7 we plot the data taken wit
the flatfield spectrometer together with data acquired by XUV™
laser radiography.

20 T T T T

= XUV radiography 7
O flatfield i :

+

e

1
o 200 400 600 800

time (ps)

Figure 7. Comparison of experimental data for the change in
opacity measured by means of XUV laser radiography (solid
symbols) and with a flatfield spectrometer (open symbols).

The two data sets agree quite well with each other, showing that
— in principle — it is possible to measure the change in opacity
with the simpler setup.

Conclusions

Using the technique of XUV radiography we measured the
change in opacity in aluminium at a wavelength of 19.6 nm due
to shock compression for two different irradiances. For our
conditions an increase of the opacity by up to a factor of 2 was
determined. A test of a simpler setup involving a flatfield
spectrometer instead of monochromatic XUV multi-layer
imaging optics has been carried out, showing that the same
experiments can be performed, yielding similar results. The
quality of the data taken with the flatfield spectrometer is
inferior, which could be overcome by imaging in the horizontal
plane, thus reducing the error significantly.
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Introduction Experimental data

We are concerned with the optical properties of the J=0-1 an&xperimental data from Kodak 104.02 fileach set taken in a
2-1 lasing spectral lines, particularly the 19.6nm andsingle XRL shot using either four targets (horizontal direction
23.2/23.6nm lines, using planar slab targets in the collisionally)) or three laser targets (vertical direction) were selected,
pumped neonlike germanium XXIII soft X-ray laser (XRL). corrected for (revised) non-linearityy, and made
We consider here, for the partially coherent J = 2-1 unresolvedentrosymmetrical by averaging. Fringe visibility values were
spectral lines at 23.2 and 23.6nm without prepulse, a descripticavailable for slit pairs with separations d of 100, 75, 100,
for the source size (distribution of source intensity) in two15Qum horizontal”, and 50, 100, 150, 200, 259, vertical, as
dimensions from experimental data averaged over the timstationed across the beam. The Young slit pairs were disposed
period of a single pulse of radiation. at angular separations of 4.3mrad giving reasonable coverage

. . ross the diverging (~15 mrad FWHM horizontal, ~25 mrad
The spatial coherence properties of an XRL are usually referre .

. . . HM vertical) XRL beam.
to the horizontal and vertical planes. The experimental results
introduced below refer to three- and four-target arrangentents In our previous study of spatial coherence in the horizontal
We add to previous dafaresults for spatial coherence in the direction for four targets only the central visibility values
vertical plane. were considered; here we consider the full intensity
distributions. Because of flux limitations in the diverging laser

. - . 2_ .
Assessing the published image data *é} the source size beam the slits to film separation z corresponded formally to far-

(FWHM) for the two J=2-1 lines without prepulse, taken with >
~15Qm wide line focus irradiation at the target from the driverfield COﬂditiOﬂS(Z >2d //\) only for d=7%um.
lasers, is ~60 to ~1@én horizontally and ~2Qdm vertically,

dependent on specific experimental conditions. The peak las@atter son (autocorrelation) functions

intensity for both these lines in the absence of prepulse ighe intensity distribution in a slit diffraction pattern (power
centred some 100 to 15 from the target surface. spectrum), and its Fourier transform (FT) (autocorrelation
nction), are related as Fourier pairs by the Wiener-Khinchin
eorem. The Wiener-Khinchin theorem is a general
relationship, but in far-field conditions the FT of the diffracted
intensity is equivalent to the Patterson function of x-ray
stallography. The Patterson function provides the
tocorrelation function in the plane of the Young slits.

Methods of measurement of XRL beam spatial coherence ha\IE
used the visibility of interference fringes from slits in al
uniformly redundant array [URA, Referendgsa periodic

array of pinhole®, and we have used a series of Young slit
pairs stationed at between 4 and 7 locations across the divergifi
laser beam”. Separate experiments in the horizontal and®

vertical directions are accomplished by rotating the diagnostigne patterson functioi(u) relates to the plane of the Young

thrpggh 90. degrees. We use a method to determine frlngsqits, spatial coordinatél . Let the slit transmission function be
visibility which reduces film sensitometric errors and the errorsg_(u)with two equal slits of width a and centre to centre

in assessing background levels in the fringe patterns. Th ' )
method is based on the Wiener-Khinchin theorem. separation d. We will show below that for four target data the

. . ) experimental results for d=75, 100, 160 are all sufficiently
We use one-dimensional source models to fit separately thqose to far-field conditions to justify the use of the Patterson
optical coherence properties in the horizontal and verticajynction to describe the x-ray transmission in the slit plane.
directions. The interference fringe visibility = |max‘|min_ P(u) represents the average product of the transmission
max + 1 min between points separated by a chosen distance. Neglecting

For equal Young slits, as in our experimental conditions th&onstants of proportionality:
connection between central fringe visibility and the partial d
spatial coherence between radiation from two slits separated by P() :J'T(w)T(w+u)dw (1)

o

distance U is given by V(u)={ylu) | 1, the modulus of the ) . -
g y ( ) |V( ) | Peaks in the Patterson function are expected at the origin, u = 0,

complex degree of source coherence for the given sligorresponding to the sum of the products of the transmission of
separation. The phase ofy(u) can be determined by each slit with itself, and at u = + d, the slit separation. For equal
measurement of fringe displacement. Using a gaussian modgiit widths the peak at u = + d will have width 2a, measurements
of the slit separation and slit width axe thus separated.

For equal slits in partially coherent radiation, the fringe
visibility is a function of t,V(t)where t is the time difference at

a point Q on the recording plane between waves initially in
phase at the two slits. The general expreslofor the
scattered intensity at point Q where the separate slits produce

2
the source distribution of the form :IoexpE—%Ethe
o

FWHM = 2.350 of the source can readily be calculated from
the fringe visibility.
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respectively transmitted intensitiesl; and I, in experimental and model data for theubslit separation and

monochromatic light, may be written as the sum of two terms¢orrespondingly for the 15n separation in Figure 2(c,d). The
One term describes the coherent superposition of two beams BRrameters are given in Table 1. The values of V, following the

intensity V(t)xlland V(t)xl2 producing intensity modulation fitting procedure, differed from the central fringe values by up
. . . . to 5%.
due to interference in accordance with the phase difference.

The other term is due to the incoherent superposition of twd@he visibility values of the fringes in the coherent intensity
beams of intensity (1-V(t))xI;, and (1-V(t))xi,. The component are not all 100% on moving outwards from the
coherent intensity, with fax-field fringes of 100% visibility pattern centre in both experimental and model data due to near-
within the limits of aconstant value for the visibility, is field effects.

revealed by an inverse Fourier transform using the centre’

Patterson peak (only) with fractional weight V together with the
Patterson peak at u_=+ d. The incoherent intensity correspon: - |
to an inverse transform of the remaining pértV) of the 4l

| 1 i
[4 |- 1
energy of the central peak only. ! i J i
i 1
A more practical way to optimise V from a curve of coherent | | | .
diffraction was found to vary V until the fringe visibilities were — aa® |“ ot At B | o W

closest to 100% over the full angular range.

Experimental and calculated Patterson distributions
Horizontal direction (four target data) "

Patterson functions axe compared in Figure 1 (a-d). Mode!
calculations were made for both z=0.58m (the experimental slit
to film distance) and z=3m, and are indistinguishable except fo |
d=150um which is furthest away from the farfield condition. ===z o ot i et
The Patterson features are as expected. The general level rfj

I

f ' . .
agreement between experiment and model intensity calculatio Jgure 2. Separated near-field (2=0.58m) experimental (full

ne) and theoretical (dotted line) coherent and incoherent

Is good. intensity components for four target data and slit spacings d=
Slit separation (um)  100/92  75/73.5 100/92 150/138 75um (a,b) and 150m (c,d), vertical axes are normalised
Nominal/Fitted intensities, horizontal axes reciprosphcings in pm™.

Visihility (%) fited 64 76 78 77 ) ) ,

FWHM (um) 52 52 39 26 The incoherent components equivalent to the slit form factors
(+ 2um) from the experimental and calculated (slit width =b8) data,
Angular deviation -4.3 -0 +4.3 +8.6 were obtained by Fourier-inverting only the scaled central peak
from maximum of the Patterson function.

intensity (mrad) - increasing refraction

It is known that the two interfering XRL beams from the slits
Table 1. Model FWHM values and visibility values: four target have a complex space-time structure, which may not, on
data average, produce uniform slit illumination. This may be the
explanation for the differences in the shapes of the Patterson
peaks in Figure 1.

Vertical direction (threetarget data)

The experiments on the vertical source size were done at
separate times from those in the horizontal direction, with
similar laser pump energies and laser focus but with different
U ieil l=ims | ol | el Inmll i [ 15 | Il | uel | configuration of the laser targel and with different
diagnostics, but the same nominal source width. These data, for
the three target case, included interference fringes from six
independent patterns for d = 1B0 spread over the angular
range of the vertical beam divergence. The close constancy of
{t the fringe visibility, despite strong intensity variations across
| the beam, indicates a constant source size unlike in the
| horizontal plane. The three target data at the pattern centre,
e e e e e - with a fringe visibility of 25%, have an intensity minimum
rather than a maximum. This indicaféthat the dependence at

Figure 1. Patterson vector products across the angular rangd'® Slit plane on point to point separation of the modulus of the
compared between theory and experiment (four target data§OMPlex degree of coherence passes through a zero value at a
(a) to (c) respectively correspond to slit separations of 100, 75lit separation of less than 150. This may be understood as
100 pm. (d) shows an expanded version of the principabeing due to the argument })ﬁ/(u)| flipping from zero tort at
Patterson peak for the nominal slit separation of LbQ
Wavelength 23.3 nm. Full line experiment. Near-field
calculation, z=0.58m, dotted. Far field calculation, z=3m, dashA satisfactory fit, (Figure 3) of the time-averaged data to a
dot. simple model came froma uniform source of length 1@6.

N . N - The sign of the complex degree of coherence alternates from
Using initially the central fringe visibility values to divide the loob to loob of the transform. being positive at small slit
energy in the central Patterson peak, the separated frin%e P P ' gp

intensity distributions for the coherent and incoherent éparations and for high fringe visibility.
components were adjusted by varying V to show good
agreement when compared respectively in Figure 2(a,b) for

the zero of the modulus causing a reversal of the fringe contrast.
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Figure 3. Experimental (points) and model visibility values for
slit separations in the three target case (vertical sourc
distribution). Source to slit distance 580 mm, slit to film
distance 650 mm. Calculations for wavelength 23.2 nm.

Eigure4. (a) Experimental fringe intensity distribution for three
target data (full line) for slit separation 180 superimposed on
calculated (dotted) distributions for a uniform source U&b

. . ) ) long. (b) Patterson functions calculated from the two near-field
A comparison between the experimental interference fringes fafurves of Figure 4(a). (c) Coherent intensity distribution
the 15Qm slit separation and fringes calculated from a sourceorresponding to experimental diffraction from Young slits. (d)

model with a uniform source 1B long is shown in

Experimental incoherent intensity distribution. (c,d) in near

Figure 4(a). The fit of the near-field intensities is good. Alsofield conditions.

shown are the Patterson function (4(b)) and the separate
coherent and incoherent intensity distributions

(4(c,d)Acknowledgements

respectively). The experimental and model Patterson functiong/e are grateful to the EPSRC for access to the Vulcan laser at
are closely similar. As expected the Patterson functions displayie Rutherford Appleton Laboratory and to the Leverhulme

only a central peak and two symmetrical peaks at ptb8ach

~40um wide. Accounting for noise, the agreement is good

Trust and the Royal Society for financial support.

between the incoherent patterns I(b,d) and 4(d) for similar sliReferences

widths; the non-zero minima are near field effects. 1.

Conclusions

Spatial coherence measurements for a four target X-ray laser in
the horizontal direction show variations in apparent source size
with beam angular divergence. In the vertical direction, for &
three target source with similar excitation to the four target
source, the spatial coherence is consistent with a uniform source
and is constant across the diverging laser beam.

Table 1 shows for the four target configuration a smallest:
source size in the horizontal direction at the maximum
measured refraction of pf, revised from 3@m D, which is 4.
the same value corresponding to the same model at similar high
refraction for the three target systeth This value is
considerably smaller than that found by direct imaging. oup-
results give the source dimension in the vertical direction for the
three target system as 128, closely similar to the width
(~12Qum) of the line focus of the driver laser as also used in the
four target case, generally consistent with direct imaging. 6.
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The efficiency of pumping soft x-ray lasers based on a laseffhe third pulse was <3 ps FWHM, at intensity 2\cm? and
produced plasma medium has increased by more than 3 ordemsived to interact with the pre-formed plasma during the
of magnitude in the last decade through a combination of novétailing edge of the second pulse. Each pulse was focussed to a
experimental design and detailed theoretical modellingcommon line focus of ~10@m width and ~12 mm length.
guidance®?. Scaling to shorter wavelength operation has beefTargets were made from either Ge or Sm evaporated onto
achieved through the use of higher Z targets allowing theolished glass substrates with length ranging from 1 mm up to
efficient operation of Ni-like, as well as Ne-like ion XREs 9 mm and were centred in the line focus. All three pulses were
Pre-formed plasmas and curved targets have been among ttierived from the same YLF oscillator. The CPA pulse was
principle experimental techniques which have had a majostretched, amplified and then compressed prior to entering the
impact on these recent achievements in the development of Xarget chamber. The 280 ps heating pulses were split from the
ray lasers. A new and significant advance in the field has beeQPA line after stretching, diverted to an alternative amplifier
the demonstration of transient gain in neon-like ions at the Maxhain and then directed into the target area. This eliminated
Born Institute in Berlirf). This technique has subsequently beenijitter in the arrival time of the three laser pulses on target.

developed and extended to nickel-like ions at the Rutherford . . ) . . I
Appleton Laboratory®, at LLNL and at LULI. Here we report To achieve pumping with the picosecond pulse in an excitation

demonstration of a travelling wave pumping technique whichvave travelling at the speed of Ii_ght, ¢, it is necessary to tilt the
enables us to achieve saturated output intensities at the shortd@Vefront of this beam so that it intercepts the target plane at

wavelength to dafs pumped in the very efficient transient 42 and there are a number of ways to do this. The method
gain mode. adopted at RAL for travelling-wave pumping combines the

intrinsic tilt in the wavefront inherent to the off-axis focussing
The transient gain scheme decouples the two main phasesdptics used and an additional component introduced using a
generating inversion and gdin A long pulse is used to produce diffraction grating'®'®. Without the diffraction grating, the
and ionise a plasma of desired atomic composition as beforitrinsic travelling wave speed was 2.9¢c and we henceforth refer
but it does not have to heat the plasma to high temperature. The this condition as the non-travelling wave mode. For Ge the
temperature reached is just sufficient to produce a largintrinsic non-travelling wave pulse length was (1.0 + 0.2) ps but
fractional abundance of the required ionisation stage, which ig/ias (2.7+ 0.2) ps when the travelling wave was introduced. For
usually neon-like or nickel-like, but is too low to cause Sm, the pulse length was (0.8 + 0.2) ps for non-travelling wave
significant excitation of the upper laser levels. The plasma isnode and (1.0 + 0.2) ps for travelling wave mode. The
allowed to expand hydro-dynamically to a point where thedifference in pulse length was due to different degrees of
correct ion stage is located in a region of optimum electromptimisation of the pulse stretcher and its correction to
density (usually 1-6x78 cm®) and minimum possible density compensate for the travelling wave grating dispersion.
gradient. At this point the population inversion is pumped by

At ; ; ; ing incidence, flat-field spectrometers with 16-bit
injecting an ultra-short pulse of picosecond duration and at higfWo drazing inci e _ '
intensity (e.g. up to 2xfdWicn?) into the pre-prepared back-thinned CCDs ™ recorded the soft X-ray signa from the

plasma. This raises the electron temperature very rapidly tB/aSma The spectrometers were mounted axially to observe the
values in excess of a kilovolt and leads to transient collisionaf T&Y l@ser signals emitted in both the preferred, travelling
excitation (TCE) and extremely large values of gain coefficient'V@ve direction (N end) and in the opposite direction (S end).
Typical simulations for both Ne-like and Ni-like ions indicate Uniformity of the pump laser hedting dong the target was
gain coefficients in excess of 100 émare achieved on Monitored by two space-resolving Bragg crystal spectrometers.
picosecond timescales and only before the system equilibriatéy! 0Pserved X-ray lasing action was initiated by the CPA pulse
through collisional mixing and ionisé& The penalty paid in Snce the pre-plasma alone could not generate enough gain to
this scheme is that the short-lived gain duratian, feans the ~Produce adetectable output at the lasing wavelength.
amplifier length cannot be longer than abouf,clnless a
travelling wave pump is used to keep the excitation in phaselo_ T T T = T —
with the amplifying group of photons. Saturation of output may __ a Ge
be achieved with relatively short (several mm) amplifier @
lengths. This leads to bright XRL output with picosecond > IEEEE
duration pulses and a pump requirement that is modest in term%
IS

)

==
In this experiment the picosecond pump pulse, with energy up0.0 T i i S 0 200* 200
to ~50 J, is generated in the Vulcan laser amplifier chain using 0 200 400 T (09
chirped pulse amplification (CPA) technolod). Guided by T.s(P9) ks
simulations, the basic pumping scheme had three laser pulse
Two 280 ps FWHM Gaussian pulses with average intensity
~10” Wem? (first pulse) and ~16 Wem? (second pulse) and
separated by 2ns were used to prepare the pre-formed plasm

of both the nsec and psec drive pulses.

o Intensity (au) .
¥

Figure 1. XRL output dependence on arrival time, TLS, of
short CPA pulse relative to pesk of long pulse for 9 mm targets.
(a) Ge (1964) ; (b) Sm(73A).
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Figure 2. Experimental data showing growth curve for 196A Figure 3. Model fits to Ge data. Dotted lines refer to absolute
Ge signal with SSG >40cheading to strongly saturated output from RAYTRACE code, post-processing EHYBRID code.
output of ~0.1mJ when pumped with travelling wave (V=c).  Solid line (TW) is from analytical model witln, = 50cni* and

For non-travelling wave (V=2.9c), outputs at each end of normalised to F=0.5 at 9mm. Shaded area is for NTW with gain
taroet(N and S are consistent with @ain duration of ~10s. duration times from 8ps (lower bound) to 10ps.

A sequence of shots on 9mm long Ge targets was taken twmn-travelling wave mode. This corresponded to ~5 % of the

determine the optimum delay, J between the main long pulse nearly saturated output observed on the N-channel for the same

and the short pulse with the travelling wave switched on. Thehot and is consistent with expectation. We can note that for

CPA pulse intensity was ~x50'° Wem?, the main long pulse simultaneous pumping along the target length (i.e. infinite

intensity was ~8102 Wem? and a 10% pre-pulse arrived 2 ns travelling wave speed) we expect N and S outputs to be the

early. The intensity and position of the pre-pulse were fixed fosame and independent of length o 3 mm and that the

the Ge data set and therefore not necessarily optimised. Thgitput for/ < 3 mm is not sensitive to the travelling wave

X-ray laser signal from the system as a functiongfi§ shown  speed.

in Figure 1, but no measurements were made for settings where )

the CPA pulse arrived before the peak of the long pulse. It ighe experimental data has been compared to outputs from both

possible therefore that a more efficient system could have bediimerical simulations and simple analytical models, as

produced, requiring less energy in the long pulse drive beam. illustrated in Figure 3. The numenca_l simulations derive from_a
3-D raytrace post-processing the inhomogeneous space-time

The two data sets in Figure 2 represent the X-ray laser outhlUtpUt of the 1.5-D fluid and collisional-radiative atomic code
2,13 . .

measured under travelling wave and non-travelling waveeHYBRID . The RAYTRACE code, which includes
conditions with Ts-80 ps and the absolute energy scale, basedaturation effects, simulates the travelling wave case by
on best estimates of grating efficiency, CCD quantum@SSuming the peak gain conditions are presented at all times to
efficiency and filter transmission, is believed to be the propagating p_ul§e. The code predicts a gain duration of
systematically accurate to better than a factor of two. The signalt0 PS FWHM. It is important to note that the absolute energy
growth curves are similar for short target lengths but diverge for@lues from the numerical model and best estimates from
¢ > 3.5mm. The X-ray transit time for a target of ~3.5 mm experimental measurements are derived independently and
length is therefore characteristic of the duration of gain on thghow \'/I'er:y ?E?-(l)\((jBaR%rDeemzm t']n thE long target travellflnlgl; Waved
transition and hence we infer that the gain duration is ~10 p ase. the code has been very successiully use
Figure 2 also shows analytic growth curves based on th efore to simulate 59ﬂ XRL action in the QSS regime with _Iong
Linford formula®? for a range of small signal gain coefficients, fpulse drE/e, where ||t_V\|/as ;ouncbmelss_ary to usl,e a correction
indicating that the peak gain coefficient achieved is >48.cm actor F=0.5 to multiply the actual incident laser energy to

The total output energy from the 9 mm target was ~1Dand account for unmodelled energy loss channels in the absorption

5) ; :
was determined by integrating over solid angle using the anglé:-]rt% ?}i?fes Eiggf ﬁreﬁfrntVIeCﬁnzafﬁgtwgirgrrlgtsefﬁgﬁns f?\:;?o?t
resolved CCD signal, as illustrated later in Figure 4b, an gher, P 9

assuming similar vertical beam divergence. With a 10 ps XR =0.3 gives a better fit to data in Figure 3, mainly by reducing
9 X . 9 o op Lthe source function and the peak gain coefficient. Also shown in
pulse length and an exit pupil aperture of dimensiongiras

. X _ . ; Figure 3 are the scalings from a simple analytical mddel
horlzorlltaclj anc(ij5$lm vertlc;\l (taken fr%r)r; S|r:nulat|ons uagg the which tracks a single ray through a homogeneous gain medium
1.5D, fluid and atomic code EHYBRIE'), this corresponds to . e . . . .
an intensity in the plasma of ~7 x4a¥cm2, which is well with specified constant gain coefficiemt, and gain duration,

. . ) Te, Where the region of gain travels in the r irection
into the saturated regimt&. Parameters calculated numerically _© ere the region of gain travels in the ray direction at a

within EHYBRID such as the gain recovery time and the\igﬁzgl: 2/ in?anéolgeeé?ggio?lfiﬁ:gnz;etuu{gt;o?régtegfg%;?erabut
transition linewidth indicate that the saturation intensity is P y p

~2 x 10° Weni2. This is in very close agreement with an both are fixed, along witla, by fitting to the travelling wave
estimate derived from Figure 3 when the derivative of a fourtt YW = €) d}?ta a}nd ?hormallsmg totnurr}grlcdal tc;]utput f?r theil.g
order polynomial fit to the travelling wave data is used to locatd""" €as€. Keeping these parameters fixed, the non-travelling

the point where the small signal gain coefficient is reduced tgvave output (w = 2'90.)‘ which is now sensitive togTis
half its peak value. The saturation intensity is reached with alculated as shown in Figure 3. The plots indicate that the gain

target of ~4.5 mm length. Measurements made on the Souffration is & = 91 ps, in reasonable agreement with the
flat-field spectrometer in the counter-propagating direction tg'Umerical model.

the travelling wave showed negligible output of the X-ray laselaying established the effectiveness of the travelling wave
line, as would be expected for a ~10 ps duration gain perioghymp we shot Sm coated targets in this mode but at ~2X higher
The S-channel had ~1/8 the sensitivity of the N-channel and thgump intensity. Although initially guided by modelling which
only measurable signal was for a 9 mm target irradiated in thg|so used a prepulse we found that, for Sm, a 10% pre-pulse on
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the long-pulse beam-line damaged the conditions for gain &o conclude, saturated operation of Ne- and Ni-like X-ray
73A, typically reducing the potential output by a factor of ~3.lasers pumped by ~1 ps laser pulses in the transient collisional
Our transient gain data for the travelling wave pumped Ni-likeexcitation regime has been demonstrated with a travelling wave
Sm X-ray laser was produced using a single 280ps heatingump. Transient gain at 196 A was confirmed by observation of
beam and a single CPA beam. The arrival time of the CPAoth forward and backward XRL beams from a Ge plasma
pulse relative to the peak of the long pulse was optimised asnder ideal and non-ideal travelling wave conditions. A gain
shown in Figure 1(b), by taking a sequence of shots wittcoefficient of >40 crit at 196 Awas produced, sufficient to
different delays on the long-pulse beam-line. The optimunsaturate the 2p°,3py, J=0 to 2p°,3sy, J=1 transition in a
pulse separation was found to be ~130ps. A further sequence iget =5 mm long. The overall behaviour was shown to be
shots was taken to measure the gain coefficient at the optimusensistent with numerical and semi-analytical modelling. When
pulse separation as shown in Figure 4(a). A gain coefficient oNi-like Sm targets were pumped under optimised travelling

~19 cm* was measured for this transition. The maximumwave conditions, asmall signal gain coefficient of ~19 cm™ was
integrated XRL output energy for the 73 A Sm laser waspdl.5 observed at 73 A on the 3d%,4dy, J=0 to 3d%;,4py, J=1 and

and based on modelling parameters this corresponds to aaturation effects were observed for targets =8 mm long. This

lasing is at approximately double the photon energy previously
observed in transient pumping and is a direct consequence of a

output intensity of ~1¥ Wem? It should be noted that
saturation might have been achieved with the longest Smg3
targets, as the rolling over of the signal at about 9 mm was not
due to reduced CPA heating pulse intensity at the end of the
target. This is illustrated in Figure 5 which shows line-outs ofl4-
the Ni-like 3p-4d emission from 5mm and 9.7mm Sm targets.
The slope at the edges of both data sets corresponds to t
instrument slit. No signals were detected from Sm targets on the”
South flat-field spectrometer, again confirming the
effectiveness of the matched travelling wave pump. Figure 4(b)
shows typical angle-resolved line-outs from the North flat-field 16.
spectrometer for 9mm Ge and Sm targets with travelling wave.
Compared to the Ge data, the Sm laser has much reduced
divergence and refraction. This is expected, due to the reducgldi
refraction effects at the shorter wavelength. '

51

— ' ' true travelling wave pump.
3 15{7 77 "Sm X
> 3 Gey References
2 101 A 1. JNilsnetal
< -‘g 05 Jl Phys. Rev. A 48, 4682 (1993).
5 .54 i
= 1S A 2. JA Plowes, G JPert and P B Holden
§’ 41 L . . . 0.0 ATPIRPN. Opt. Commun. 116, 260 (1995); Opt. Commun. 117, 189
04 06 08 10 -5 0 5 10 15 20 (1995); JA Plowes et a Opt. Quant. Elect. 28, 219 (1996).
Taraet lenath (cm) Angle to target axis (mrad)
3. JZhangetal
Figure4. (a) Growth curve for Sm at 73A with SSG ~19tm Phys. Rev. Lett. 78, 3856 (1997); Science 276 , 1097
shown by Linford fit. (b) Horizontal angular distributions for (1997).
outputs from 9mm tagets of Ge and Sm. 4 PV Nickleset al
12 Phys. Rev. Lett. 78, 2748 (1997).
RN AREREFEES ' 5. M PKalachnikov et al
1 Phys. Rev. A 57, 4778 (1998).
1.04
0 6. PJWarwick et al
A J. Opt. Soc. Am. B 15, 1808 (1998).
08- 7. A GMacPheeetal
8 Submitted to Phys.Rev.Lett. May 1999
2061 4 8. YuV Afanasiev et al
% - Sov. J. Quantum Electron. 19, 1606 (1989); V.N.
2 04- Shylaptsev et al., Proc. SPIE 2012, 111 (1993).
o 9. SBHedyetal
024 Opt. Commun. 132, 442 (1996); J. Nilsen, Phys. Rev. A
' 55, 3271 (1997).
00- 10. CN Dansonet al
B L L L L L L LB B L BB in Superstrong Fieldsin Plasmas, edited by M. Lontano,
00 20 40 6.0 80 100 120 G. Mourou, F. Pegoraro, and E. Sindoni, AIP Conf. Proc.
Position (mm) 426, 473 (1998).
11. Andor Technology Ltd, 9 Millennium Way, Springvae
Figure5. Time integrated Ni-like 3p-4d emission at ~1.5keV Business Park, Belfast T12 7AL, Northern Ireland.
as a function of position for 5mm and 9.7mm Sabs. . .
12. GJLinford, E R Peressini, W R Sooy and M L Spaeth

Appl. Opt. 13, 379 (1974).

G JPert
J. Fluid Mech. 131, 401 (1983).

L B DaSilvaet al
Optics Lett. 18, 1174 (1993).

P B Holden et al
J. Phys. B 27, 341 (1994); G.F. Caimnset al., 29, 4839
(1996).

F Strati et al
“Traveling wave effects on short pulse pumped x-ray
lasers”, this report.

P J Warwick and C L S Lewis
Central Laser Facility Ann. Rept. RAL-TR-97-045 [ISBN
0902376705], 99 (1998).

CLF Annual Report 1998/99



Science — High Power Laser Programme — X-ray Laser Physics

Preliminary Investigationsinto Non-linear Opticswith X-Ray Lasers

R M N O'Rourke, R Keenan, C L S Lewis, A G MacPhee, B Moore
School of Mathematics and Physics, The Queen’s University of Belfast, Belfast BT 7 1NN, Northern Ireland.

S Dobosz, G Tallents,
Department of Physics, University of Essex, Colchester CO4 3SQ.

A Djaoui, D Nedly,
Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, UK

E W Wolfrum,
Clarendon Laboratory,University of Oxford, Oxford OX1 3PU.

Main contact email address: r.orourke@qub.ac.uk

Introduction data shown in these two figures are taken as a shapshot at

Following on feasibility studié€ into the subject, experimental 400 ps after the heating pulse has been switched on.

exploration began in January 1999. The initial experiment,
carried out in target area east of Vulcan, was to exact
preliminary tests on the viability of a four wave mixing process. ¥z 3.0x10"
This scheme involved the combination of two XRL photons at <
23.12 nm from Ne-like Ni with one optical photon at 1.06 um
in a Na-like Ar plasma to give an output at near the second T 2_0X1017

kel
harmonic of the XRL input. This article aims to outline some of 4 \
the uncertainties which faced us prior to the experimental run € 151 | "”\)\
and the progress made into understanding the best way in which % 1.0x10 g’l
to approach the experiment in the future. % 5.0x10 %/’
Pre-experiment modelling =
Modelling of the susceptibility has been dealt with extensively "z\
elsewher&?®¥. The composition of the ionised gas jet, and the Ntgy. = R
irradiation conditions needed to get it to the required Na-like i, T %0 A = é\é\“
state were assessed using MED 103 in planar geometry. Initially g x10 &

an inspection was performed to assess the temporal stability of
the desired ionisation stage for a particular atom density and
various input intensities. Results shown below, Figure 1

indicate that for an electron density of16m?* with a 100 ps Na-like number
pulse, one should aim for laser intensity in the region 5ftb0 : density X10”
10" W cmi? incident on the gas jet. Plots are against time an .~ 1 goe+018
the ionisation stages are relatively uniform across the spatiz'g

extent of the plasma. < 140E+018
1E18 ‘%’ 1.20E+018
o
— o BN = 1.00E+018
5 + % 8.00E+017
-‘02; 117 Z 6.00E+017
L
o 5x10°  ex10®  7x10°  8x10®  o9x10®  1x10
g 1E16 Incident Laser Intensity (W cm?)
% Z Figure 3. Contour map of MEDUSA output.
X . .
TE 1E15 E Issuesto beresolved in the experiment.
z ] Could we produce a reliable Ne-like Ni XRL? Could the XRL

0 100 200 300 400 500 600 700 800 900 be driven into saturated operation? If driven to saturation, what
Time (ps) output power could we achieve?

Would there be a problem with the pumpdown of such a large
Figure 1. Modelling of mixing medium. volume (as in Figure 4 below)? Would using extra pumps cause

LI : . -
This would result in ionisation to a sodium-like state betweenumavmmjlble vibration affecting the alignment of the system

300 and 500 ps after the heating pulse is turned on. At this timgow would we monitor the ionisation stage of the gas jet?
the temperature of the plasma is in the region of 20 to 25 eV . )
allowing a reasonable population of the 3p level in the Na-likeVould we be able to split the XRL to provide the two beams
ions (the base from which the process is defined to start). AFfAuired for phase matching?

extensive scan was performed to create a matrix of dafaow would we align the split beamlets back into the gas jet
incorporating irradiance level, atom density and ionisation staggome 2 m away to tens of microns accuracy?

population. These results are shown in Figures 2 and 3 and

indicate the regions of interest where one should aim to work iiVould the optical mixing beam destroy the glass splitting plate

order to maximise the sodium-like number density. All of theas it focused into the jet?
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Would the self-emission of the gas jet swamp out the non-lineaWe could not analyse the ionised jet in the same way, since the

signal? damage threshold of the interferometer did not allow a probe
. beam with sufficient brightness. A preliminary attempt to
Experiment and Results. measure ion number density distributions within the gas jet

A schematic of the experiment is shown in Figure 4. The Neksing a Dy target backlighter in a point projection spectroscopy
like Ni XRL was created using the five sided illumination (PPS) set-up failed dueto adominant self-emission signal.

technique with standard pulse lengths of 100 ps and a line fOCUSs 4 result we had to rely on the emission spectroscopy as the
0f 100 Hm by up.to 35 mm. The gas.jet was prepared by a Iin&)Ie diagnostic for the gas jet. Some typical spectra from the
focus using cylindrical optics which provided on target o ission spectrometer from which Naike resonance lines can
intensities of up to 5 x 6 Wem® The remaining beam from /"5 o T n in Figure 6. The analysis does not

the main six was focused down and used as the mixing beaﬂ?)wever give us an actual ion density as the PPS would have.
thus eliminating arrival time jitter with respect to the XRL '

beams. On exit from the target the XRL was split in two by a
Lloyds mirror arrangement. The split beam was incident on one

Irmin s wlve

T Dk b ama ias Iel

e I : Elg

X Ray

/ A  Mirrens

/ ' — |

l_. { o ;:l.ﬂf
B N By Lavew Targes +
; Llmss Howm Splirar i T, L lnsis Mirrer
I ormiey
P bisdichal |t Fonin 1

Uipiies far Hamilng, 'l“-q;' XL ivlvisng
Eommn

T

Figure 4. Experimental schematic.

50 mm diameter, 1 m ROC x-ray multilayer mirror and focused 1400000
into the gas jet (by this time a plasma of Na-like Ar). In the 1 ‘ ——E388)
plasma the mixing of the 2 XRL photons with one Nd:YAG 200000 B
occurred. The output would then travel along the axis to the . 1000000 :gg:g
beam splitter, which redirects it to the flat field spectrometer for-%?3 E51J
detection. The use of one XRL mirror minimised uncertainty in z; 8000001— ‘ -~ E18
the alignment of the split beams into the gas jet, which was 2 m§ TN —
downstream of the exit plane. g 000000 IR i Mol

[a) N [ W\ |
The Mixing Medium S 4000007»5«{5»/”\&:] () Y /ﬂ [ ‘}/IA‘ T

\ W\ » oA 1 Wil

The experiment began with an investigation of the gas jet. We 2000001 ——— v% S - SRy
used a Normarski interferometer to analyse the neutral density 0 N it N il S
of the gas jet. Our analysis of the neutral atom density was 100 150 200 250
consistent with that of previous experiments carried out using Wavelength (Angstroms)

Nitrogen. Shown below in Figure 5 is an interferogram taken at
the operating pressure during the experiment (20 bar). The
accompanying graph outlines the density distributions from the
nozzle tip outward. The image is of a 1.3 mm circular gas jet
nozzle used in the experiment.

Figure 6. Typical emission spectra.

Attempts to streak the output from the emission spectrometer
were unsuccessful, due to the gas jet causing cathode grid

N flashover prior to the ionisation of the gasjet.
The Ne-like Ni X-ray laser
. We compared dab and stripe targets of Ni. The slabs were
AN found to be reliable, though output did vary with quality of
finish.

One obvious advantage with the slabs is that the chamber does
\4_\ not need to be let to air for severa shots. In this run up to

6 shots per pumpdown were possible, limited by the design of
the target mount.

20 40 60 80 1000 1200 1400 1600 1800
Pasition above aperture (um)
Figure5. Gas et interferometry.

In short, to operate in the region we required (electron density
below 10 cm®, to avoid refraction of the optical beam) the gas
jet must be set 2mm below the mixing plane and at a reservoir
pressure of 20 bar. This was extrapolated from the data, as we
did not have awide enough window to see 2 mm from the tip at
this magnification.
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Figure 7. Gain-length scan for the Ne-like Ni XRL.

The stripe targets were less reliable, but mainly due to coatin
problems which have since been resolved. The output from th{ 100
slab targets reached 3mJ and that from the stripe target averag
about 1.5 to 2 mJ. The length scan on the slab target is shown
Figure 7 above. A Linford fit to the data indicated saturation
occurred at between 12 and 15 mm and gave a small signal ga

coefficient of 14 cr.

10005 - -
3 A line focus width doubled (200pm)

A 2

=
5]
> b

XRL Output (uJ)

=
o

A | All shotson (10 mm target
0 10 20 30 40

Pre-Pulse level (%)

Figure 8. Pre-pulse scan.

A pre-pulse scan indicated the output was not sensitive to the
level of pre-pulse as shown in Figure 8 above with a fixed pre-
pulse to main pulse delay of 2 ns. This scan was done with short
targets operating in the SSG regime to enhance any sensitivity
to pre-pulse.

Alignment techniques

We are satisfied with our alignment of the split beams into the
gas jet. This was simulated using a visible diode laser coupled
to an opticd fibre, the output of which was placed at the exit
plane of the XRL accurately using the offline target alignment
system. At the gas jet plane a camera with a microscope lens
was mounted on a Sony Magnascale mount. The alignment was
checked for flexing during pumpdown and calibrated.

We successfully split the XRL and aligned it back into the
spectrometer via the glass beam splitter at the north end of the
chamber. This was our penultimate shot. Our final shot was an
attempt at FWM. The XRL beam was focused into the gas jet to
an intensity of ~ 10°° W cm? the optical to 1x10™* Wem2,
Modelling has shown that such a pulse (optical) will not
decrease the Nalike population through over-ionisation
appreciably over the timescale of the interaction (50 ps).
Therefore we should expect a near second harmonic signa with
an intensity exceeding 10* W cm2, which should be detectable
on the spectrometer?. In the event no detectable signal was
produced.
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Conclusions and prognosis
Self Emission:

The concept of using a CPA pulse to reduce the self emission
has been shelved as the short pulse would result in a colder
plasma with very few ionsin the 3p state. It may be worthwhile
constructing a pinhole arrangement for the FFS collecting the
mixed signal. This could make PPS more feasible.

Alternative mixing schemes

To date our modelling of schemes has been restricted to the Na-
like sequence. It has been pointed out that the Cu-like sequence
might provide higher conversion rates due to the higher
oscillator strengths in such an ion®. With some adaptation for
relativistic effects, our atomic simulation codes will output the
orbital reduced matrix elements which will be required to set up
the susceptibility codes for energy scans.

Cu-like Kr V111

% —
80+ - 567.12 4d3/2-5p3/2
o | 571.30 4d5/2-5p3/2
3 7011688 (3/2) ~ ™= 579.41 4d3/2-5p1/2
T @
b
2 % d A 434.07 4pl/2-4d3/2
= 40 453.42 4p3/2-4d3/2
5 01 18205 1 4 450.78 4p3/2-4d5/2
20 718171 696.03
10 651.69
0 = ‘ ‘ ‘
s p d f

Figure9. The Cu-like Kr level structure.

Preliminary investigations of the Cu-like sequence have shown
that the optical transition will not be matched in this scheme. It
is quite feasible though, that this mismatch will be offset by the
higher oscillator strengths provided when working at lower n
(in comparison to the Nalike sequence). In addition analysis
shows that mismatch is less critical in the long wavelength leg
of the process.

The mixing process would demand an appreciable popul ation of
the 4p level. This should be satisfied as the gas mixing plasma
is expected to have an electron temperature in excess of 20 eV.
The two XRL photons would stimulate transitions to the 4d and
5p levels. The optica photon then polarises the transition to 5s;
decay to 4p gives a near second harmonic output. The scheme
illustrated in Figure 9 applies to longer wavelength systems
such as the plasma discharge devices? Obviously to apply it to
shorter wavelengths would require a more highly ionised
Species.

We have ironed out many of the problems that faced us and
achieved a number of the aims we set ourselves.

(i) We have driven the Ne-like Ni XRL into saturation with a
gain coefficient of 14 cm* and an output energy of 2 to 3 mJ.
We can now be confident that metal slab targets are an option at
RAL. This will increase our turnaround time greatly in future
experiments.

(ii) The emission of the gas jet has proved to be bright enough
for analysis of the ionised species. If we can reduce the self-
emission or change to a brighter backlighter then we could cross
calibrate the systems and have an on-line Na-like ion count.

(iii) We can split the XRL into the required two beams using a
Lloyds mirror. With a small number of shots we will be able to
ensure equal intensity in both beams.

(iv) Our alignment strategy is reliable and can be set up quite
quickly. The flexing of the chamber can be accounted for. We
have demonstrated that we can dign one of the split
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fundamental beams through the gas jet onto the glass splitter
and into the spectrometer at the north end.

(v) The glass splitting plate survives the focusing mixing beam.

A great deal has been learned from this preliminary run which
will increase the prospect of successfully demonstrating NLO
effects in a follow up experiment in August 1999.
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Introduction

The Ni-like Sm x-ray laser (7.3nm) has been shown to saturate

at plasma medium lengths of ~18nitrusing a double pulse 02 i 0.4 umAg fiter
configuration, where a prepulse produces a cold preformed 2pimAg fiter 7.3 nm Smx-ay laser

N N\

)

[4

1.05 pmlaser drive

plasma which increases energy absorption from the mai |
heating pulse and reduces refraction. However, for lengths
beyond 18mm, into saturation mode, a double target
a(rangemeni) had been used to compensate for refrgction. The 25mm Smsiripe target XUV spherical mirror
alignment of the double targets is critical for coupling of the

small gain regions close to the target and precision surface i .

displacement is required for maximum output. Also, the Sm Figure 2. Imaging setup.

laser has a narrow divergence so when imaging back past tiﬂze

target, as in radiograpflythe beam is close to the axis and the esults

double target creates a wide obstruction in the chamber centfégure 3 shows images of the XRL at various target retractions,
for the beam to get past. For these reasons we have trieddaand the output in the haf-maximum (HM) area for a 1%
single Sm target, 25mm long, driven with 5 overlapped beamgrepulse. The total output also increases with increasing target
each 20mm long. This length was chosen since 25mm is welEtraction.

into saturation, where output increases linearly with length, but

short enough that uniformity and an intensity of 5XMY/cn? §m

can easily be achieved.

40
Experimental 20
5 beams of Vulcan at 1.05um, pulse duration 75ps, were used in 0
a standard off-axis geometry, each producing a line focus 20mm 20
long and 100pm wide. These beams were displaced axially and
overlapped on a 25mm target to produce a uniform irradiance of -40
5x10° Wicn? (Figure.1). From the optimisation of the double 80 60 40 20 Oum
ulse pumping of Sm a 1% or 10% prepulse was used arrivin
s cary prep g (a) output = 0.43uJ

pum
40
1.05um drive beams 20

Sm stripe

0
-20
-40

60 40 20 Opum
(b) output = 0.55uJ

d 40

20

Figure 1. 5beams focussed on target. 0

The targets were 25mm long by 100pum wide Sm stripes of -20

~1um thickness coated on glass. The beams were focussed on -40
the stripe and the target could then be retracted a distance d 60 40 20 O W

(Figure 1). This allowed the extreme beams to heat different
regions of the preformed plasma.

The exit plane of the x-ray laser was imaged using a sphericgigure 3. Image of Sm XRL with output in HM (a) target
multilayer mirror at near normal incidence providing a ~8Xretraction d = Oum (b) d = 20pm (c) d = 60pum.
magnification onto a CCD (Figure 2). Uniformity along the line

focus was monitored by a space-resolving, time integrated/hen the target is at zero two lobes can be seen where the
crystal spectrometer. beams from top and bottom create 2 separate gain regions. As

the target is pulled back the double lobes reduce to one bright

(c) output = 0.85uJ
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5-sided illumination of a long target is an easy method for

producing a saturated Sm XRL output. Alignment is less critical
than for a double target and so the output is more reliable. It is
also better for imaging as there is less of an obstruction on axis.
This method has now been used to produce saturated Ne-like Ni
and Ge XRLs at RAM. Also target retraction of ~50pm
increases the output of the XRL and provides a better beam
profile. This is important for radiography where high output is
needed for probing thick foils and good beam profile is required
to ensure the imprint on the foil is probed by the brightest part
of the XRL.
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Introduction Results

At non-relativistic intensities the two plasmon decay instabilityThe patterns of SRHG seen for underdense plasma persist at all
(TPD)Y arises at the quarter critical density /4). For a linear  densities except that the inner ellipse - the usual®*8RS
polarized laser driver, optimum coupling is in the plane ofdegenerates to a point By, = N, /4 (U= J§/2) and is of
polarisation of the laser beam. At the same time, one of theourse absent at higher densities. The remaining ellipses now
TPD plasmons can participate in higher harmonic generation @&orrespond to harmonic generation at near half-harmonic
half-harmonic frequencieso= (N+1/2)ap. At non-relativistic  frequencies (as seen in the laboratory frame). At the quarter
intensities the process is parasitic to TPD. At relativisticcritical density, wherK, #0, TPD coupling arises. As predicted
intensities it arises as a stimulated (*Raman”) harmoniGrom three-wave theory, there is TPD growth at all wave-
generation (SRHG) process in its own right (and arises acrosgmbers for whichK,#0 with growth maximizing along the

all densities from quarter critical plasma up to the laser C“t'Oﬁ)hyperboIaKx2=4 Ky2 +3. Figure 1(a) is a typical growth

The results below_shoyv the _h_ybrid TPD/ SEEHG_p_ro_cess _V‘_’hidbattern for TPD for low to moderate intensity drivers. However,
occurs at ultra-high intensities at the “relativistic critical the TPD growth is now overlain by an almost orthogonal
] - _ — 2 1/2
density” no = Ne/4 whereng =n, Yo Vo= (1+_q /_2) . The pattern of SRHG showing a coincidence in the conditions for
numerical approach to all electronic parametric instabilities agese two processes. At low intensity there is now a resonant
developed by Barr, Mason and Paris used to obtain the triplet of modes along the ellipses. SRHG, being a higher order
results presented here. process, is essentially parasitic to TPD and hence grows with
Discussion TPD. One can therefore expect in-plane half-harmonic emission

The anharmonic laser driver is a superposition of harmonict grow with TPD and that its presence to be an indication of
(lap, ko = 0) wherel is any integer. This couples any fluctua- the existence of the quarter critical density. As seen in

: ; Figure 1(a) TPD growth is maximum close to the maxim{ym

tion (e, k) to the modescp+ay, k). If any pair or more of these ; .
i I : values on the SRHG ellipses and corresponds to exact side-
is either an electron plasma wave= ¢, or a light wave scattering of the SRHG emission; this is precisely where growth

— 2 " . . g
W = ap + I°c” then a resonant three-wave parametric |nstab|I|tyiS reduced to zero for in-plane SRHG in underdense plasma (see

with resonant modes coupled through intermediate non-resona;gferenceg)) The presence of TPD means that in-plane SRHG

modes may ensue. Al relativistic intensities the modes alreidescattering is dominant for low to moderate intensitiged.q

strongly coupled so that a wide range of higher order harmonifséOr example, due to TPD, one can expect measurable 3/2-

generation processes emerges with large growth ratesil et harmonic generation in the laser plane of polarization and
be the mean relativistic plasma frequency (averqged over tkberedominantly at 90°, i.e. emitting along, \Figure 2(a) is a
Iaser_ period). Themq)r_:G(q)H(q)ab:ab _vvhereH(q) IS a_lso a. typical spectrum showing a resonant triplet when g=0.5 for
function of order unity. Laser harmonics satisfy a dlspersmnemission ata = 7/2. The dominant mode In, satisfies the EM
relationship «f=w,’+k’c® ; plasma waves, by contrast, ’

generally have a complex multimode composition. A quickd'SperS'on relation while the two dominant peaksgpisatisfy

examination of 3-wave phase matching indicates the wide ranglge plasma wave dispersion relatior —uk, + 1/4.

of parametric instability regimes which may emerge a . .
ultrahigh intensity. If this pair corresponds to a plasma WavtéNhenq >1, TPD and SRHG arise on equal terms (see Figure

w= y and a scattered light wave such that = (w—la)? = 1(b)-(d)). Strongest growtl, = 0.XQ,, for the combined TPD

%rz + 122 then this is akin to a higher order Raman mechanisrr?nd SRHG processes produces emission at near half-harmonics

which we refer to as stimulated Raman harmonic generatio%;?to a wide range of angles in the backscattering quadrant.
(SRHG). ForN-th harmonic generation this is satisfied for igure 2(b)-(d) illustrates the complex multimode nature of

. h interactions. Figure 2 how: f ntiall r
wavenumbers wher&c® =N? -1 (N >1). These circles are these interactions. Figure 2(b) shows a case of essentially pure

h . - TPD at high intensity (not close to an SRHG ellipse), while
included to guide the eye in Figure 1 (over page). The deca?figs. 2(c) and (d) correspond to the peak growth points for 5/2

into two plasma waves is possible provided @ggt=1/2. This 504 7/2" harmonic emission where the dominant resonant
is the usual TPD instability occurring near the relativisticp5rmonic is evident in thia, spectrum.

quarter critical density.

L o . . Figure 3 shows the out-of-plane growth where TPD coupling is
In addition, instability arises not only due to coupling between,psent This is similar to the underdense plasma case. However,
such resonant modes but also due to nonresonant modulatlons1t is clear that the peak growth points lie well away from, indeed

o . __almost midway between, the SRHG ellipses predicted by low
At ultra-high intensities, large growth rates and frequency Sh'ﬁ?ntensity phase matching arguments. In consequence, the
arise so that single Fourier modes satisfying either of the abovgission. in contrast to the in-plane harmonic emission
dispersion relations usually will not occur; instead the norma’emerges at frequencies closer to integer harmonics than the

mode is a complex superposition of many strongly COUpIe%nticipated half-harmonic frequencies.
Fourier modes. In the case of SRHG, however, there is a single

dominant resonant Fourier mode satisfying= ap*+kc*
coupled to a complex longitudinal response, none of whose
Fourier modes satisfy the plasma wave dispersion relation. At
weakly relativistic intensities g&1), the growth factor
I/w,=30¢7116 occurs for decay into coupled longitudinal-
transverse modes.
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Figure 1. Contour plot of the pulse frame growth rateQ, at

the relativistic quarter critical densityzéu@/ 2) for wave-
numbers in the laser plane of polarizatiBn<£0). The contour
interval is 0.04. The minimum and maximum contours shown,

and the laser amplitude g are respectively:

(a) 0.04, 0.16, g=1, (b) 0.04, 0.24, g=2,
(c) 0.16, 0.28, g=5 and (d) 0.16, 0.28, q=10.
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Figure 2. Spectra ob, andg(arb. units) at the relativistic
quarter critical density where (a) (q=0.K)= (13.8,6.8,0),
I'/Qy=0.07), (b) (q=5)K = (14.3,8.2,0))[/Q, = 0.23\), (c)
(g=5),K =(18.3,6.4,0)[/Qy = 0.31 and (d) (q=5K =
(14.0,6.9,0)]'/Q, = 0.26.
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Figure 3. Contour plot of the pulse frame growth rateQ, at

the relativistic quarter critical density#u@/ 2) for

wavenumbers out of the laser plane of polarizatiQ+0). The
contour interval is 0.04. The minimum and maximum contours
shown, and the laser amplitude q are respectively (a) 0.04,0.16,
g=1, (b) 0.04,0.24, g=2, (c) 0.16,0.28, g=5 and (d) 0.16,0.32,
q=10.
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Introduction

Classically overdense plasma is accessible to ultra-intense
laser light due to self-induced transparency caused by the
relativistic electron mass increase. Here we examine the
electron parametric instability of linearly polarised light at its
cut-off, where the ‘relativistic critical densitgy=n.G) ¢,
g=eAy/mc?is the peak normalised vector potential of the laser
light and G(0)=1, G(g>>1)=1.07. At n, the linearly
polarised laser light is a non-linear anharmonic pure
transverse oscillatidh (induced longitudinal motion is
negated by self-consistent fields), with the electron velocity
approaching a rectangular waveform whem>1. Such
waveforms are unstable in a variety of was
modulationally, to a second order two plasmon decay
mechanism, and to stimulated harmonic generation. These
derive from a combination of charge-displacement and
relativistic mass increase modulations/fluctuations. A general
and unified treatment applicable to all electronic parametric
instabilities, described in last year's Annual RePoand
there applied to underdense plasma, is used.

Discussion

The anharmonic laser driver is a superposition of harmonics
(lan,ko=0) where | is any integer. This couples any
fluctuation(wk) to the modegwH awy,k). If any pair or more

of these is either an electron plasma waway, or a light
wave W= +K’c* then a resonant three-wave parametric
instability with resonant modes coupled through intermediate
non-resonant modes may ensue. At relativistic intensities the
modes are strongly coupled so that a wide range of higher
order harmonic generation processes emerges with large
growth rates. Letcay, be the mean relativistic plasma
frequency (averaged over the laser period). Then
Wh=G(QH () wp=w), whereH(q) is also a function of order
unity. Laser harmonics satisfy a dispersion relationship
W= wy*+KCc ; plasma waves, by contrast, generally have a
complex multimode composition. A quick examination of 3-
wave phase matching indicates the wide range of parametric
instability regimes which may emerge at ultra-high intensity.

If this pair corresponds to a glasma wawes @, and a
scattered light wave such tha™=(w, " ah )* =ap” + Kc?
then this is akin to a higher order Raman mechanism which
we refer to as stimulated Raman harmonic generation
(SRHG). ForN-th harmonic generation this is satisfied for
wavenumbers wheré@c® =N*-1(N>1). These circles are
included to guide the eye in Figurel.

The resonant decay into a pair of light waves at integer or
half-integer harmonics is also possible: then= —w, =
May/2 andk’c?=M?4-1. This decay can only be achieved
for second and higher order procesgis= 2).It is well
known that three light waves cannot be phase-matched in
first order. This is a symmetric coupling between positive and
negative integer or half-integer harmonics (or, a coupling
between oppositely travelling waves with the same frequency
and wavenumber, i.e. standing waves). We refer to this as
stimulated electromagnetic harmonic generation (SEHG).

Finally there is the decay into two plasma waves provided
that e, =I /2. Whenl =1 this is the usual TPD instability
near the relativistic quarter critical density. Wher2, a
second order TPD process occurs at the relativistic critical
density.
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It is also possible for two or more of (A), (B) and (C) to have
Fourier modes in common. Near the relativistic critical
density all three of the above processes can be coupled
together so that there is a resonant quadruplet: (B) involves
the N-th harmonic light wavew = £ Ny, which is a 2N-th
order process; (A) involves th-th harmonic light wave
w=2 Na,coupled to the plasma waveg=ay which is an
(N+1)-th order process; (C) couples together the plasma
waves w=% « and is second order | is any positive
integer). Thus, even in low intensity regimes, higher order
processes may be evident by a parasitic coupling to a lower
order process. At relativistic intensities these distinct
mechanisms can be equally strong in their own right.

In addition, instability arises not only due to coupling
between such resonant modes but also due to non-resonant
modulations. At ultrahigh intensities, large growth rates and
frequency shifts arise so that single Fourier modes satisfying
either of the above dispersion relations usually will not occur;
instead the normal mode is a complex superposition of many
strongly coupled Fourier modes. In the case of SRHG,
however, there is a single dominant resonant Fourier mode
satisfying af= >+ k°c* coupled to a complex longitudinal
response, none of whose Fourier modes satisfy the plasma
wave dispersion relation. At weakly relativistic intensities
(0<1), the growth factor/w,=3q?/16 occurs for decay into
coupled longitudinal-transverse modes.

Results

Large growth rates, a significant fraction of the laser
frequency, occur at similar levels across a wide range of
harmonics. Figure 1 shows the characteristic growth pattern
of the dominant instabilities which emerge at the laser cutoff.
We show these results in tig,k )-plane only since there is
symmetry about thek, axis. The largest growth at low
intensity is seen in Figure 1(a) f&=0, and forg>>1, this
growth rate reache§ = 4. The interaction involves six
Fourier modes, the electromagnetic modes at + w,, and
electrostatic modes ab=%* 2 «,. This branch has the largest
growth of any at all intensities although only marginally so at
ultrahigh intensity as Figures 1(a)-(d) demonstrate.

What appears, in addition, is a combination of the three
processes described above. The SRHG ellipses are given by
KCc>=(N?* — 1)ap® for N>1 while those corresponding to
SEHG give thak’c®=(M%4 —1)wy’ whereM is any integer
greater than 2. These processes coincide Wie2N giving
emission into laser harmonics.

Branches involving only SEHG with emission into half-
harmonics are seen but have weaker growth. The second
order TPD process (C) is also evident; for example, the
branch on theN =2 ellipse in Figure 1(a) which shows
scattering into the second harmonic involves a quadruple
resonance comprising all three processes (A), (B) and (C)
coupling resonant light waves at= # 2w, and resonant
electron plasma waves ab= * w, The spectra for all
branches are symmetric abaut0 indicating standing wave
solutions. N-th harmonic emission includes modes up to
[l|< N. Figure2 shows the symmetric spectra deb at the

first four peak growth points corresponding to emission into
the first four harmonics.
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Figure 1. Contour plot of the pulse frame growth r&&Q,

at the relativistic critical density€0,a1=1) for

wavenumbers in the laser plane of polarizatiQiQ). The
contour interval is 0.04. he minimum and maximum contours
shown, and the laser amplitugare respectively (a)
0.04,0.08g=1, (b) 0.04,0.20g=2,(c) 0.16,0.32¢=5 and (d)
0.16,0.40g=10.

l J_I_. | ._._ J_'.Lﬂ-ll_h_..
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Figure 2. Spectra ofb, andg(arb. units) at the relativistic
critical density forg=5 at the peak growth points of
Figurel(c) corresponding to emission into the first four
harmonics.

(2)K=(0.9,0,0), /7, =0.37,

(b) K =(1.6,1.1,0), //Qy=0.35,

(c)K=(2.0,2.1,0), //£,=0.34 and

(d)K =(2.4,3.1,0),/7/,=0.31.
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Introduction obtained by integrating along a contour in the complex plane

hich bypasses the resonance and uses asymptotic solutions

The influence on St'ml.“ated Ra”?a” _scattering (SRS) Oahich are easily obtained. This makes use of Stokes' theory,
secondary decays and stimulated Brillouin scattering (SBS) h%l?hose details, somewhat lengthy, we omit here
received much experimental and theoretical attention in recen ' ' '

years on account of its relevance to ICF experintertostly, For the SRS/EDI process, it is found that the net gain in the
analytic studies were restricted to homogeneous plasma. Hepeimary Langmuir wave (say) depends weakly on the source
we report the outcome of a study of the influence of secondargvels so that

decays on Raman gain levels in inhomogeneous plasma when a

finite level of ion acoustic waves is present. G=Ggr -Gy

Discussion In other words, the secondary EDI decay can be very effective
in suppressing the Raman gain.

Two secondary decays are considered: geay of the primary

Raman electron plasma wave into a secondary plasma wave ahdr the SRS/LDI process, the net gain G satisfies

an ion acoustic wave - the Langmuir decay instability (LDI) -

or, the decay of the primary Raman plasma wave into a 2G _ 2Ga-2G III(SLZIZIZVL2 26 2G0-2G
: . . . e’ =e“’R N+ 0 (e R — @“"R N
secondary scattered light wave and an ion acoustic wave, which 00,0 Vi,

we refer to as the electromagnetic decay instability (EDI). Such

decays are local processes in inhomogeneous plasma so thatwe see that the net gain depends sensitively on the relative
consider situations where the primary and secondary decays &gurce levels of the two Langmuir waves entering the resonance
coincident. Attention is confined to 1D backscattering. from opposite sides. Usua"y, one would expect these to be at

In isolation, the Raman gain is given by the Rosenbluth gaiffomparable levelsy; =g, and sincevi; = Vi, we obtain that

~ 2 — H
factor Gr=mm2V1ValKx | wherey is the Raman homogeneous G=Cr (exact when §,/1)*Vi2/Vi,=1) showing that the

plasma growth rat/,;(Vy) is the plasma wave (scattered wave) Sécondary decay has litle if any effect on Raman
group velocity andKg is the wavenumber mismatch factor backscattering. On the other hand, there may be good reasons

between the three waves. In the absence of the laser driver, % the source levels of the Langmuir waves entering the

secondary decay in the presence of a finite level of ion acoustf€SPnance from opposite sides to be different. Figure 1
wave would not produce instability but merely give rise to allustrates how the net gain G varies wih for a range of the
nonlinear frequency shifty =cN/2 whereN=an, is the ion  'atio of the Langmuir source wave amplitudes.

acoustic fluctuation level assumed finite at some level aboveor parameters typical of recent experiments (Labaune et al.
noise. However, the ion acoustic wave causes the other twpgg7), with a Raman gain fact@z=5, an ion acoustic wave

waves to exchange energy through the resonance. This can jg&e| of N=0.25%(1%) is sufficient to give an equal negative
expressed in terms of a negative 'gain’ which for the LDlyajnG=5 for LDI (EDI).

process isGy =WV 1V[K | whereV,, is the secondary o ) ) .
Langmuir wave group velocity ani, is the mismatch factor If_the source of_the flnltg level of ion acoustic waves is
for the LDI. Similarly, for EDI,Gy =V 1VolKe | whereV, stimulated Brillouin scattering, then the SRS/LDI process has
is the group velocity of the secondary scattered light wave anglincident resonances for densities approaching the quarter
Ke is the EDI mismatch factor. Mismatch factors depend orfritical density. On the other hand, SBS can act as the ion wave
gradients in the density, flow velocity and temperature. BelowsPuUrce for the SRS/EDI process in underdense plasma. Of
we give an expression for the net Raman gain G subject to boffPurse, there are no such limitations if the density fluctuations
these mechanisms in terms of the ‘gain’ facBendGy and  &reé seeded from an external source.

the noise levels of the source waves. This theory may thus provide an explanation for many features
of the observed interplay between SRS and SBS in laser-

pproduced plasmas. For instance? inthe SRS instability was

observed to switch off during the presence of an SBS signal and

from the right (LDI), &, for the Raman backscattered wave, angre@ppeared when the ion acoustic density fluctuation level went
. below some critical value. Such behavior may correspond to the
& for the secondary scattered wave (EDI). In general, the ligh

wave source levels are small by comparison with the Langmui ase where the LDI mechanism is in operation, i.e. when the
. y P 9 éain factor experiences a fast transition from
wave noise levels.

Let the source levels from which the waves amplifydbefor
the primary Langmuir wave entering the resonant region fro
the left (say),d, for the secondary Langmuir wave entering

The model used is a WKB coupled-mode representation of the G=Ce

5-wave interaction between the three SRS waves and the thrge

secondary LDI or EDI waves where the Raman Langmuir wave

is common to both processes. Laser pump depletion is neglected 2\ [
and the ion acoustic wave is likewise assumed to be at a level G=0Gg +O.5In%#22;2%
that variation in its amplitude through the coincident resonances 1 u

can be ignored. It is the evolution and gain in the remainin
three source waves that are sought by, in principle, integratin
the equations through the resonance. In practice, the gain can

nother interesting observation connected with the influence of
%nsity fluctuation on SRS signal was the observed dependence
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of the SRS signal on the damping of ion-acoustic %#ve References
Since the SRS gain factor depends on the ion acoustic density . .

fluctuation level, it is in turn sensitive to the ion-acoustic Wave{‘ E/I Lhabiugi' H";‘;l Baldis, l;l.4F2egni\gd9,7E. Schifano, A.
damping rate. In terms of the theory presented here, the ion Ichard, Fhys. Flasmas, ( )-

acoustic wave damping redudeghus diminishingGy leading 2. R.K. Kirkwood et al., Phys. Rev. Letters, 77 2706 (1996)

to an increase of the SRS signal.
Juan C. Fernandez et al., Phys. Rev. Letters, 77 2702

3.
Thus in conclusion one can say that it is shown that there are  (1996).
two basic mechanisms which are responsible for the coupling
between SRS and density fluctuations. Both mechanisms may
be present in laser-produced plasma and become important at
almost the same level of density fluctuations.

Figure 1. The net gairs for the SRS/LDI mechanism
versusGy for various ratios of the Langmuir wave

source levels. The SRS/ EDI mechanism corresponds
to the curve where 3, »/8, 1= 0.
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One of the important objectives of X-ray laser development is
to achieve a coherent, monochromatic, and saturated la
output at short wavelengths. Saturated soft X-ray amplificatic
in Ne-like ions has been demonstrated at wavelengths betw
24 nm to 15 nm. The required pumping laser energy increas
rapidly with Ne-like ions as the wavelength becomes short
towards the water window region (2.5 nm —4.4 nm). Witl
Ni-like ions the pumping laser energy is reduced for a give
X-ray laser wavelength as the quantum efficiency (the las
transition energy/the excitation energy) for Ni-like ions is
higher than that for Ne-like ions of similar X-ray lasel .
Wavelength- 45 5‘5 eg 7‘5 8‘5 95

7000

T 6000

T+ 5000

+ 4000

+ 3000

T 2000

Electron Density (x10” cm™®)
Electron temperature (eV)

+ 1000

Atomic Number

With multi pulse pumping, the efficiency of soft X-ray lasers
produced from laser plasma media has increased. Shortgfgure 1. The temperature and density producing maximum
wavelength lasing has been achieved using higher Z targets ffactional Ni-like population.

Ni-like and Ne-like ions. Multi pulsing works well with ~100 ps ) .

pulses, where the gain is quasi-steady state. Collisiond} Simple 4 level laser model with a Doppler broadened laser
pumping into the upper lasing level is balanced by radiativéain profile predicts that the small gain coefficient is given by

decay*. , i B
In this report, Ni-like X-ray lasers with atomic numbers A M 9pAn B ©)
between 47 (Ag) and 92 (U) and lasing wavelengths between N

G0 = —R
14 nm and 2.5 nm are examined. We calculate the gain SHW 2kT, E 91 %0 E
coefficients and the required pumping conditions for the Ni-like
ions as a function of atomic number using the 11/2DWhere)\ is the Iasing Wavelength, M is the ion mass, Ti is the
hydrodynamic with atomic physics code EHYBRID and theion temperature, A is the radiative transition probability for
atomic data tabulated by Daido ef’al transitions between the upper and lower lasing level apdsA
the radiative transition probability to the ground state of the

The energies of lasing levels and the oscillator strengths Qhwer lasing level. The parametersand g are the respective
transitions have been calculated by Daido et al for Ni-like iongeye| degeneracies.

from Z=47 to 92. There are two 4d-4p J=0-1 lasing transitions

for Ni-like ions. The lasing transition oscillator strengths areThe small signal gain coefficienty@ calculated using equation
approximately equal for dysprosium (Z=66), but become(3) assuming an ion temperature of 200 eV for the plasma
increasingly unequal at higher and lower Z so that the dominaronditions of optimum Ni-like fraction population. We assume
lasing transition switches from the long wavelength line to théhat a fractiond= 0.5 of the total ions are Ni-like. The required
short wavelength line with increasing Z. Given excitationlength L for saturated output is deduced from the gain length
cross-sections as a function of incident electron energy, aproduct at saturation ¢G=15).

excitation rate coefficient can be calculated for a Maxwellian

electron velocity distribution. The excitation rate coefficient isIt remains to determine the laser irradiance conditions needed to

produce the plasma electron temperature and density for

given by maximising the Ni-like population and assumed for the
- evaluation of Gand L.
< gv >=158x107° 7np(b)exp( b) (1) @
AENT
where AE is the transition energy in eV, T is the electron 10000 1 16
temperature in eV, W&E/T, and n is a multiplier. The p(b) Energy - 14
function is tabulated by Daido et al in terms of A;, A, and 1000 " Wayelength T12 _
A; using 5 R : 0 &
? 100 4 | g ‘g
p(b) = exp(A, + A, Inb + A, (Inb)? + A,(Inb)*)" g Lo ¢
10 14 =
We can write for the pumping rate into an excited quantum state 2
R =< OV > neni (2) * * /’-\Glsomm Numb7e5r ° %

where R is the electron density and is the ion ground state

density. Daido have calculated the electron temperature arigure 2. Calculated wavelength for the most intense 4d-4p
density producing the maximum Ni-like fractional population lasing transitions for Ni-like X-ray lasers and the estimated
(see Figure 1). pump laser energy in a 75 ps pulse required to produce lasing in

- . i-like ions as a function of atomic number Z.
For these conditions we have evaluated the collisiona

excitation rate coefficient for pumping into the upper Ni-like The EHYBRID fluid and atomic physics code is used for this.
lasing level and the pumping rate R according to equation (2). Assuming a double pulse pumping configuration with a pre-
pulse of 10% timed 2 ns before the main pulse, a pulse width of
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75 ps and a focal width on target of 30, the laser irradiance References

needed to achieve the electron temperature producing maximum  j Nilsen, B J MacGowan, L B DaSilva and J C Moreno
Ni-like population can be calculated. Phys. Rev. A48, 4682 (1993).

The laser energy needed to achieve saturated X-ray output for 3 Nilsen and J C Moreno
Ni-like ions is determined using the necessary L values  phys Rev. Lett. 74, 337 (1995).
(Figure 2). Allowance is made for overspill of the line focus )
length, so that 2/3 of the laser energy is incident on the targé& J Y Linetal
and for a 50% loss in the laser absorption. The analysis predicts, ©Optics Commun. 158, 55 (1998).
for example, that Ni-like Dy lasing at 5.86 nm requires ~90 J 01y | paido et al
target to achieve saturation in agreement with the Intern. J. Mod. Physc. B11, 945 (1997)
experimentally obtained valie o ' = :
5. R Smith, G J Tallents, J Zhang, G Eker, S McCabe,
G J Pert and E Wolfrum
Phys. Rev. A59, R47 (1999).
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Multiphoton lonization of He and H;

D H Glass, J Colgan, P G Burke
Department of Applied Mathematics and Theoretical Physics, The Queen’s University of Belfast, Belfast, BT7 1NN

Main contact email address. D.H.Glass@qub.ac.uk

I ntroduction The present results are of particular ir!terest given recent
. - R f experimental wp@ which has been carned out on He at
For a number of years th&matrix-Floquet t eory o 248 nm. For this reason further calculations are underway on
multiphoton processes has been used to study multi-electrgp, investigation of the 1s2p° resonance which becomes even
atoms and atomic ions in intense laser flelds. Use of thi ore pronounced at neighbouring wavelengths. In addition, a
approach has led to a greater understanding of a number g mparison is underway between the present time-independent

pI;gnk:)n;‘ena, SUCh gfs‘ Iaser-oilnqluced qlegenergtegttstes h(LID proach and time-dependent calculafibatso being carried
which have been discussed in previous reportlthoug (R/Ut at Queen’s University.

much progress has been made it has been difficult to stu
realistic laser parameters for atoms such as He due to the large
numbers of photons which must be absorbed for ionization t
occur. In the present report this problem is considered b
studying the multiphoton ionization of He at the KrF laser
wavelength of 248 nm and intensities up ter 80" Wem?,

i
Recently theR-matrix-Floquet theory and computer programs m——— AL
have been extended to treat the multiphoton ionization o i 1szp'e®
diatomic molecule?. This area of work is of particular interest | i
due to the extra degrees of freedom arising from the nucle¢ |
motion which introduces new processes not found in atom A A
such as dissociation and bond-softening. To date most otht
theoretical work on molecules in intense laser fields has I i
focussed on K, but given the power dR-matrix theory in its
application to multi-electron systems the present approach wil ~ [=¢ I=5u b0 W
enable more complex molecules to be studied. An illustration o 1 1
this is given by results obtained fop.H

A i

Since an outline of the theory has been given previBuasiyd
more details can be found elsewHéf® only the present
calculations will be discussed below.

He{li')

Multiphoton | onization of He

At low intensities absorption of five photons is sufficient to
ionize the He atom, but as the intensity increases the ionization

Figure 1. Energy levels for He at zero intensity and
5x10" Wem The shaded area represents the

threshold moves up by approximately the ponderomotive continuum.
energy,U,, of a free electron which is given in atomic units by

E 2

u,=—"2% (1) T .

4w ol | l=2p !
where E, is the electric field strength an@ is the laser LU ) 1
frequency. If the intensity is sufficiently high channel closing 4 | . i
occurs so that six photons are required to ionize the atom Il 5 i !
Figure 1 gives the energy level diagram for He in both the low 1o [ {
and high intensity cases. It can also be seen that in the hig - | |
intensity case intermediate five photon resonances can occt % nt | dp P |
between the ground state and excited bound states. === 11| 1] '.II N {
The calculations were carried out adopting a single state, the 1: i ' Iﬁ |
to represent the residual Hedon. The accuracy of this Tl r 1
approximation was confirmed by calculating ionization rates for i {
several intensities using a three state approximation to allow fo T | |
additional correlation effects to be included. The rates obtainec L l Threshold i
from the two approximations differed by less than 5%. 1o ILI. . T ]IJI :

In Figure 2 the total ionization rate is given as a function of the
laser intensity for a wavelength of 248 nm. At low intensity the
total rate obeys the perturbative power law for five photon
ionization.

[ntenzity (Wem )

At an intensity of 6.7 10" Wcm? channel closing occurs as
discussed above and as the intensity increases further five
photon resonances occur between the ground state and excited
bound states of odd parity. This series of intermediate
resonances culminates with the largest resonance due to the
1s2p'P° excited state at an intensity ok5.0% Wem2

Figure 2. The total ionization rate as a function of laser
intensity. The arrow marks the intensity where channel
closing takes place.
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M ultiphoton I onization of H,

Two target states of the residua}"Hon were retained in the
expansion of the wavefunction, corresponding to théZg(+
ground state and thés," first excited state. These were
represented as LCAO-MO-SCF wavefunctions constructe
from a 1s-2s-2p ST@ basis as used by Tennysenal” in
their study of low energy electron scattering by.H

The potential curves for this system are shown in Figure 3. Als

marked on this figure are the Rydberg bound states convergi
to the H' (229*)ground state and the Rydberg resonance
converging to the B (3=,") excited state.

Potentidl energy (Ryd)

o

Figure 3. Potential energy curves forlnd H".

anl
o [

lzabom o e | HY
=]

Fi eapaennl & (014

Figure 4. Contribution of the two photon rate to the total
rate at different internuclear separations. The dashed line
is the total ionization rate, the solid line is the one-
photon contribution to this and the dotted line is the two-
photon contribution.
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Initially single photo-ionization results at low intensities were
calculated for this system, and the positions of the doubly
excited states corresponding to the Rydberg series converging
to the H" (3,") were found to be in good agreement with

fprevious work.

The contributions of the one and two photon ionization rates
were extracted from the total ionization rates for calculations
arried out at an intensity of foNcmi®. These are illustrated in
jgure 4. A strong enhancement of the two photon ionization
te can be clearly seen at each inter-nuclear separation
considered (1.2, 1.4 and 1.6 au). This is due to the presence of a
core resonance, where the frequency is such that it brings the
ground state into resonance with the first excited state.

The calculation of two photon ionization rates is also being
carried out for a range of inter-nuclear separations fore

also hope to investigate three photon ionization at a laser
wavelength of 248 nm, in order to compare more closely with
experiment.

The computer programs used in this work have been developed
for a general diatomic molecule. We therefore intend to begin
calculations of multiphoton ionization rates for other molecules
of interest such asj\ind CO.
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Fast and Anomalous Electron Transport in Intense Short Pulse Laser-Matter
Interactions

M. G. Haines
Blackett Laboratory, Imperial College, London SW7 2BZ

Main contact email address: m.haines@ic.ac.uk

Introduction 1-D mode with anomalousresistivity

When an intense short pulse laser is incident on dense mattéguations (3) and (4) represent the fast electron pressure
the electromagnetic energy is converted with high efficiency tdalance and continuity respectively:-
energetic electros The subsequent transport of these fast

electrons has been studied theoretically by three types of model: Tthh
a fully PIC cod®, a hybrid code (collisionless fast electron E=- (3)
component in a resistive electron fluid backgro@ndind en,

analytically in 1-D for a similar hybrid mod®lIn this report

further analytic work will be presented, showing how the return on 0 J C
cold electron current will excite an anomalous resistivity as in a — =0 E%&D: -00== C (4)
related papél, and the associated skin depth leads to an a e e

estimate of the net current and the self-generated magnetic field.
as in Bell, but Ohm's law is replaced by
Importance of the electric field, E

In conventional e-beam-plasma interactiiisis assumed that J, = an.ec, (5)
the electric field, set up by charge separation, and in 2-D

modified by induction, is too small to affect the beam itself. TheangT, is now varying according to

condition for validity of this depends on the penetration length

I, given by 3 4T

- nc <= ;]c EE (6)
2 a

3 1 J
=T, ==mV =eEl =e==%l ()
2 2 g From these we arrive at a coupled pair of time varying

. equations ircg andn
whereT,, v, are the hot electron temperature and sp&ed,the q © "

return cold current density and is the background plasma & Th Z mh
electrical conductivity. Quasi-neutrality ensures that the hot (or —= g2 ———"a )
fast) electron current density, is equal and opposite td, a n, 3mi oz

while the absorbed laser intensltys is 7TJ/2.. The critical

length that arises then in eq.(1)}#4z,, being the length scaling

arising in Bel?. For a target length greater than this critical = —a'nc—S
value the hot electrons are reflected from a moving potential a oz
slope. Furthermore, for a narrow focussed laser deposition, 2-D

effects will lead, through a non-zero cilto the generation of On eliminatingcs we arrive at a non-lineavave equation
an azimuthal magnetic field.

n

(8)

Heating and the drift parameter

dznh = azn ﬂ_d 1 %E (9)

2
In Bell's mode? the heating of the background electrons in a a ¢ 3m Jdz[h, ozU
time At leads to temperature change of the cold electrons of
densityn,, in contrast to the non-linediffusion equation found in Bell.

This gives a characteristic velocity of propagation,

8 J
At = ——2s At 2
" 21Nz, @ n .z, 0
H3mn, B
A typical example off; = 100eV for Al,0=10°W M2, 146 =

10"Wem®, T, = 200keV leads ta = 28um; while fol\t = 1ps o i merical example, pertinent to ref@,= 2, n/n, = 100, T,
andn; = 7.8 x 16°m* givesAT. = 1.1keV. ClearlyT; is not = 200keV,Z = 6, m = 12m, givesu = 3.6 x 10ms* or a
constant, and indeed in Davies' hybrid code is allowed to Varfyansmission time through 1A of plastic of 4ps.

The initial drift parameteng/cs is ~ 1.7, wherey = JJ/n.e andcs
is the ion acoustic velocity. At higher intensity eg**¥gcn?,

A self-similar solution can be found for eq.(9) giving
AT, will rise to 11 keV andi/cs will be 5.3. In such cases an

anomalous resistivity will be generated either due to ion- 2

acoustic turbulence fZT, >> T;, Z being the ionic charge, or, TC [l n, ——= (11)
in the presence of the generated magnetic field, lower hybrid (Z+ Zo)

turbulence.

7 n.Zt
for |, Ut and Z, :—30'2Tn2°—|.
i ' abs
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Skin depth and magnetic field
Space charge neutralisation in a baoked plasma occurs on a 1.

time scale (#0)™*, while in absence of an induced plasma
current a relativistic electron beam will be limited to the 2,

Alfvén-Lawson valuefymc¥e. When a cold electron return
current is driven, the usual motleleads to a skin deptd of 3.
c(t/0)*2. In contrast a cold collisionless background plasma will

have a skin depth of/(),. where G is the cold electron 4.
plasma frequency, while a hot plasma will have an anomalous

13
skin depth that we can estimate to @BZVCM/W;e) This >

last case is appropriate for the PIC simulafioasd gives good
agreement 0d = 3.6¢/(W.

However when we ask if the lower hybrid turbulence will be 6-
important we find that in such a PIC simulatignis much
greater tharm,. Employing the anomalous collision frequeff®y 7.
we find it has a value of 2 x 187 for T, = 0.1T,, (vg/vj)? = 10,

B = 250MG and3. ~ 1. Its growth rate is only 1% of the laser s.
(angular) frequencyy, and its saturation time is ~ 0y A

very fine mesh<0.1Ap, (Ap is the Debye length) would be 9.
required to simulate this, but we can estimate that the skin depth

will be increased by a significant factor to a valueckef(,
and hence the magnetic field will also rise by this factor.

However before then the magnetic pressure might exceed the
plasma pressure and pinching of the channel will occur. The
experimental evidence for magnetic channelling of the electron
beam itself is now very strong as shown by the hot plasma
breakout on the rear surffteand more recently from the
emerging energetic proton deflectfon

69
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Fokker-Planck Coefficients for lon-Electron Collisions in an Electro-magnetic Field

G J Pert
Department of Physics, University of York

Main contact email address. gjpl@york.ac.uk

Introduction is present at low intensity, and is due to the neglect of higher

. . . order terms referred to earlier. Proceeding to the next order for
Fokker-Planck modelling provides a convenient method for g

calculating the electron distribution function following v > uwe findAv is modified to:

ionisation by a strong electro-magnetic field. In contrast to Od fu? 0
Monte-Carlo simulation the method allows a meamecurate ( 2)2 Bd—v[-)—én[/\(v)]m if v>u
calculation of the distribution in the high velocity tail without v:4—nN. Ze il] av O
unacceptably high computational overheads, a condition 3 ' m vy )
important for the investigation of electron excitation and Ezafn[/\(u)] otherwise

ionisation. The calculation of electron-electron elastic

collisions follows the usual MacDonald,-Judd-Rosenbluth formbut Av? remains unchanged. Hence the mean energy gain per
However unless the simulation is to be performed on the tim@nit time:

scale of the field oscillation, some averaging over the ion-

collision rate is required. This report shows how this d ]

requirement can be met when the electron distribution is arr (Ze2)2 a{f”[f\(v)]} if v>u

isotropic, and vyields (yet again) the high field inverse AE=?Ni—

bremsstrahlung heating rate. 531 zn[/\(u)] otherwise
u

Electron-lon Scattering
We consider the scattering of oscillating electrons by heaw/f the field is off, u = 0, the mean energy chanyé = 0

fixed ions of charge Z and density. M this case in the absence consistent wiFh elastic collisions.. These results are in .excellent
of an electric field, the electron velocity is unchanged in the2dreement with the elementary impact model. To obtain the net
collision, since an elastic rotation in the isotropic case leave§N€rdy gain we must average over the field cycle, i.e. over a
the speed unaltered. When the field is present, we require tigriod of the quiver velocity, u %w/[%2 - Op-2cos(B)]. To
scattering averages parallel and perpendicular to the electrdlp this we introduce two parameters R(v) and S(v) which form
velocity: A vy, Avg (= 0 in a symmetric systemj \,“2, Av 2 the averages over the pha@ewhen v> u or v < u respectively:
Transforming to the frame with the ions moving with quiver

velocity -u and the electrons with their thermal speed v we can e v>u
obtain these averages directly from Chandraséktequations

max

2.352), (2.421), (5.723) and (32) p.256) accurate to the 02 ¢ U@
‘(domin)ant( term’)in(the C)oulomb( Iogjarri)thm.)Each term omits R(V):E,_TJ—O u(z )de U V> Unin
smaller logarithmic and other terms, in particular we lose the °
behaviour of the log with respect to u and v together. This will Eb Unin 2V
lead to problems at low fields, where the variation of the u
Coulomb log is crucial in determining the rate of energy O
absorption. The mean velocity changes per unit time, calculated B) vaU
from Av = A v+ %2 Av? / v andAv? = A v, obtained with this 02 ., u i
level of approximation are: = *0
pp 2 s(v) S;_TIH’U(EV”[A(U(B»]M U, >V>U,
O u . O
(zf =AWV ifveu 2% Y yola(u(@)]lde  u, >v
AV:4—7TNI Ze2 ];%_V BI_TIO 3(55 [ ( ( )) min
3 v an[/\(u)] otherwise
%u For a beam with polarisation coefficieqt we obtain the
Ou? maximum, s = W V[¥%2 + Y]], and minimum,
- (262)2 1 a—zén[/\(v)] ifv>u Unin = U V[¥ - |q»1/2|1, quiver velocit_ies, and the phas_e anfle, _
AVZ:_Ni_Z_ DV at which the velocity equals the instantaneous quiver speed is
soom vé%fn[/\(u)] otherwise given by:
Dyz V>umax
the velocity used to calculate the Coulomb logarithm should be - . { — —
the averaged relative impact speed, but this presents intractable o —EWCS'”\/ (V ‘Umm)/ (Umax —umm)} U >V Uy -
problems. Consistently with Chandrasekhar, we use the larger E) Uy >V

of the two individual values, namely Max(u,v). The Coulomb
logarithm for electron/ion collisions in an applied field takes ayye note the following properties: R(v) and S(v) are continuous
different form from that of the electrons as a consequence of theer the entire domain of v; although their derivatives are

changed outer impact parameter over which energy absorptifiscontinuous at v = g and v = W, The combination
can take place. In either classical or quantum scattering we,

. 2 Uz dr(v) . v ds(v) . .
obtain the forms ¢n[A(V)] = (n{V[1 + (Byad/bmin)]} where —én[/\(v)]— + ——2 s continuous for all v. For R(v)
buin = Max[(Z&/mv2),(h/mv)] and b, = viw are the inner and vy dv
outer impact parameters respectively; the inner parameter We have the explicit form
either the Landau parameter or the electron wavelength
depending on the nature of the scattering process. The mean
energy gain per unit timAE = m [vAv + %2AV?] is zero for
v > u. This is clearly un-physical since inverse bremsstrahlung
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5 Vv>U,, Maxwell-Boltzmann distribution of temperature T). Writing

g 0 Ovae O 1 0 :\;](v) an Sf(y)t expllf:itly indterrps otLtt:?ir int?%rals , rbetvgr.sing
R(v)=E%’éarcsmWB - _len_ E_F w2, V2V -uz, E e order of integration and noting that f(yx& f(0) we obtain:

0 oo (S mAWIRM Mavtf L (] (v

O Unex>V2Ugiy 0 dv 22U dv

B U ) [, - oA (G)ae

However for S(v) no simple analytic form is available, although
simple approximations can be developed for plane polarise
(¢=0,1) and nearly circular lightg€0.5).

and

o 1 %
S{v)f (v dv==f (0)(" ¢nA(u)u®(6)d&
Hence we obtain after averaging over the period: ‘[0 ( ) ( )V 3 ( )‘[0 ( ) ( )

L\ Hence after integration by parts and using the result
a=tmy (2] 150 B e Yol imimln{)] - Owe obtain
3 m° v Edvg]v O 5 U, A

[ %@% [nA()] R(v)+£8(v)|§f V)av

3 m° v o

,_8m, . (ze?) 1B, Ve
av=BTy (22 E@%ﬁfnwv)]a(v) ~sfa)

=Zuzp AW (v
The corresponding Fokker-Planck equation becomes: 6 - dv

2
& _am @10 EJVO%[R(V)f(V)]fn[/\(V)]+E which for a Maxwell-Boltzmann distribution yields:
=N O O
a 3 'EmEVZWEVZJ O dE _477* mN, N, [12€* [, (~
SA,V f \"J - i eHZe 2 )_ N
AT B £ N El ) 5) a0
The Energy Integral is accordance with earlier results, wha(g) =A V°, A =A v

The inverse bremsstrahlung absorption rate is obtained bgndyis Euler’s constant (= 0.677215665). This result confirms
calculating the rate of increase in the total energy integratethe importance of using the next order termin

over the distribution: . . . )
The other case in which the integral can be analytically

evaluated is the high field limit wherg & v;. In this case R(v)
= 0 when f(v)#z 0 and S(v)is given by its high field value. For
o2 . d V2 0 plane polarised light we may use the approximation noted
=167°mN, EL%J’ uj—{én[/\(v)]}R(v)+—S(v)|:|f (v)dv earlier which integrates to give for a thermal Maxwell-
m % dv Uy 0O Boltzmann distribution:

J 1
ry I Ernv2 f (v)arm? v

in agreement with earlier results in high and low fields. At low _ 2 N En(a)en(2x)+(y/2+ 2]+ H
fields, y « v, the term in S(v) does not contribute strongly and [, —S v)f (V)dvf-z—e {[ ) 2 57 A}D

R(v) = %. At high fields R(vf 1/3 (v/w)?, and the term in R(v) = % L & in(ex)f~{y/2+ m2-1f -S4 i

is therefore much smaller than that in S(v). Hence we note that

the term R(v) makes only a small contribution to the absorption

in high fields and S(v) in low. Comparing this result with that from the full calculation for this

. . articular case, we see a difference only in the teri28,
If the Coulomb logarithm is held constant then the energ hich replaces?/24. Th ; f this discrepancy is th t
absorption rate obtained by integrating over the distributio ch replace - Ihe source of this discrepancy 1S the cut-

does not depend on the term R(v), which integrates to zer8ff introduced in the termin [A(v)] when v = u, and gives a
provided fir[r)wn[/\(v)]ﬁo, as predicted by the value AE and ~ Measure of the inaccuracy introduced thereby.

simple analysis. References

S Chandrasekhar

Principles of Stellar Dynamics,
Dover Publications (New York) 1960.

The integrals may be evaluated in the limit of weak fieldsL:
U « iy where v is the mean thermal speed 2kT/m for a
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Designing Cylindrical Targets to Measure the Radiative Properties of High Density
and Temperature Plasmas

Y Xu, SJ Rose
Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, UK

Main contact email address. y.xu@rl.ac.uk

Introduction standard deviation of both the density and temperature in the

L L . . foam at two times near peak compression.
Cylindrical implosion is of great interest because of its excellent P P

diagnostic access?. In this paper we investigate whether it is To investigate the influence of pulse shape, we have compared
possible to achieve a high density and temperature plasma withe results of using either a Gaussian or a flat-top shape. For the
a relatively low temperature and density gradient using &ame laser energy a Gaussian pulse produces a plasma with a
cylindrical implosion directly-driven by a high-power laég lower temperature whilst a flat-top pulse produces a plasma
We present 1-D numerical simulations to explore the plasmahich varies more slowly in time.
conditions that may be achieved. Our long-term aim is to design

an experiment that will allow a measurement of the radiative

opacity of the compressed plasma, with a view to assessing the i:iﬁiigﬂi
accuracy of current opacity calculations. oty T TN p15.4ns
100 PEI00RRNRISIITRE b o 5000 | —a—p 15.6ns
Results /( W . %X | | pis8ns
..l-\ ) ® o o AL \
We use the one-dimensional hydrocode MED103 with a laser /' """’*’**‘?ﬁ-ﬂés’T’%
>
wavelength of 0.35m and a pulse length of 10nsec. MED103 3

employs flux-limited Spitzer thermal transport (with a flux R

limiting factor of 0.1 for our simulations) and a corrected (to
give correct solid density) Thomas-Fermi equation of state.
Two initial foam densities (160mgctand 250mgcir) are 1 : : : . :
used in the simulations. We wish to achieve a compressed core

(um)
density above 100gciand for successful diagnosis we require e
a minimum compressed core diameter of aboujn0 Figure 2. Variation of density (gcf) for the cylindrical
Therefore the minimum initial cylinder radius must be |85 target in Figure 1 heated by a Gaussian laser pulse.

and 50@m corresponding to the two initial densities

respectively. -
Future work will involve an assessment of the effect of

We present here some of the results of our calculations. fastabilities on the implosion and the design of an experimental
schematic diagram of the cylindrical target for which results ar@rrangement that will allow diagnostic access along the axis to
presented is shown in Figure 1. measure the radiative opacity of higher-Z material doped into a
section of the foam.
polystyrene CgHg 1.0g/cm?

time T AT 0 Ap

(nsec)

154 | 764 5.3 167.0 1738
CisH200s 250mg /cm® 158 59.3 2.7 114.4 79

1800um 30Um
Table 1. Average and standard deviation of foam density

(gcm?®) and temperature (eV) at two times during the cylindrical
implosion.
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Travelling Wave Effects on Short Pulse Pumped X-ray Lasers
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details and discussion of the experimental setup and results we

Introduction 8,9)
é?fer the reader to MacPheeal .*~.

There has been an increasing interest in transient collision
excitatior? of soft x-ray lasers. The advent of high intensity, The ASE M odel
short pulse (~1 ps), lasers has enabled experiment

investigation of the feasibility and characteristics of this%e model the xray laser device with an idealized

approach. The first transient excitation demonstration wa: onod?mensignal ASE, glement gopsisting ,Of a homogeneous
achieved at the Max Born Institute in Beflimith neon-like ~ 'od of isotropically emitting, amplifying medium of length,
ions. The technique has subsequently been successfulfglowing Pert?. We restrict ourselves to the discussion of
developed and extended in a number of experimemﬁomogenequs broadenl_ng of a smglc_a ampllfled_ beam along the
investigations at the Rutherford Appleton Laboratbfy active medium but we include the time evolution of the ASE
(RAL), at LLNL® and at LULP. In a recent experiment at °UtPut.
8,9 H H i .. .

RAL®9 saturation has been achieved on the 196 A Ge neon-likhe radiative transfer equation for the frequency dependent
and, for the first time, on the 73 A Sm nickel-like transitions i ity is gi by

( > ‘ \ ASE intensity is given by:
using a traveling wave technidfle for the optical pulse
pumping. The efficiency of the traveling wave optical pumping[jo . 1 9 . _ .
of the lasing medium has been investigated for the 196 A Gep, +EEE‘ vizt)=6)ilv:zt)+El)
neon-like x-ray laser by irradiating a solid target with different
traveling wave velocities. where G(v) is the gain andE(v) the spontaneous emission

The principal aim of this report is to review a simple semi-rate in the frequency intervdl,v +dv) and z the distance
analytical Amplified Spontaneous Emission (ASE) model,along the rod in the direction of propagation.

accounting for homogeneous broadening, in order to investigat
the active medium length-scaling of the energy output throug
saturation and the effects of traveling wave pumping on gener
ASE devices, to which the soft x-ray lasers belong.

@

s discussed by PéR, in the quasi steady-state approximation
gpr a two-level atom system, the gain and the spontaneous
emission rate can be approximated by the following
expressions:

Experimental Results G
0

A plane solid Ge target strip was irradiated in a line focusG(O):m

geometry setup of ~12 mm length and ~10@ width by a el 'S )
multiple pulse arrangement where two long pulses (~280 ps E:i

FWHM), of average intensities of ~f0n/cn? (first pulse) and 1+1,,./15

~10"® wicn? (second pulse), separated by a 2 ns delay,

preceded a ~3 ps CPA pulse of ©10//cn? from the Vulcan ~ Where G(O) is the gain at the line profile centeg, the small
Nd:glass amplifier laser chain. The CPA pulse timing wassignal gain at the line centeE, the small signal spontaneous

adusted so that the short CPA pulse was incident on tar(‘-’]%tmission ratef(v) the line profile (assumed to be identical for
~80 ps after the peak of the second long pulse. ’ P

spontaneous and stimulated emission), and

The main effect of the two long pulses is to prepare a pre-
formed plasma of the correct ionisation stage and longl,, :J’I(V)(f(v)/f(o))dv :J'I(V)tb(v)dl/ (3
hydrodynamic scale-length for the arrival of the short CPA
pulse that will pump the population inversion on the x-ray lasefs the intensity averaged over the line profilg. designates the
transition by transient collisional excitatfanAs the gain on the L .

o . . . saturation intensity.
x-ray laser transition is of short time duratidn,, the amplifier

length cannot be greater thaf, (wherec is the speed of lighty Hence, in quasi steady-state, the following relation holds
between the gain and spontaneous emission rate:

unless a traveling wave pump along the line focus is set up to
keep the excitation in phase with the group of photons travelingE(v)/G(v) = (EO/GO)f (O) = |0f(o) 4
in the amplifying laser produced plasma medium.

) ) ) where we introduce theconstant spontaneous emission
To this effect, traveling wave pumping has been set up antensity I, along the rod
11 .

combining the intrinsic tilt in the wavefront of the CPA pulse,
inherent to the off-axis focusing optics used, with an additionai]'o account for a temporal evolution of the ASE output signal,
tilt component given by introducing in the CPA beam line awe assume that the spatial and time dependence can be
diffraction grating”. An intrinsic traveling wave pumping “umped” in a given small signal gain profile, while we retain
speed along the line focus of 2.%vas measured when the the relation (4) between saturated gain and spontaneous
diffraction grating was not in place, while an ideal condition ofemjssion rate. This amounts to closing the radiative transfer

traveling wave speed close to d.@vas achieved with the equation by assuming that the rate equations can be accounted
diffraction grating inserted in the CPA beam line. In Figure 1 isfor in the approximations:

shown the x-ray laser energy output scaling with target length
for the 196 A Ge transition for the ideal, =1.0c, traveling G, =G, (zt) EW)/G(v)=1,1(0)=const. (%)

wave pumping and for the non-ideal, intrinsi¢, =2.9c, case.  These expressions are to be used, along with (2), as source
Also in Figure 1 are represented some of the predictions of theerms for the ASE signal in (1).
ASE model to be discussed later in this report. For further
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The radiative transfer equation then reads:

Bila

e +EED (v; z,t) = G(O)CD(V)[l (v; z,t)+ I,f (O)] (6)
where G(0) is as given in (2).

Assuming the ansatz:

1) =1, (0)lexply(v)) -1 @

for the frequency dependent intensity, wherewill play the
role of an actual gain-length product, eq. (6) transforms to:

1GBy

cotg

G,(z.t)

1+Iave/l ®

[ﬁz

where the frequency dependence is now absorbed into the line

profile averaged intensity.

As shown by Pet?, upon the ansatz (7), we can define an
amplification functiona(y) so that the following relationship
holds between the total frequency independent intensity and the

intensity averaged over the line profile:

y = IOJ'dV f (0)[exp(y @ (v))-1] = 1, a(y)

=1 J’dm )exply®(v) -1 =1, Aly) ©)
da
o
and eq. (8) finally transforms into a closed form for
Bi 19 G,(z.t) (10)

oz cat|]

1+14(y)
where r=1,/1¢
intensity to the saturation intensity.

Using relation (9) among intensities, eq.
integrated by the method of characteristicwith general
solution:

(1—r)y(L,t)w(y(L,t»:jdzeo(z,r) =MLY ap

where 7=t-(L-z)/c is the retarded time andH is
Heaviside's unit step function.

The solution (11) has the form of an implicit, transcendental,
equation for the actual gain-length prodl.y(L,t) and it obeys
the following initial and boundary conditions imposed on the

intensity:

H] (V; z=0,t= O) =0 (boundary condition)
H (v;z20,t=0)=0 (initial condition)

The general solution (11) forms the basis of the present AS
It describes the build-up of an ASE signal from a’ _ )
constant along the rod fitted to the matching traveling wave pump spegd=c by

model.
spontaneous emission intensity, ,

is the ratio of the spontaneous emissio

Model Predictions

To model the experimental results presented so far and to
exemplify in the simplest case the predictions of the developed
model, we first specialize solution (11) to the case of a square-
wave small signal gain profile of finite time duratiof,

traveling towards positive with a speed/; = c, as given by:

GO(Z,t): Y% H(t_z/\/G)H(Z/VG +Te _t)

where g, is the flat-top value of the small signal gain ahd

denotes again Heaviside's unit step function. Inserting (12) in
the r.h.s. of (11), definingl/V,, =(1/c-1V,) an effective

speed and,, =L/V,, , we get: (13)

(12)

forL <V, T,
%go eff[Teff +t—L/c] fortD[L/c—Teﬁ,L/c]

AP fortD[L/c, L/c+T, ~ Ty,
vL)=0

OV [L/c+T, —t] fortOfL/c+T, ~ T, Ljc+T,]

B) otherwise

whilefor L >V, T
OV [T +t-L/c] fort OfL/c-T, L/c+T, - T, |
0

[OVu T fort |][L/c+TG -Tu, L/c]
yLt)=0
OV [L/c+Te —t] fortO[L/c,L/c+T,]
otherwise

and for the trivial caseV,; =c the solution reduces to
y(Lt)=g,L fortO[L/c,L/c+T,].

It can be noted that in the particular case of the profile (12) the

solution (13) exhibits discontinuities in the first derivative
npropagating, as usual, along the characteristics at spasd,

also, with the speedV, characteristic of the profile

discontinuities.

(10) is readily

For the specification of the amplification function we assume
the simple analytical approximation given by the widely used
Linford formula®, which is strictly valid in the case of
integration over a Gaussian frequency line profile in (9) and is
given by:

(exply)-1)**

(yexp(y))*

Integrating the total intensity output. over time for the total

energy output at the end of the rdd, we can compute the
scaling with length of the ASE signal by numerically solving
eg. (11) with the r.h.s. given in (13) by means of a standard
root-finding technique, the model results will then depend on
the five parameterg,, |, r =1,/1¢,Ts, Vs -

aly)o

In Figure 1 we present the results of the model for the square-
ave profile given in (12) as well as the experimental results
escribed before. Here the model parametgrsl ,, r are first

length L, that is switched on at times>0, and where the @ssuming a temporal duratiof, of 10 ps as suggested by
saturation effects are accounted for assuming a saturated gainsifiulations with the Ehybrid (1+1/2) hydrodynamics c8de

the form given in (2), with a spatial and temporal dependenand by the observation that the experimental ASE output for
small signal gain profile G, = Go(z,t). The laser line lengths up to 3.3 mm is independent of the excitation spged
homogeneous broadening influence on the total output intensitye, then, investigate the effects on the ASE output through
is then completely determined by the functional form of thesaturation of a mismatched traveling wave pump speed
amplification functiona(y). V, =209c and of small variations in the small signal gain time

duration T; . In this last case, it is necessary to refit the first
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3 parametersg,, |,,r to the matching wave speed, =c
experimental results allowing for the changeTin As the total
output intensity is constant in time, only the parameltgr
needs to be changed by a scaling factor.
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Figure 3. Variation from the model of the ASE output signal
for different shapes (D,E) of the small signal gain profile as a
function of target length, as explained in the text.

From these results we can see that the ASE output signal does
not depend critically on the shape of the temporal profile of the

Figure 1. Experimentally measured Ne-like Ge X-Ray lasersmall signal gain whenV, =c, while the mismatching

output at 19.6 nm (taken fréfnas a function of target length

with traveling wave pumpind/, =c (squares) and/, =2.9c

condition V,; >c produces in all cases a more dramatic
reduction in the available output energy and more pronounced

(triangles). Computed variation from the model assuming &jifferences for different shapes of the small signal gain profile.
square temporal gain profile of different time durations are

plotted (as labelled). Conclusions

The solution (11) allows for the specification of an arbitraryDeploying a simple approximation to the solution of the rate
small signal gain profile. We explored the effects on the ASEequations for a two-level atom system, we were able to find a
signal output of the shape of a traveling wave profile with speegolution in closed form for the governing equation of a single-
V. given asG,(zt)=g,(t - z/V.). The results are shown in beam ASE signal build-up and propagation in a

Fiqure 2 and Figure 3. where the temporal sh éi) was monodimensional active medium. The modeicounts for
9 9 ' P % saturation effects and homogeneous broadening of the laser line

either a square-wave of duration 10 ps as discussed aboyad has enabled us to investigate in a quantitative way the
(shape A), an exponential tail of (1/e) relaxation time of 10 an@ffects of a mismatching traveling wave pumping excitation.
20 ps (shapes B and C, respectively), a symmetric trapezoifdeed both experimental resfifsand the present modeling

(shape D) or, finally, the peak gain results of an Ehybridshow that a matching condition/, =c, for the pumping of
simulation of typical conditions in the experiment (shape E). In

Figure 2 the parameters in the model for each of the profilelgsosfltJ :'rf?r/ Igﬁﬁ;SnLléhe;\tsrén%ﬁ?tu?ws{ﬂzal|erﬁdmmo? ?ggczlctive
listed (A,B,C) were first fitted to the matching pump speed di ded to attai i pt' . tg h
V; =c experimental results and then used to predict the scalinﬂ1e lum needed to attain saturation is greater i, where

with length of the ASE signal for a mismatched situation wherele Tepresents a measure of the excitation time duration.

Ve =3c, while in Figure 3 we compare the scaling of the o model also predicts a variation in the temporal evolution of

symmetric trapezoid (D) having a FWHM similar to that of thethe output ASE pulse for different traveling wave pump speeds
peak gain temporal profile from Ehybrid simulation (E). as a consequence of the form of the term on the r.h.s. of (11).
The main effect is a growth in the pulse-width as the traveling

wave pump speed increases due to the different velocities
between the excitation and light pulses along the active

medium. This feature was not investigated in the experiment.

The approximation (5) is good for laser schemes where the
lower level population is rapidly depleted by depopulating

ASE Energy (au.)
5

10°

10°
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Figure 2. Variation from the model of the ASE output signal (13), for the actual
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mechanisms. However, the investigation of some phenomena is
precluded. For example, the description of pulse distortion
effects involves a detailed modeling of the rate equations for the
atomic specimen coupled to the radiative transfer equation (1).

The model is consistent with previous work aimed at the
investigation of the effects of a mismatching condition in the
traveling wave pumping of ASE devices. If we restrict
ourselves to the particular case of a square-wave profile for the
small signal gain, avoid saturation effects and assume a Milne
line profile, then we arrive at the same results presented by
Warwick et al.®. Letting y(L,t) = y(L,t), with y as given in
gain-length product (i.e. neglecting

for different shapes (A,B,C) of the small signal gain profile as asaturation) and integrating the total intensity= 1, a(y) over

function of target length, as explained in the text.

time with the amplification function given by
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a(y):(exp(y)—l) (i.e. assuming a Milne line profile), gives 8.

the scaling with length,, of the output ASE signal and results

in agreement with Warwickt al.®.

The present approach allows for

9.

both saturation and

homogeneous broadening effects to be incorporated and, in the
limits discussed above, permits the investigation of general
temporal profiles for the small signal gain.
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Intuition suggests that a sufficiently strong laser field cannuclear distance. A similar dynamic shift is observed in the 1
weaken molecular bonds and induce dissociation. Thigeak but the details are quite different; bond hardening is
mechanism known akond softening? is uncontroversial and involved.

well understood in b (see, for exampleTopical Review?).

The opposite effect, also called molecular stabilisation, 10

Kinetic energy release / eV

vibrational trapping, creation of light-induced bound states or 1l o a1 o Pulse duration
bond hardening, has the same theoretical orljjnbut the " 20 ... 260 s

history of its experimental verification has been confusing. Two 8 i |\ ———1201s
manifestations of bond hardening in*Hhear one-photchand
three-photofl resonances were inferred from rather noisy data S
in the early 1990s. They were received with great interest, as at2
that time the stabilisation of the molecular bond was a candidate £
for a universal mechanism explaining the invariance of ion
kinetic energies with changes of intensity and pulse durdtion
Later, it was established that this invariance is a signature of.
rapid, sequential ionisation at the critical internuclear distance
9. Since then there has been a surprising lack of clear-cut
confirmation of the bond hardening effect. With more recent
work casting doubt on the existence of light-induced bound &
stated™®?, the idea of bond hardening has become again only a VR Y o
remote theoretical possibility. Against this trend of scepticism, ' ' ’ ) | ’ ’
we present an experimental observation of bond hardening in
H,".

nits

I/ar

igna

lons

Time of flight / ps

In these experiments, chirped pulses from a Ti:sapphiredaser Figure 1. Bond hardening manifests itself as a shift in th? low-
were amplified to 10 mJ in energy and compressed to abo@"€r9y Proton peak labelledlfrom 0.0 to 0.3 eV of kinetic

50 fs duration at a repetition rate of 10 Hz. The pulse bandwidtRN€rdy release when the laser pulse is shortened from 540 to
had an almost perfect gaussian shape centred at 792 nm and%h(s:

extent of 22 nm, full width at half maximum (FWHM). The potential energy curves for,Hdressed in the photon field are
pulse length was varied by scanning the separation of the tWehown in Figure 2, which was adapted from Reference 2 by
compressor gratings and introducing some uncompensategjysting the photon wavelength to 792 nm. It is sufficient to
chirp. The linearly polarised beam, 5 mm in diameter, waggnsider only the two lowest molecular ion states: the attractive
focused in an ultra high vacuum chamber using alm fl4 parabollj;sjg and repulsive 2p, states. Since the system,'Hand
mirror to give a peak intensity of the order of “1ev/ent. photons, must be considered as a whole, the molecular curves
Hydrogen gas was introduced into the vacuum chamber Vig st pe repeated at all discrete energies of the photon field.
simple effusion, raising the ambient pressure to abofitd. 7o energy is set at some arbitrarily large number of photons
At this pressure and intensity no space charge effects wetg, e states are labelled withy wheren is the number of
observed. Following the process of multiphoton ionisation ofy,h4ng ahsorbed. Due to selection rules, the photon interaction

H,, an external electric field directed ‘forward’ and ‘backward’ couples only half of the states, alternating betwees, 2sd

fragment ions into a vertical, 13 cm-lor_lg drift tube. lons Werezpou for even and odch. These diabatic states, shown in
detected by microchannel plates with a 10-mm circular

J ; . Figure 2 as solid lines, describe the system correctly at low laser
restriction in front to improve the energy and angular.

resolutions. The ion time-of-flight (TOF) spectrum and pulselntensny. When the intensity increases, the curve crossings

- . pbecome anticrossings and a widening of the energy gap between
energy were recorded at each laser shot by a digital oscilloscopé ) .

- e upper and lower branches of the new, adiabatic states
and stored in a computer.

(broken lines) occurs.

Figure 1 shows ion TOF spectra recorded at several pU|S§n the lower branch the electronic charge oscillates in phase
lengths. For each grating separation the peak intensity wa 9 P

adjusted to about 150 TW/2ni.e. below saturation of any ion Wwith the laser field, decreasing the energy of the system; on the

3) - . upper branch these oscillations are in antiphase. At the centre of
channel. At each laser pulse the ion signal and the IOUISGt\he gap almost the entire electronic charge oscillates between

energy were stored, but ion signals from only a narrow energy o wo protons. As the system moves away from resonance, the
window were selected for the TOF plots. The position of the ’ :

. ; . . . t of oscillating charge diminishes, in sympathy with the
window was slightly adjusted to give the same height of tiie H amount of o3 .
peak and highlight amplitude changes in th peaks. The reduced mixing of the I§ and 2, states. At thea)cross!ng
lowest energy channel,ai involves dissociation of i via the charge oscillates with the laser frequency; at ther8ssing

one-photon absorption. The next channely 2s a similar thg chgrge psc;llatloqs are three times faster. Strlgtly speaking,
this adiabatic picture is valid only for a slowly evolving system.

process but involves absorption of three photons and a . 97
emission of one of them. The (1, 1) channel is the Couloml@evertheless, it allows us to understand the dynamics obiti

explosion of two protons following 41 ionisation. This peak a time scale an order of magnitude slower than the oscillations

shifts to higher kinetic energies with pulse shortening, becaus%f the laser field.
shorter rise time initiates Coulomb explosion at a smaller inter-
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In Figure 3 the process of bond hardening is illustrated with theeak of intensity and indicates that the wave packet is released
relevant potential curves copied from Figure 2. The ionisatiorfrom the bond-hardened state on thaling edge of the laser

of the neutral molecule starts at about 50 TW/am the pulse. Such intensity independence of the feak contrasts
leading edge of the laser pulse creating a wave packetith the behaviour of the (1, 1) peak. Here dissociation 6f H
composed of a few of the lowest vibrational states §f fhe  on theleading edgé® is followed by further ionisation and
interesting part of this wave packet has energy just below th€oulomb explosion, with the kinetic energy release being
1w dissociation limit (see Figure 3 (a)). It crosses the potentiahffected by the magnitude of the peak intensity.

well in about 10 fs and arrives at thex8ap while the gap is

still rather small. The Landau-Zener transition probabfligfor 1 \ e S ——
a convenient formula) tells us that most of the wave packet
crosses the gap diabatically. The wave packet slows down in the _, | D L

shallow part of the potential well, turns back and arrives again
at the 3v crossing, when the gap is much wider and the
probability of a diabatic crossing is small. Now the wave packet
is trapped in the laser-induced adiabatic state (see Figure 3 (%), ‘1] \ \ r

(a) 50 TW/cm2, leading edge

3

essentially completing the process of bond hardening. 5
T L
1 1 . | 1 1 1 1 1 1 E
g
. 0 I 9 L
0+ SR nsinocazaas = =
S | T S N T -
[}
S T N L
I I - \ R lw|
o / S -
S o4 = — 0 TW/em? L () 5TWicm?, trailing edge
k=] 5 TW/cm?
2 G SN 50 TW/cm? r -3 — 7
@ 3 = Fea == 100 TW/en? 2w |- 1 5 6 7 8 9 10
e | I N Internuclear distance / a,
o
-4 -
3wl Figure 3. The dynamics of bond hardening;'Hs created on
5 — the leading edge of the laser pulse and the wave packet jumps
1 9 10 the anti-crossing gap (a). As the intensity increases, the gap
Internuclear distance / a, widens and the wave packet is trapped (b). Falling intensity

flexes the well upwards and the wave packet is released (c). The

kinetic energy release depends on the speed of the intensity fall.
Figure 2. Molecular potential energy curves of Hiressed in a
photon field of 792 nm wavelength. With increasing laser
intensity curve crossings become anti-crossings. A nuclear
wave packet with kinetic energy corresponding to fhiargd 4"
vibrational levels of a free molecule can be trapped in the
potential well created by intensities of 100-200 TW/air4 a,.

The threshold for population trapping in the bond-hardened
state is experimentally estimated to be about 100 TW/Ehis
population trapping is expected to cease above 200 T¥\dom

to increasing probability of ionisatiGh rather than shallowness

of the bound state. Even if the state cannot support any
vibrational levels at high intensity, the spreading of the wave
Of particular interest is the decay of the bond-hardened statpacket is too slow to disperse the population before the intensity
As the intensity falls on the trailing edge of the laser pulse, therops again.

shape of this state changes from concave to convex (s
Figure 3 (c)); it now becomes the bottom part of tageahti-
crossing. In this process the trapped wave packet is lifted up a
about a half of it falls back into thedgwell, but the other half
spills out to the @ dissociation limit. Clearly, the faster the
intensity fall time, the higher the wave packet is lifted and th
larger is the kinetic energy it gains. This dynamic process
responsible for the shift of thedpeak shown in Figure 1.

(?teis interesting to note the complekectron dynamics of the
rp(fnd-hardened state, which is the result of the combined mixing
of the 15, and 2, states at & and 3v frequencies. At large
inter-nuclear distances the electron charge oscillates in phase
with the laser field and the attractive force of the bond comes
Srom the diminishing of these oscillations with increasing inter-
Suclear distance. At small distances the charge oscillations
become three times faster and in anti-phase, but the repulsive
Chirping laser pulses change the wavelength at the leading afierce on the nuclei is dominated by the anti-bonding nature of
trailing edges of the pulse. To test if this wavelength variatiorthe 2@, state.

affects the t peak, the grating separation was scanned to givi
a chirp variation from positive to negative. The recorded TO
spectra shown in Figure 4 are symmetrical with respect to th
zero-chirp grating separation= 0. (The somewhat larger noise

nergy conservation deserves a brief comment. The dashed
trajectory in Figure 3 (c) indicates that the"Hon gains a
fraction of a photon energy in the bond-hardened state. This can

: . ; be explained by absorption of photons from the high-energy end
compared to Figure 1 reflects the lack of windowing of the ¢ 4 o spectrum and re-emission at the low-energy end, a

pulse energy.) To test further for a possible wavelength effect, ﬁynamic Raman effect within the laser bandwidth (45 meV
slit selecting only a part of the optical spectrum was inserted "f:WHM)

the compressor and several TOF spectra were recorded at

various wavelengths. It was found that only the reducedrhe interpretation of the shift in thewdpeak in terms of the
bandwidth and not the central wavelength affected the kinetibond hardening process depicted in Figure 3 is supported by
energy of the & peak. These tests show that chirped pulses arprevious theoretical work. Figure 19(b) in Reference 2 shows
just as good as bandwidth-limited ones for manipulating theéhe evolution of a wave packet exposed to a pulse of 150 fs
dynamics of bond hardening. Reducing the pulse intensity tduration, 150 TW/ckhpeak intensity and 780 nm wavelength.
well below the saturation level does not shift the position of théThe simulation starts from the= 4 vibrational level of K.

1w peak. This suggests an absence of dynamic effects near the
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Figure 4. The variation of ion TOF spectra with grating separation offsshows the dynamic Raman effect as a ‘crater’ in
the middle of the proton peaks. The variation of the pulse duration (FWHM$ witliven byAt/fs =v(42* + (350¢mmY).
The symmetry of the crater with respect toshe0 position (the shortest pulse) shows that the dynamics of the bond-

hardening is independent of the chirp direction.

As the intensity increases, one half of the population escap§geferences

with high kinetic energy to thea2 dissociation limit whereas
the other half gets trapped at an inter-nuclear distance o]f'
between 4 and &, for about 100 fs. When the intensity falls,
about a half of the trapped population is released with energy ¢,
0.1 eV to the w limit. It is remarkable that this population is
lifted from just below the dissociation limit, providing a
theoretical basis for the dynamic Raman effect. The calculate
proton energy spectrum (figure 20(b) of Reference 2) clearly"
shows the and 2v peaks we observe in Figure 1. It would be
interesting to repeat these simulations for a range of pulse,
duration in order to confirm the existence of this dynamic shift

of the lwpeak. 5

A lower range of vibrational levels of ,H seems to be
populated than expected from the Franck-Condon overlap with
the ground state of H (see, for example Figure 3 of
Reference 15). This indicates that bond softening also takes
place in the neutral molecule and the first ionisation occurs at @
relaxed inter-nuclear distance. The= O level is expected to be
highly populated but its tunnelling probability through the
bond-softened barrier is small (see Figure 2). Higher vibrationa®-
levels dissociate with increasing efficiency through the
3-photon gap to thed limit. Trapping in the bond hardened g
state is expected to start@at 3 and be quite efficient at= 4.
The population ofv = 5 levels, which are above thewl
dissociation limit, is probably negligible. We therefore believe
that almost all population of theudpeak shown in Figure 1 is
lifted from below the dissociation limit by the dynamic process 11.
depicted in Figure 3(c).

10.

With hindsight we suggest that peaks B in Figure 2 of1p.
Reference 11 are a signature of the bond-hardened state, despite
the authors’ claim that their experimental conditions cannot
populate such states. This state is the same one allegedip:
observed much earlfrbut it turns out that it is populated
without the initial molecular wave packet bouncing back and
can be observed in the low-energg thannel rather than the
energetic (1, 1) channel (see Figures 2 and 3 of Reference 4).

We are pleased to acknowledge the Engineering and Physical
Sciences Research Council (UK) for their financial support. 15
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Introduction Results and Discussion

The interaction of strong laser fields with atoms and moleculetn Figure 1 the mass spectra of cyclopentanone, cyclohexanone,
leads to the production of multiply charged species. Thduran, pyridine and aniline are presented. These spectra have
observation of highly charged atomic ions produced by intensbeen recorded at 790nm. Cyclopentanone (CP) and furan have
laser beams has been reported a few yeard 3gad has later a five-members ring, while cyclohexanone (CH), pyridine and
been extended to molecular i6Rs aniline a six-member one. Except CP and CH, the other three
molecules are aromatic and only aniline is a homocyclic

Multiply Ch?fged r_nol_ecular lons may offer 5'9”'f'.0a”F aromatic molecule. CP, CH and pyridine have a n-MO as
advantages in quantitative analysis and structure determmaﬂoplOMO while aniline aetype MO

notably isomer distinction and peptide analysis. Recently,
multiply charged intact ions induced by femtosecond (fs) lasers
have been observed for some polyatomic mole&BleThis e
observation, in conjunction with the potential of femtosecond Cyclopentanone
laser induced mass spectrometry discussed &arliay have an P

important bearing on analytical applications.

The mechanism for the production of these species is not clear ..L
yet. Two main mechanisms have been proposed for the Cydonexanone

production of multiply charged atomic ions. According to the
first mechanism, called stepwise ionization, initially only one
electron is detached from the atom while the second electron is | }

subsequently ejected from the singly charged ion. The second
mechanism is a non-sequential one and is referred to as the
simultaneous detachment of two electrons. Cornagia and
Hering” have reported non-sequential ionization for a number |

of small molecules. . I.l e

Relativelon Yield

In the present work the interaction of some cyclic polyatomic Aniine
molecules with strong laser beams*100'®w/cn) is studied. i P
De Witt and Levi&Y have concluded that ionization yield of

the parent molecule is related to the molecular structure. L

The main aim of the present work is to explore the role of Uuw Pyridine
molecular structure in multiply charged intact ion generation

under strong laser irradiation and the influence of the frequency 4
and the intensity of the laser beam. The molecules have been R
chosen in such a way as to investigate the influence, if any, of AR e e LEEEEEEE
aromaticity for some homo- and heterocyclic compounds. It is 0 » “ Vs (mia ®
important also to check the significance of the nature of the

higher occupied molecular orbitals (MO).

100

Figure 1. The TOF mass spectra induced at 790nm
Experimental Details (I~4x10"W/cn?). The parent ion is denoted by a P, thely

The experimental set up used is described in detail elsevhere®n MOV and Pby a star.

The specifications of the laser pulses were: pulse width 50 favultiply charged intact ions have been observed only for
wavelengths 790 and 395 nm. Both wavelengths wereromatic molecules. This observation holds alsh=&95nm
vertically polarized. Controlled attenuation of the beam energyFigure 2).
was achieved by a variable neutral density filter. Laser ) . ) ) )
intensities were estimated to be accurate to 10-15%. In Figure 3, the ratio ¥/ P" as a function of laser intensity at
A=790 and 395nm is presented for a furan, pyridine and aniline.
The time of flight (TOF) mass spectrometer is of conventionakor furan the ratio ¥/P* is also presented. It is worth noting
linear arrangement with ion optics based on a Wiley-McLarenrnat triply ionized hydrocarbons have rarely been observed. For
design and an Einzel lens placed immediately after theyran and pyridine the ratio?® P* increases as a function of
extraction optics to increase the ion transmission through thgtensity and at higher laser intensities becomes more or less
system. The samples were admitted effusively from the inle¢onstant (plateau) for 790nm. The latter is not observed for
system to the vacuum chamber via a needle valve. 395nm. The ratio P/P* for aniline has an inverse wavelength

The laser beam was focused using a concave mirror of foc&€Pendence compared to that observed for furan. Moreover, it

- L
length 3cm at about 4mm from the repeller. The mass resolutio) found Ilor pytzldlne that the abrl]mdan(_:f? rafit/ P* is higher 6: h
was typically 200 at 100D. 95nm than that at 790nm. These differences suggest that the
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mechanism for multiple ion production is not the same for alllt is possible that the recorded double and triple intact ion have
species and could be related to molecular structure.

T
Cyclopentanone

P

Cyclohexanone|

p

Relative lon Yield

L
Wl

Furan

!

Aniline
P

P Pyridine

T
0 20

Figure 2. The TOF mass spectra at 395nm. The parent ion

T
40

T
60

Mass (m/z)

100

been produced through a simultaneous detachment or a stepwise
process. As mentioned before, double ionization of some small
molecules has been attributed to simultaneous ejection of two
electrons. For multiple, non-sequential ionization two different
mechanisms have been proposed. CotRuproposed a re-
scattering model while Fittinghoff et &l proposed an
alternative explanation known as the shake-off model.

In Figure 4 the dependence of the total ion signal, the parent
ion, the doubly and triply charged parent ion on the laser
intensity an=790 and 395nm is presented for the case of furan.
No doubly charged intact ions could be recorded for laser
intensities where the yield of the single charged parent ion was
not close to saturation. This observation is valid for both
wavelengths and could be considered as evidence, although not
a proof, for a stepwise (sequential) ionization process, involved
in the production of the?®Pion. The same observation is valid
for the P* production (B* observed for laser intensities above
the saturation of ).

If the re-scattering mechanism was involved in the multiply
charged ion production, then the maximum kinetic energy of the
returning electron is expected to be 3.17Up, [where Up is the
ponderomotive potential, Up=9.33x¥0A\2, (I in W/cn? andA

in um)] and this energy should be enough to eject the second

peak is denoted by a P and the doubly charged parent ion by aslectron i.e. higher than the ionization potential fof* P

arrow.

generation. Tsai and Elalfi have found a good correlation
between single and double ionization energies for aromatic
molecules: double ionization energy is £8L times that of

Molecular ionization could be attributed to multiphoton single ionization. The maximum kinetic energy of the returning
ionization processes (MPI) and/or to a field
mechanism. Of course, in any case, MPI is expected tBe 148 eV at 790nm and 138 eV at 395nm, while tHéitP
contribute to ion production on the laser pulse wings. At theestimated to be only 25 eV. It is clear that from this point of
laser pulse peak intensity, even for the lower intensitieyiew, the re-scattering mechanism could be also involved in the
employed, the Keldysh parameteis found to be smaller than doubly charged ion production although the _maximum kinetic
1 for both wavelengths used (for furgiis estimated to be 0.44 energy of the electron corresponds to much higher energies than
aty=790nm and 0.55 at 395nm). Thesealues are indicative - <l ) C > val
of tunneling ionization and the single ionization is attributed to@/SO for aniline and pyridine. It is believed that the polarization
a field ionization mechanism.

= P/P" at790nm
A PP at3950m

0,14

Pyridine

= P*/P" at790nm
P
4 PP at395nm

0,14

0,01

P/P" at790nm
PN

* PP at790nm
PP

A PY/PT at395nm

16

10

i

10

10"

Laser Intensity (W /cmz)

Figure 3. The abundance ratios of " for furan, aniline and
pyridine at 790 and 395 nm. For furan the ratio Bff8" at

790nm is also shown.
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ionization electron at the determined intensity thresholds for furan should

those needed for’Pgeneration. The above conclusion is valid

ependence of the ion yield will provide further information on
the details of the ionization mechanism.

1004 Furan A=790nm
- P o
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Figure 4. The intensity of the total ion yield, thé,F*, P** of
furan is presented at 790 and 395 nm.
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Finally, for the triply charged intact furan ion, it should be References

noted that the observed threshold intensity is relatively close tg
that estimated by the barrier suppression ionization model
(BSI)™ . The intensity threshold for BSl is given by:

4
i

1627 3.

and corresponds to the minimum laser intensity required for a
bound electron to escape without tunneling. In practical units
Iss(Wicn?)=4x10[ E; (eV)/Z?3], where E is the ionization 4.

potential and Z the ionic charge state. Despite the weakness of
not including the influence of the laser pulse duration, this
model predicts reasonably well the yield of higher charged iong
for the heavier noble gases, created by sequential processes.
For furan the Efor the triply charged ion can be estimated by
an empirical rule, which relates, for closed shell molecules, the
single and triple ionization energies by the relationship:

IP*=(5.020.2) x IP 9. The calculated P is 44.4:0.2 eV.
Thus, a value ofg=1.7x13°W/cn? is estimated which is close
to that experimentally determined (1=2.9X@/cn?).

2.

IBSI =

Conclusions

The multiply charged intact ion production from cyclic
polyatomic molecules has been studied by means of strong laser
pulses at 790 and 395nm. It is found that molecular aromaticit¥
favors the multiply charged intact ion generation regardless of’
the nature of the HOMO. Doubly charged intact ions were
observed for homo- and heterocyclic molecules with five- and
six-member ring at both wavelengths in high abundance. No
evidence for multiply charged intact ions exist in the mas9.
spectra of cycloketones studied in this work.

There is evidence that multiply charged ion production is takind.O.

place through a sequential process, although the re-scattering
model cannot be excluded.

11.

An unambiguous triply charged intact molecule is recorded for
furan at 790nm. The intensity threshold ff ®as found to be
relatively close to that predicted by the barrier suppressio
model, assuming a sequential ionization process.

14.

15.

16.
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Introduction ionisation is measured in term of average power density over

. . . the beam waist, or laser intensity.
Laser mass spectrometry permits ultra-sensitive detection ang y

analysis of atoms and molecules, and has become an important

analytical tool in many ared®. This technique is based on the —
analysis of ion information from irradiated atoms or molecules.
Therefore the procedure and mechanism of ion production plays

a key role in its analytical ability. Generally, preceding the ion Va4
detection by mass spectrometers and particularly by time of

flight (TOF) mass spectrometers, a laser ionises the atoms or

molecules in samples either by resonance (including resonance i B
enhanced) or by non-resonance ionisation. For elements such
ionisation is a simple up-pumping of atomic levels to ionic
states. However ionisation of molecules is often accompanied
by and/or competes with molecular dissociation which leads to
the production of fragments.

TOF Mass
Spectrometer

Lecroy]
9304

As ultra-fast (ps to fs) pulse lasers generating intense fields,
10'2-10"™ Wcm? and even higher, have become increasingly
available in a few research laboratories, ultra-fast/high intensity
laser mass spectrometry is being carried out. More and more
interest is being shown by scientists in analytical areas who are
trying to take advantage of the great potential of FLMS toThe TOF is a conventional linear system with an ion flight
overcome the difficulties experienced in the nanosecondength of 1.2 m pumped by a turbo pump to a base pressure of
regime. 10° Torr. The operational parameters of the extraction optics
11) _ _ _ are based on a Wiley McLaren desfyrand an einzel lens was
The Glasgow groug™’ has carried out a wide series of pjaced immediately after the extraction optics to increase the
investigations on  high-intensity ~ laser  non-resonancgqn transmission through the system. The mass resolution was
multiphoton ionisation TOF mass spectrometry. A number ofynically 200 at 100D. A sample, one species or a mixture, was
different molecular species have been studied to develop fqmitted effusively to a high vacuum system through a needle
general ultra-trace analytical ~technique with ultra-highyaiye and then into the TOF through a tiny hole in the pusher
sensitivity. It was concluded that under irradiation by ultra-pjate. 1on signals were detected and amplified by a Thorn EMI
fast/intense lasers, the dissociative states of molecules can EF@uislip, UK) electron multiplier which was coupled to a
bypassed and hence parent ions, being characteristic of trp_%croy (Chestnut Ridge, NY, USA) 9304 digital oscilloscope,

molecules, are more easily produced and often dominz_ate _thé?nd hence the mass spectra averaging over a minimum of
mass spectra of all the molecules under study. lonisatioRnq shots were recorded for data analysis.

saturation of species can be reached and it is possible that the
species are ionised with similar efficiencies. Therefore it isResults and analysis

expec_ted that .FLMS may be used as a general uItra—traane mass spectra for a number of different molecules and
analytical technique. The data are presented here to demonstr@gepours were measured as a function of laser intensity and

Lhuemgzrr]eorf(’jllrnﬁfepgltjclzgl“t%'hoef 'I":(IS'\FASm;er l;m;(é::g :)r;a;yf]'jmoge? cpmpared with the spectra for argon. This was carried out for a
: P ixture of the two gases at the same partial pressures

ir::\(:lectiula{ jpeuire]s mth thelrr gogeﬁf%n?r'ﬂgnﬁf':? r?]‘?ve beneéa.lxlo6 torr) and for the two gases at the same pressures
estigated using the upgrade 9 ensity temtoseco eparately. From these spectra the relative sensitivity factor

lasers (>1.8610'® Wcm? now available at the Rutherford (RSF) was calculated for each gas
Appleton Laboratory. '

Figurel. Basic arrangement of the
femtosecond laser TOF MS system.

The relative sensitivity factor is a very important parameter for
Experimental arrangement this analysis™, which evaluates the quantification capability of
The basic arrangement of the femtosecond laser TOF M#e mass spectrometry. For a species A in a sample with
system is shown in Figure 1. The details of the femtosecontgference to species B, the RSF is defined as
laser and TOF mass spectrometer have been described in
referencé? and ™ respectively.

Briefly, laser pulse energies up to 10 mJ per pulse, with the |, /[A]
duration of about 50 fs, are provided by the Ti: Sapphire fs-laser RS (A) = . /8]
B

system. The laser beam profile was imaged by a CCD camera to . . . - .
measure the beam diameter as 10 mm. A focusing mirror derela ar_1dIB are the summed ion S|gnal mten_smes of species
10 cm focal length was fixed behind the ion extraction region t¢* @nd B in all charged states respectively, which are measured

allow the laser beam focus to lie very close to the sampl@Y Pe€ak area integration in their TOF mass spectra and
entrance hole in the pusher electrode. The intersection spaP&oPortional to the photo-ion populations of these species, and
between the focus and the sample stream is defined as th&l and[B] are the concentrations of species A and B in the
ionisation  volume where photoions are  produced.mixture sample.

Conventionally, the strength of a laser beam used for photo-
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Hence a value of unity for RSF demonstrates that similar

ionisation efficiencies of the species are achieved in spite of any ; coun @
difference in ionisation potentials. Such an RSF would 4 {
represent a complete, uniform detection sensitivity and reliable . °1 e
guantification. € . :
2 i i =
¢ 0.83x10** Wcm? (a) S o)
6 % CH,+Ar
. RS
e, 4
1 2 $ L2
[
A - -
o 1 r\———.—VrL,- 30 =
12 25 NO+AT
1.7x10% wem? (b)
10 20
E 8 z 15
E 6 10
% 4 4 5
g 2 1 l ° 0 0.5 1 1.5 2 2.5 3 3.5 a4 4.5 5 5.5
. It . { ) b laser intensity (10 Wem %)
wp A9x10¥Wom? Not (@ Figure 3. RSFs relative to Ar, versus laser intensity, of
27 . i molecules (a) CO, (b) CH4 and (c) NO with the presence
1:: ot . Art of Ar in the mixtures. The error bars indicate the estimated
N 02 A Ar measurement errors of 11%.
o | o . L .
4 : " i T Due to the different ionisation potentials of CO, ZNO and
2 Nz 0 Ar i o L Ar: 14.01eV, 12.6eV, 9.25eV and 15.76eV respectively, the
°; . 5 s 10 12 numbers of photons required for ionisation are different being 9,
Time of flight (14s) 8, 6 and 10 respectively for a 790 nm photon (equivalent energy

1.57eV). At lower laser intensities, the probability of ionisation
. . . is different which causes the RSFs to have different values. In

F|gur¢2. T'.”?e of flight ma(s)'lssspect_rza for the mo?slecule_zl\lo at Figure 3c, the difference between the numbers of photons

laser |ntensme55 of (62 0.83 _Wcm » (b) 1.%10™ Wem required for ionisation of NO and Ar is larger than those for CO

and (c) 4.910' Wem? respectively. and Ar in Figure 3a and for GHand Ar in Figure 3b. As a
Figure 2 (a-c) show the mass spectra of a sample of NO mixd@sult the RSFs of NO are higher than the other two at the same
with the reference gas Ar at the same partia| pressurgser intensities before the onset of ionisation saturation.
(2.1x10° Torr) at the laser intensities of 8" Wcm?,
1.7x10™ Wemi? and 4.%10'° Wem?. In Figure 2(a), the NO Ta NgeAr
ion signal is far larger than the ‘Asignal. Their peak area s
integrations are 0.1 nVs and 0.005 nVs respectively and hence
the RSF for NO/Ar is ~20/1. The IEs are 9.25eV for NO, & : M{—{
requiring six photons for ionisation and 15.76 for Ar, requiring
ten photons for ionisation. The laser intensity is not high
enough to achieve similar ionisation efficiencies for the two .
species. When the laser intensity is increased to .
1.7x10" Wcm?, the RSF of NO relative to Ar is 3.2 and the @ Nzt Ar
ionisation efficiencies for these species is becoming more
similar. At the laser intensity of 4@0" Wcm?, the signals
from multiply charged parent ions and the fragment ions

05

©

relative ion yield

-

become stronger. The summed peak area ¢f N@' and N e

is 2.1 nVs and that of A, Ar®*, Ar?* and Af is 1.8 nVs. *o oz os  os  ss 1 12 1e 15 1s
Derived from the peak area integration the RSF is 1.17, which faserintensiy (10%wem)

is close to unity. At this level of laser intensity or higher a

uniform ionisation for these species can be obtained. Figure 4. (a) RSFs relative to Ar, versus laser intensity, of N

Figure 3 (a-c) shows the RSFs as a function of laser intensity, With the presence of Ar in the mixture; (b) the ion yields of

for the molecules CO, GHNO with thepresence of Ar in species Mand Ar versus laser intensity. The error bars

the species respectively. Uncertainties of 11% for the RSFs of indicate the estimated measurement errors of 11%.

gas were carefully estimated and are shown by error bars in thiehe case of the nitrogen molecule is interesting. This species
figures. These uncertainties result from the measurement errokas a high ionisation potential (15.58 eV) which is very close to
of gas pressures and peak area integration of TOF spectra. T#h@ IE of Ar (15.76 eV), and ten photons are needed to ionise
sample pressure was 40° Torr with the same partial either a N molecule or Ar. Thus the two species would be
pressures for the two species in each mixture of CO/Arexpected to have similar ionisation cross-sections and ionisation
CH,/Ar, and NO/Ar. From these figures it is seen that the RSFefficiencies. Figure 4a shows the RSFs relative to Ar with the
decrease as the laser intensities increase and approach uretyor bars of 11%, versus laser intensity, obtained from the
when the laser intensities are abowtl@ Wcmi? for CO,  spectra of the mixture sample (4.25100rr) of N, and Ar with
3.6x10"° Wem? for CH, and 4.%10® Wcm? for NO  the same partial pressures. The RSFs change only slightly as
respectively. At these laser power levelshigher, uniform  the laser intensity increases, lying close to unity throughout the
ionisation efficiencyis achieved andjuantification is reliable. range. Figure 4b shows the ion yields of both of the species as
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a function of laser intensity, from which it is seen that the ionThe error bars in Figure 6 indicate the estimated measurement
yields increase slowly. This indicates that the ionisationerrors of 11%. In this Figure the data for laser intensities up to
volume still increases slightly with increasing laser intensity10'® Wem? is shown. The reason for this is because the laser
indicative of the fact that a sharply defined ionisation volumewas upgraded before this data was taken and intensities up to a
has not been achieved. few times 1&8° Wem2are now available.

For liquid-phase molecular species, a difficulty arises when th%’oly-atomic molecules were also studied using the femto-
RSFs are measured for a mixture of the reference species Wil 1\ |aser Figure 7a-b show the RSFs for the molecules
its vapour, pcause of sticking of the paur to the walls of the C:Hs and GHg respectively versus laser intensity. The ion
tra_nsfer_ capillary tube. Such vapours were St_aparately measur ﬁelds of these three speciegHz, CHg and Ar were separately

at identical pressures to the reference gas. Figure 5a,b show asured from their time-of-fight spectra for the RSF
RSFs, with their error bars of 13%, of @tand CS relative to calculations. In Figure 7a, the ionisation saturation is reached at

Ar versus laser intensity. The RSFs approach unity withy,. "\, co intensity of X10™ Wcni? where the RSF is unity.
increasing laser intensity.

While in Figure 7b, the RSF of;Hg decreases down to a value
of about 1.0 at the laser intensity of abowl®> Wcm? where

1 CHATAT (70 mixtare) @ uniform ionisation is reached.

CgHg/Ar (no mixture)

CS,/Ar (no mixture) (b)

RSF
Ok N W A OO N ®

w

C7Hg/Ar (no mixture) )

RSF

laser intensity (10** Wem2)

Figure5. RSFs, versus laser intensity, of liquid-phase ° ; ; : : - - " M
molecule (vapour) CH3I and CS2 relative to Ar (gas-phase) laser intensity (10 Wem?)

when these species were separately used for their mass

spectrometry. The error bars indicate the estimated Figure 7. RSFs, relative to Ar, of molecules of C6H6 and
measurement errors of 13%. C7HS8 versus laser intensity when these were separately used

for their mass spectrometry. The error bars indicate the

In Figure 6(a-b), the RSFs, relative to Ar, ofNand CQ estimated measurement erors of 13%.

versus laser intensity are shown with their error bars of 11%
when separate (non-mixture) speciegONCQ, and Ar were |t would appear that uniform ionisation efficiency has been
used respectively to obtain their spectra for peak aregemonstrated at laser intensities abowt(* Wcm? for the
integration. For the ionisation of these molecules nine phOtOﬂéaSeS studied and hence FLMS has considerable potentia| for
are required. RSFs of the two species keep decreasing af@antitative molecular analysis. The Glasgow group will
approach unity when the laser intensities are abougontinue this work for many more types of molecules to
4.5x10* Wem? for both CQ and NO. Thus uniform ionisation  ascertain the generality of the technique.
has been reached at this intensity.

Conclusions

Using a femtosecond laser with high intensity at the wavelength
of 790 nm coupled to a TOF mass spectrometer, a series of
) molecules, CO, CH NO, NO, CO,, N,, CHgl, CS,, GHg, and
{ C;Hg, with very different ionisation potentials have been
E { ; ) ; ; investigated. The detailed analysis of RSFs against laser
t t intensities, up to 160" Wcm?, has demonstrated that most of
the molecules have reached their ionisation saturation status. At
intensities of about X10® Wecm? uniform ionisation
efficiencies were reached resulting in RSFs tending to unity.
(b) . . . . .
2 { _ Therefore the possibility of quantitative chemical analysis for
CO2/Ar (no mixture)
these types of molecular samples has been demonstrated and

3

} N,O/Ar (no mixture) (a)

RSF

e ts ; more work will be carried out to test the generality of the
€, te s ; 5 : 3 procedure.
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Introduction is surprising however as the distribution for’Gom CS is

anisotropic. The BD molecule has a linear N-N=O structure.
us, the N-N diatomic breaks away from the O-atom to

roduce N, in a similar fashion to C-S breaking away from the
er S-atom in the case of £SThis suggests that the, n

As lasers have become increasingly more intense, and able
provide power in pulses of shorter duration, so the highly non-
linear processes induced by the laser/matter interaction such

blc_md-softten:cng, | Ab?é\'g Thrgshotldd. Ignls_?rt]pnl ({A;I'I),. znd must have a very low kinetic energy in order to account for the
alighment of molecu can be studiea. IS last topic has ;o tropy observed. The isotropy also occurs due to bending in

become the focus of much recent research activity as the spatjg field, as this fragment has been observed to become more
_cont_rol . of _molecu_les ha_s very deep and W'de'rang'n%otropic as the rotational levels increase in a bent
implications in a variety of different fields. configuratio?

By utilising chirped-pulse amplificatiGh(CPA) Astra provides
strong_E-fields which distort the molecular structure and Whicf'B
may align the molecule with the field.

he distributions for NO and NG* are shown in Figure 1.
oth distributions are peaked in the 0-18@ection. Similarly
for CS and C$' from CS?, the NO distribution is anisotropic
Such distortions may polarise a molecule, which induces &ut possessing an isotropic component; whereas th& 8O
dipole moment. The field interacts with the molecule via themarkedly anisotropic. This suggests that ‘Némes from
dipole to produce a torque which tends to align the moleculdN,O" or N,O™; but that NG" originates from a higher charged
As the polarisability increases with charge-state of the parerfirecursor of the parent molecule.

ion, the torque is increased also and thus aligns the molecule
more tightly. This narrows the angular distribution of the
exploding fragments from these highly charged transient parent : :
ions. Furthermore, in an ensemble of molecules with randomly
orientated dipoles, those molecules which lie along the direction

of the ToF axis and laser polarisation are more efficiently
ionised/dissociated and detected. Either or both of these
processes can account for the observed anisotropy of the -
fragment ions. :

In this report some angular distributions are presented for the o
N,O and HS molecules which exhibit unusual behaviour .
regarding the N- and S-fragment ions. The data were taken
using the ultra-intense femtosecond Astra Ti:S laser facility at
RAL.

Experimental

The laser system used is based on a 20 fs Ti:S oscillator :
pumped by a Spectra-Physics Millenia solid-state faselt H
produces output pulses of 790nm, 50fs and an energy/pulse of

5mJ after being stretched, amplified in 2-stages in a Ti:S rod : : %13 =N SHRE OO IOOR EAAet staeessson o S

amplifier pumped by two frequency-doubled Spectra-Physics
GR-270 Nd:YAG lasers, and then re-compressed to 50fs. The . : N = Sl SO RO O ]
laser polarisation was rotated with respect to the lab frame using =~ =7 " o . L i s e a x w0 e
a polariser and/2 wave-plate.

Figure 1. Angular distribution of O and NO fragments.
Gas-phase samples are admitted effusively from an inlet system

into a high-vacuum chamber. The sample pressures were of tfiéie distributions of the O-fragments are also shown in Figure 1.
order of 1 Torr. The ToF system is a conventional linear It can be seen that all are anisotropic. Interestingly, it would
mass spectrometer based on the Wiley-McLaren configuratioralso appear that the distributions narrow slightly for increasing
the field-free region being of length 1.2m. lons are detected byharge-states. This is similar to results reported fosT@nd
an electron multiplier connected to a LeCroy digital since O and N have similar molecular weights, and that the
oscilloscope. bond lengths are similar in both molecules, the moments of
inertia of both are similar. Thus, as £@ay be aligning within
the 50 fs laser pulse it is reasonable to expect th@ MNay
also. The angular distributions o N(p < 4) are shown in

Results and Discussion

Angular distributions for the molecule,® are presented for a
laser intensity of 1§ Wem? and 50 fs. The distributions for . e | |
ol NO' and I’ are saropic (ot show) ncicating that ne FOUT® 2 The dstioutons shw ol unusus bebviow
efficiency of ionising and detecting the parent ion is P P

independent of the polarisation orientation. The isotropy,0f N 0718.0’ as W?” as the 9q) direction,. although this orthogonal
distribution diminishes with decreasing charge-state.
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These two peaks in the distributions arise from the fact that thalso, both NO and C$ are initially linear molecules that are
molecular structure is N-N=O. The peripheral N-atom isthought to be slightly bent in the laser field, producing ions
responsible for the peak along the ToF axis direction, whilst th@eaked in the# 90°) direction; whereas }$ starts off with a
central N-atom is responsible for the perpendicular peak, in B-S-H angle of about 93 In order for the S-ions up td*So
similar fashion to the central C-atom in L£Being peaked be isotropic, it has to behave as an 'observer' in the break-up of
perpendicular to the ToF aXis The molecule is initially linear  the molecule. Thus, the isotropic S distributions observed are
but, as the central N-atom is ejected orthogonally this lendfdicative of a straightening of the,$ molecule when it
support to the molecule bending in the field. interacts with an intense field of a laser.

The perpendicular peak of the distribution increases with th&ven more interesting however, and quite unexpected, is the
charge of the N-fragments because when the polarisation is appearance of an “Sion with a corresponding angular
right angles to the ToF axis, the highly charged peripheradiistribution, which to the authors’ knowledge is the first time it
N-ions are ejected in this perpendicular direction withhas been observed. As can be seen, its distribution is highly
increasing kinetic energy. So the probability of detecting themanisotropic, and furthermore was the only fragment peak in the
along the ToF axis is small, compared to that of the centrahass spectra to possess a split structure, perhaps indicating
N-ion, which flies down the drift tube to the detector, and hencéorward- and backward-directed ions occurring from Coulomb
is more efficiently detected. Thus, the peakst 8¢ grow explosion. Unlike the central atom in g®wever, it is peaked
relatively to those at 0 and 180 along the 0-180direction and is a minimum at9C’.
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Figure 2. Angular distribution of N fragment ions. Figure 3. Angular distributions of S fragment ions.

The S-ion distributions observed from the ionisation andConcIusjon

dissociation of the p§ molecule at an intensity of OV cm” 0 angular distributions of # and HS were studied at an
and 50 fs are shown in Figure 3. As seen in the diagram, tnﬁtensity of 10 W cmi2, and in the femto-second regime

S T .
gic’lﬁi%pltci)ti OfTLhegngOtrisé tilorr:s nsTom a:e;‘lmlte |so|tro$|i: (50 fs). The laser field may induce a sufficiently large dipole
stribution. e stribution (not shown) is less clear to moment to effect a torque strong enough to orientate the

interpret. The & shows isotropy, although less obviously so. s :
The results for § HS', and HS" were not obtainable due to molecular axis within the duration of the 50 fs laser pulse used.

these peaks being saturated. Several of the distributions show unusual behaviour that has not
The H distribution (not shown) is similar to that for thé S been observed before. In particular the N-distributions from

. . . : N,O consist of a peak at 0 and 18fiom the peripheral
from CS , being anisotropic and peaking along the 0°180  ° . :
direction. The Mion may come from 'soft' dissociation of the N-atom, and another perpendicular to thistz80° from the

) . - ) entral N-atom, which grows relatively to the first as the charge
parent molecule, being ejected along the direction of i
polarisation with small kinetic energy. Obviously, higher of the N lon InCreases. _Furthermore,_ a.Spm ﬁegk and a
charge-states of H-atoms are impossible. What makes Hcorlrespondlng anisotropic angular (.1IStI’I.bUtIO.n is presented
different from C$ is that the peripheral H-ions are considerablyvéht'ﬁz ggﬁrpgﬂmgamkslcx]hﬁcrzrl?;ggefélon‘ in stark contrast
lighter and hence more easily aligned with the laser field due tE) P ’ pic.
a reduced moment of inertia.
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Introduction reservoir, which were temperature controlled from ambient to
470 K with a temperature stability of0.1 K. A heated

We present preliminary results of an investigation into hI(:“]hcapacitance manometer measured the vapour pressure created in

harmoni neration (HHG) in organic molecules. Benzen ; . 0
armonic generation (HHG) organic moiecu’es ENZ€NGhe reservoir. A schematic is shown in Figure 1.
and cyclohexane vapours were compared with monatomic

xenon in two complementary studies using near infrared pulseshe heated pulsed valve was mounted on a small vacuum
generated by titanium sapphire chirped pulse amplification lasethamber attached to a VUV spectrometer and pumped by a
systems. Pulses of duration 70 fs at 795 nm and 240 fs afirbo-molecular pump. The laser pulses were focused into the
780 nm were provided by Astra and the Blackett Laboratoryjas jet by a 300 mm focal length lens mounted immediately
Laser Consortium titanium sapphire laser respectively. The twpefore the 3 mm thick fused silica entrance window. The
studies covered an intensity range from x@® to spectrometer was fitted with a 600 lines.thgrating and an
~5x10% Wem?, electron multiplier tube (EMT) detector. A calibrated fast
photodiode fitted to an integrating sphere was used to measure
- i tle laser pulse energy. A boxcar gated integrator received the
now reasonably well understdhd Small molecules, diatomics signals output from the EMT and the energy monitor diode after

in_particular, have also received some attedtion Their every laser shot, digitised them and transferred them to a PC.
behaviour is generally similar to atoms — the familiar plateau

and cut-off are present in the harmonic spectra, with thegyeg)its
position of the cut-off approximately predicted by the3l,
rule. Very few studies have included larger moleclles

HHG in monatomic gases has been studied for some time and

Harmonic spectra were recorded for benzene, cyclohexane and
xenon under nominally identical conditions. These results are
We were motivated to study HHG in organic molecules forshown in Figure 2 for 240 fs pulses at a peak intensity in the
several reasons. Organic molecules can be highly polarisabliacus of 10" Wcm? The gas density in the laser focus was
The presence afi-delocalised electrons in some organics such~2x10" molecules.cr.

as benzene and butadiene, can increase the polarisability. There . . .
is evidence from previous work comparing butane anc?;r:he most striking feature of this data is that the strengths of the

butadiene that this can increase the harmonic conversiop@rmeonic signals from the organic molecules are comparable to

efficiency‘). Some species, such as cyclohexane, exhibit a giar]i ose from xenon atoms, one of the most efficient HHG media

resonance. The cyclohexane giant resonance at 10.4 ev I died to date.

potentially much more accessible to multiphoton excitation byFigures 3a to 3c show intensity dependences for harmonics
near-infrared photons (~1.5eV) than the giant resonanceg=7-13 in xenon and g=7-11 in benzene and cyclohexane using
present in atoms that have excitation energies typicallp40 fs pulses. The form of the xenon harmonic yields shown in
~100 eV. Recent studies using ion time of flight spectroscop¥igure 3a is typical of HHG. All the harmonics were observed
to study ionisation and dissociation of organic molecules havéy the plateau region. The roll-over at higher intensity
shown that they can be remarkably stable when exposed to highox10" Wem?) was primarily due to depletion of the neutral
intensity ultra-short laser pulses Benzene, for example, can species by ionisation.

remain essentially intact at intensities approaching

5x10 Weni2. As with xenon, the benzene harmonic yields in Figure 3b first
increase with a slope ~2 before beginning to roll-over as the
Experiment intensity approaches<70™ Wcmi®. At this point the intensity

Typical HHG experiments use pulsed valves to deliver thalependences diverge. The roll-over is most pronounced for g=7
(gaseous) non-linear medium to the target area. Benzene and sy

cyclohexane, however, are both liquids at room temperature. ‘::'9 o
This required the development of a heated valve that was S xenon
i cyclohexane

capable of delivering gas pulses at a variety of pressures. It ] 7 xenon (repeat)

. . =
major features were an integrated gas valve and samples

capacitance manometer

4x150 W cartridge heaters . .
«— Optional gas (e.g. Xe) inlet

sample in 2cm™ crucible thermocouple

all ‘wet’ parts are stainless steel .
fundamental and harmonics pass

through slit into spectrometer

Harmonic signal (arb

pulsed valve with sonic nozzle

near-IR pulses focused copper body

into gas-jet g
Y 50 60 70 80 90 100 110 120 130 140 150
| Wavelength (nm)
Figure 2. Benzene and cyclohexane harmonic spectra
Figure 1. Schematic of heated pulsed gas valve and the for g=7-13 compared with xenon under nominally
laser interaction region. identical conditions.
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(a) xenon, 240 fs . (b) benzene, 240 fs 1(C) cyclohexane, 240 fs
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Figure 3. Harmonic yield intensity dependences using 240 fs, 780 nm pulses (a) xenon, (b) benzene and (c) cyclohexane.

and becomes less for higher q. This is the opposite to th@ppears to be similar. The intensity dependences are?ait ~|
expected consequence of free-electron dispersion, which is2-4x10 Wem? (with the exception of q=11 for
stronger at shorter wavelengths. Frori@ to 4x10™ Weni?  cyclohexane). The change in pulse duration seems to have had
the curves reconverge. little effect. We would, however, expect it to make a difference
For cyclohexane (Figure 3c) all harmonics again follow theat ; hl_gher_ Intensity where it would affect . the

AN : s > ionisation/dissociation of the molecules and would modify the
same |n|_t|al Intensity dependen_ces. Above:d® Wem” the anomalous behaviour seen in the organics using 240 fs pulses.
curves diverge. The f1harmonic rolls-over to become almost

constanéhwith increasing intenshi;y. There is no change of slopBeferences
in the harmonic and the "7 harmonic actually exhibits . - . .
. . . . . P Antoine, M Gaarde, P Saliéres, B Carré, A L'Huillier ,
St?eper intensity dependence. Th.'s compares with xenan M Lewenstein, Inst. of Phys. Conf. Series, 154 142, (1997)
(Figure 3a) where all the harmonic yields have stopped ' ’ ' ’ = '

increasing at this intensity. We illustrate the repeatability of the. Y Liang, A Talebpour, C Y Chien, S Augst and S L Chin
data by plotting a second, independéhh@rmonic dataset. J. Phys. B: At. Mol. Opt. Phys., 30 1369, (1997)

Figure 4 shows the results of an identical experiment using. C Lynga, A L’'Huillier and C-G Wabhlstrém

70 fs pulses. Although the intensity range covered in this  J. Phys. B: At. Mol. Opt. Phys., 29 3293, (1996)
experiment is lower, improved environmental conditions )

increased the dynamic range of our detection apparatus by 4t D J Fraser, M H R Hutchinson, J P Marangos, Y L Shao,
least an order of magnitude. This enabled us to measure the 3 W G Tisch and M Castillejo, J. Phys. B: At. Mol. Opt.
weaker 18 harmonic of the organic molecules and also to  PNYs..28 L739, (1995)

observe the initial steep intensity dependence of the harmonis K \ D Ledingham, D J Smith, R P Singhal, T McCanny,

signal. Where the intensity ranges of the two experiments  p Graham, H S Kilic, W X Peng, A J Langley, P F Taday,
overlap, we can see that the behaviour of all the molecules ¢ Kosmidis, J. Phys. Chem. A, 103 2952, (1999)

(a) xenon, 70 fs (b) benzene, 70 fs (c) cyclohexane, 70 fs
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Figure 4. Harmonic yield intensity dependences using 70 fs, 795 nm pulses (a) xenon, (b) benzene and (c) cyclohexane.
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Introduction undeflected through the parallel plate analyser and were

o . . i . ... detected in an on-axis channel electron multiplier.
Theoretical interpretations of the dissociation and dissociative P

ionisation of H* in an intense femtosecond laser pulse quiteMeasured energy spectra for both proton and H atom fragments
reasonably all begin with the molecular iog"Hgenerally in a  from an H" molecular ion beam are shown in Figure 2. The
Franck-Condon vibrational distributiBn In other words it is  similarity between the main peaks in the proton and neutral
assumed that the initial ionization of the neutralntblecule by  spectra is immediately apparent. Clearly these peaks are due to
the leading edge of the laser pulse is totally independent of the
subsequent dynamics of the,'Hion. Experimental studies

however all begin with a neutral,Hnolecul® , and assume 5F ]
that the ionisation process and presence of the ionised electron H —— Hfrom H,

\ —e—- H' from H,"

are not important.

To test this very important assumption, we herein report on the
first experimental study of a beam of'Hnolecular ions in an
intense femtosecond laser pulse. By producing a fast beam of
H.," ions to interact with the laser pulse, the precursomeditral

state is avoided and furthermore fast product neutral H atoms
can be detected as well as protons. This is the first time that
neutral dissociation products have been detected in the study of
molecules in strong laser fields.

Experimental

Fragmentation Yield (arbitrary units)

Energy (eV)

Figure 2. Energy distributions of H and*H

the dissociation channel:

Hy'(1sag, v) + nbv — H™ + H(n, 1) I )
Fiaure 1. Crossed femtosecond laser beam and ion beam.
H.," ions were formed in a plasma discharge ion source, with
1 keV beam extracted and momentum analysed. At the point
interaction, the K ion beam of diameter 1 mm (full width at
half maximum) was intersected at°dy a linearly polarized
laser pulse with a spatial Gaussian profile, focussed by an f/lf;]2+(1scg, v)+nhy - H +H +e .. (2
lens to a spot of 10pum diameter. With the axis of polarization ) o
set mutually perpendicular to both beams, proton fragmentdéading to two protons. The energy of this distribution is
energy analysed by applying a variable electric field across differences between the energy distributfonsand those of
pair of deflection plates. The energy selected protons were thdfigure 2 indicate that the effect of the initial ionisation is not
deflected in a 45parallel plate analyser and detected in an off-Completely negligible.  This is currently the subject of
axis channel electron multiplier. The parallel plate analysefvestigation.
served to separate and baffle the primagy tbéam from the
proton signal. The Ti-sapphire laser operated at a fundament&fferences
wavelength of 790 nm, delivering 65 fs duration pulses ofl. T Zuo and A D Bandrauk
maximum focussed intensity FOWcni® at 10 Hz repetition Phys. Rev. A 522511,(1995).

rate. 2. G N Gibson et al

H atom fragment yields were measured by rotating the axis of ~ Phys. Rev. Lett 72022, (1997).
polarization of the laser, such that the E vector was colinear

with the ion beam axis. The fast neutral products passed

leading to a proton plus an H atom with equally shared
(aissociation energy. However the second distribution in the
proton energy which is not present for the neutral H is clearly
due to the coulomb explosion channel:
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An Investigation of the Angular Distributions of Fragment ions from Coulomb
Explosion of the Linear CS; Molecule

P Graham, K W D Ledingham, R P Singhal, T McCanny, SM Hankin, X Fang, D J Smith
Department of Physics & Astronomy, University of Glasgow, Glasgow, G12 8QQ, Scotland, UK.

A JLangley, P F Taday
Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, UK

C Kosmidis, P Tzallas
Department of Physics, University of loannina, GR-45110, loannina, Greece.
Main contact email address: K.Ledingham@physics.gla.ac.uk

Introduction The isotropy shows that the intact parent ions, ionised up to the
triply-charged state, are detected with equal efficiency

As theoretical and experimental study of triatomic mc’lecu'esregardless of polarisation orientation

subjected to intense laser bedhds gains momentum, useful
insights are obtained into the dynamical processes involvedihe angular distributions of specific fragment ions exhibit a
The experiments are becoming increasingly sophisticated arglgnificantly different behaviour from that of the multiply-
include alignment and trappifg” of molecules. Indeed, the charged parent ions. The angular distributions for theab8
ability to control the alignment of the overall molecular dipole CS** fragment ions are shown in Figure 1.

moment with the laser field can have significant implications in

the control of chemical reactions (steric effects) and hence is

receiving intensive contemporary interest from severpg® . . <
28) 1d-: : : g kST E +

' otk 3y ’ ©
A dramatic upsurge in short pulse laser technology, with its g e Lt 15‘ A e 11

. . . .S IX) Faot S5 T

concomitant high achievable peak powers, has been observed irf ER R X 3 I
the last few years. This has largely been due to the 2 : : : g7 A i
development of chirped-pulse  amplification (CPA) =2 “ 5 *
technique®. Using the ultra-intense € 1x10'° W cmi?) Astra 5 1 O O e -
femtosecond'[(: 50fS) laser faClllty at RAL, we have studied 450150120 0 %0 30 0 % € 0 120 150 10 " 18615612090-60-30 0 30 60 90 120150180

Polarisation Angle Polarisation Angle

the effect of this ultra-intense laser/matter interaction.
Specifically we have observed the angular distribution of
fragment ions from the parent molecules subsequent to
Coulomb explosion, and the mechanism responsible for thghe CS exhibits weak anisotropy, whereas the doubly-ionised

Figure 1. Angular distribution of the CS fragment ions.

observed anisotropy — alignment or preferential ionisation. fragment C& clearly shows only an anisotropic distribution.
_ Bond-breaking in CS is not a Coulomb explosion process and
Experimental only imparts a small kinetic energy to thé & CS ions and

Gas-phase samples were admitted effusively to the highthe neutral counter-fragment. This is termed ‘soft’ dissociation.
vacuum chamber pumped to a base pressure 6t ¥aff by a  The resulting low kinetic energy fragment ions remain within
turbomolecular pump. The chamber pressure was maintained tte collection volume of the ToF analyser and are detected
~10° Torr when a sample was admitted in order to avoid spacesfficiently. Conversely, the anisotropic distributions for*CS
charge effects and pressure broadening of the ion peaks. Thed C$" are derived from the fragmentation of higher ionised
ToF system employed in this work was a conventional lineastates of the GSmolecule resulting in Coulomb explosions.
mass spectrometer based on the Wiley-McLaren configurationfhese explosions yield two ionised fragments that may possess
The field-free drift region had a length of 1.2 m. lons weresufficient kinetic energy to escape the collection volume of the
detected using an electron multiplier (Thorn EMI) connected tol oF analyser. The anisotropy in the ion signal is a measure of
a LeCroy (9344C, 500MHz) digital storage oscilloscope (DSO)the initial momentum of the exploding fragments; those
The extraction fields used were of the order of 500 V.cm fragments ejected pseudo-parallel to the ToF axis are detected

with greater efficiency.
The femtosecond laser system used was based on a Spectra g y

Physics Ti:S oscillator pumped by an Ar-ion I88gproducing  The angular distributions for"S(n < 6) from C$ are shown in
pulses of QuJ puls& at 790 nm and 50 fs duration. The pulsesFigure 2. It is evident from these data that all the fragments are
were then stretched to ~300 ps. The stretched pulse was thexarkedly anisotropic, peaking along the parallel direction (0
amplified in a multi-pass confocal amplifier consisting of aand 186). The minimum ion count for each graph in Figure 2
7 mm long Ti:S rod (Crystal Systems) pumped with 67 mJ fronis near zero for all charge-states, except Similar to CS

the second harmonic of a Spectra Physics GCR 270-1(Figure 1) the § distribution has an underlying isotropic
Nd:YAG laser. The pulse train is then recompressed to 50 fsomponent originating from the low energy fragmentation of
using a pair of gratings and the final beam energy is 5mXS;" and C$** ions (both isotropically distributed). The angle
When focussed using a f/3 spherical mirror this gives intensitiewhere the maximum ion count occurs is the same for"all S
of 10TW cm?. Measurement of the angular distributions of thefragments and is parallel to the ToF axi€ @nd 180).
fragments was achieved by rotatiny/a wave-plate in the path Furthermore, the FWHM value is equal for all S-fragments
of the beam placed immediately before the quartz window of~6C°). If the CS molecules were aligning in the electric field
the target chamber, in order to avoid polarisation-dependentf the laser beam, one would expect the distributions to narrow

transmission losses through the beam-splitters, etc. for higher charged fragments due to the higher induced dipole
‘ _ moment, and hence aligning torque acting on the precursor
Results and Discussion molecule. That this is not the case in the present work indicates

A polar plot of the CS* (n < 3) peaks (not shown) exhibits a that there is little evidence for alignment of &thin the 50 fs
uniform signal intensity for all polarisation angles (isotropic). Pulse, regardless of the transient charge-state of the molecule.
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The origin of the anisotropic signal maxima is a result ofwith the ToF axis, the"Sions are ejected along the polarisation
preferential ionisation/detection occurring when the lasedirection (actually along the bonds) and along the ToF axis
polarisation is efficiently overlapped with the molecular afis resulting in efficient detection. The greatly reducéd €ignal
the triatomic parent molecule and the ToF axis. Hence, botfs a result of the fragments being ejected perpendicular to the
ionisation/dissociation and Coulomb explosion are enhancedaser polarisation after Coulomb explosion. The anisotropy of
apparent through the preferential detection of th& @gd S* the multiply-charged carbon atoms can bacéd to the
fragments ejected within ca30° of the ToF axis. molecular axis being bent such that a momentum transfer from
the Coulomb exploding S atoms occurs and results in fie C

, ) intensity peaking at 90 Conversely, when the polarisation is
iUT N D I IS D Es ’ perpendicular to the ToF axis the hlgh ener@?i@’ls are lost

- e - and detected with reduced efficiency. In an attempt to elucidate
the question of whether the £€8olecule can rotate within the
laser pulse, angular distributions were carried out at different
pulse lengths. Figure 4 shows thé distributions for three
pulse lengths of 150 fs, 1 ps and 300 ps. Data obtained with the
two shorter pulse lengths exhibited little change from that
recorded at 50 fs. However, the distribution recorded with the
longer pulse length (300 ps) became markedly isotropic. A
similar finding was obtained for the S fragments. The
alignment of C§ proposed by Couris et #.to occur at pulse
durations of 200 fs, could not be reproduced at 50 fs, 150 fs or
1ps.

LS R SRS IEEER SERECI SLILRL AR SETER SRES HEIEN SULR SRR ¥ o Figure 3. Angular distribution of C fragment ions.

This orthogonal ejection of peripheral and central ions from
1 N FoE triatomic SpeCiES has been confirmed by numerous groups for
* molecules such as NOH,0, COS and C&+%.

R AL IO N I E DA E O [ Conclusions
An investigation of the ionisation/dissociation process of the
Figure 2. Angular distribution of the S fragment ions. linear CS molecule has been carried out using 50 fs, 790 nm
laser pulses at an intensity of 10' W cm?. The $' fragment
Comparison of the angular distributions for S and C fragmentpeaks are broader than those fdF @agments indicating that
reveals that the molecular structure is distorted by the presendeey possess more energy in the break-up as expected from
of the laser field. Diametrically opposite behaviour for theCoulomb explosions of highly-charged LC8wolecular ions.
ejection of S and C fragments is clearly shown in the angulaThis is especially obvious in the ToF mass spectrum recorded
distributions of Figures 2 and 3This polarisation-dependent using horizontal polarisation. In addition, the maximum
effect arises from the preferential ionisation of those moleculesharge-state attained by*§n = 6) is greater than that fof"C
whose molecular axes are pseudo-parallel to the laser field. Tl = 4). To access the much more tightly bound 5+ state in C
distributions are maximised along the perpendicular directiorand 7+ state in S requires 392 and 281 eV respectively. Clearly
(£ 9¢°). A similar underlying isotropic component to that 6f S these energies are not available from a laser beam of intensity
and CS is observed for € The origin of the diametrically 1x10% W cmi? with a ponderomotive potential of 186 eV.

opposite behaviour for C- and S-fragment ions is a result of ths?_he angular distributions for the ¢SCS?, CS*, CS, CE*

molecular geometry in the ion state. The, @H molecule is +and O i vzed b . K ith
slightly bent when excited, with the S-C bonds at small angle§n an lons were analyzed by measuring peak areas wi
fespect to the polarisation vector of the laser pulse as it was

to the electric field of the laser. When the laser field is collineal
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rotated. The CS, CS*, CS* parent ion distributions are all References

isotropic. The C§ C" and S distributions exhibit a significant 1
underlying isotropic component in addition to anisotropy. All
other multiply-charged fragments display totally anisotropic
behaviour. The % and C$" distributions are maximised 2.
parallel to the ToF-axis, whereas thé€“Cons are ejected
orthogonally. This is accounted for by a field-induced bending
of the initially linear C$ molecule and subsequent momentum
transfer.

The FWHM values for the"Sand C™ peaks are approximately

of equal width. This suggests that the observed anisotropies ade
not in fact due to the alignment of the molecule within the laser
pulse, but to the preferential ionisation of those molecules that
have their axes initially aligned with the laser field. The
isotropic component observed fof, €', and CS is associated
with low energy ‘soft’ dissociation. Thus, the conclusion
drawn for C$ (and heavier molecules) is that the initial
orientation is responsible for the observed anisotrapyg
molecule being unable to be aligned within the 50 fs laser pulse.
This is further borne out by results for £&hd CHI, having 5.
similar degrees of alignment in a nanosecond Hlilse

To 70 ¢ a0 o0
Polarisation Angle

Figure 4. Angular distribution of Cat 150 fs, 1 ps and 300 ps.

14.

Finally, angular distributions are shown fof @om CS for
laser pulse lengths of 150fs, 1ps and 300ps. At the longest

pulse length the distribution becomes markedly isotropicl®-

whereas the two shorter pulse widths are anisotropic and very
similar to the results obtained at 50 fs. The distribution width is g
similar for both 50 and 150 fs, in contrast to another recent
report?. The spectra corresponding to longer pulse durations
also show increased fragmentation over those for shorter pulses.
This effect is also observed by Koudoumas éPal.

In summary, the orientation of the inter-atomic axes with

respect to the electric field of the laser is crucial for efficient18.

energy transfer leading to ionisation/dissociation. Molecules
which are initially oriented along the direction of laser

polarisation contribute most to the observed ion signal throug%g‘

the preferential ionisation process, as mentioned above. Further
work is being carried out for other molecules (e.gSH\O,

CHg3l) under a range of experimental conditions, i.e. variable20.

pulse widths and linear/circular polarisation. The results of this
work will be published elsewhere It is hoped that this will

lead to a greater understanding of the mechanisms forl:

alignment/enhanced ionisation, and ultimately to steric control
of chemical reactions.
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Introduction Results and Discussion

Metal complexes of the general formula [Re(R)(&@nb)]; The time-resolved absorption spectra of the methyl and ethyl
R = Me, Et,Pr, Bz;a-diimine = R-DAB, bpy, dmb, etc. often complexes are depicted in Figure 1. Ultrafast experiments show
react via a Re-R homolysis to give the radical photoproductthat the two bands, corresponding to the radical photoproducts
[Re(S)(CO)(a-diimine?)] and R-. Re-R homolysis quantum (510 nm) and MLCT trapping state (530 nm), are completely
yields for the Et,'Pr and Bz complexes all approach unity formed within the resolution of the instrumest400 fs). The
whereas the methyl complex reacts with a quantum vyield ofime-resolved spectra of the ethyl complex, however, show an
only 0.4, which is found to be heavily dependent oninteresting time evolution on the ultrafast timescale. The
temperature? spectrum immediately after excitation (2 ps) displays two
. . bands. One of these is persistent (505 nm) on the ultrafast and
The objects of this study are the two = complexesyynosecond timescales and is assigned to [Re(SYE@M))].
[Re(R)(COMdmb)]; R = Me or Et; dmb = 4.4-dimethyl- rhe other band (530 nm) decays with a lifetime186 ps

2,2'bipyridine. It is hoped that time-resolved spectroscopy ofseemingly with the concurrent production of photoproduct (the
the ultrafast timescale will unravel further the mechanlsmquantum yield for homolysis is 1).

behind the homolysis reaction and reveal the factors which limit

the homolysis quantum yield for the methyl complex. This behaviour is essentially the same as that observed for the
methyl compleX, but on a timescale almost 150 times faster.
Experimental Accordingly, the decaying, 530 nm species is assigned as a

The ultrafast spectrometer at RAL has been described before jMLCT trapping state, similar in nature to that found for
great detaif¥ Pump-probe spectroscopy was used to generatBxe(Me)(CO}(dmb)] but lying at higher energy. It is thought

high concentrations of transient species and examine them fhat the’MLCT trapping state in the methyl complex lies below
one of two ways: both the initially populated, Franck-Condon MLCT state and

] ) ~_ the reactive or* state. Hence it provides an efficient,
(1) Time-resolved spectra were taken by passing a white-ligh§ieactivation pathway. In the corresponding ethyl complex, the
probe beam through the excited part of the sample ane\; cT state lies higher in energy than the reactve state,
dispersing it onto two 512 pixel diode arrays. Thisp ¢ |ower in energy than the Franck-Condon state. In this way
allowed qbsorptlon spectra of the transient species to bgq “trap” does not act as a deactivation route, but as an
recorded in the range 475-650 nm. alternative, delayed pathway to homolysis.

(2) For a more accurate determination of the decay kinetics
single wavelength kinetic profiles were recorded byReferences
selecting portions of the white-light probe beam usingl. C.J. Kleverlaan, D. J. Stufkens, I. P. Clark, M. W. George,
10nm wide bandpass filters and directing this onto J. J. Turner, D. M. Martino, H. van Willigen, A. Vlcek, Jr.
photodiode detectors. J. Am. Chem. Soc. 120, 10871, (1998)

Nanosecond time-resolved spectra were recorded at thid P.Matousek; A. W. Parker; P. F. Taday and M. Towrie;
University of Amsterdam using a well described experimental ~ Opt. Comm,_127307, (1996)

1)
setup. 3. M. Towrie; A. W. Parker; W. Shaikh and P. Matousek
Meas. Sci. Technol. 9, 816, (1998)

v Absarbance

Warvslangth / nm
Figure1. Time-resolved spectra of [Re(R)(GImb)]

Left: R = Me; top: 2 ps; bottom: @0, 20, 30, 50, 70and  ns.
Right: R = Et; top: 250, , 200, ps.
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[Cr(CO)4(bpy)]: Excitation Energy Dependent Branching Between CO dissociation
and Relaxation
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Introduction nanosecond work this band is assigned to te-

. [Cr(COX(bpy)] photoproduct. Spectra recorded at earlier times
T_he metal complex [Cr(CGQppy)] has_an intense_metal-to- after excitation are broad and featureless, extending far into the
ligand qharge trgnsfer (MLCT) absorption bangtaatSOQ NM. " red. This is characteristic of the bpghromophore, which has
Po_pulat|on_ of th'S.MLCT state leads to the @s;ouaﬂon of alleen characterised by spectroelectrochemistry. Consequently,
axial CO ligand with a temperature and excitation Wavelengtqhe time-resolved spectra at early delay times are thought to
(Aed dependent quantum yield of 0.1 —.Zhe present study cqnsist of two components: the 660 nm photoproduct band and

investigates the mechanism for this, in particular the rate of C%bsorptions due to MLCT states, which are characterised by
loss and factors that limit and affect quantum yield. their bpy” chromophore. '

Experimental Kinetic profiles, measured at various wavelengths throughout

The ultrafast spectrometer at RAL has been described before tie spectral range, indicate that this time evolution fits well to
great detaiﬁ?’) Pump_probe spectroscopy was used to generatéouble exponential decay kinetics, yleldlng two lifetimes of

high concentrations of transient species and examine them fht 1 and 8% 3 ps. These values were found to be independent
one of two ways: of pump and probe wavelength, however variatiol\ f did

) . _affect the relative proportions of photoproduct and MLCT states
(1) Time-resolved spectra were taken by passing a Wh'te'“ghﬁroduced.
d

probe beam through the excited part of the sample an

dispersing it onto two 512 pixel diode arrays. This allowedShortening the excitation wavelength from 580 nm to 400 nm
absorption spectra of the transient species to be recorded iincreased the relative amount of the initially formed
the range 560-720 nm. photoproduct from 1.5 % of the total change in absorbance to

o .. 7.9 % (see Figure 2).
(2) For a more accurate determination of the decay kinetics,

single wavelength kinetic profiles were recorded by 4000 . ; ; : 10
selecting portions of the white-light probe beam using
10nm wide bandpass filters and directing this onto
photodiode detectors.

3000 4

This experiment relied on the technical specification of the
RAL ultrafast setup. The facility to individually tune the pump
and probe laser pulses independently of each other was crucial
for excitation wavelength dependence experiments.

2000 4

(—e—) 19npoidojoyd %

Extinction Coefficient / M cm™

1000 H

Results and Discussion 0 ; ; ; : 0
Solutions of [Cr(COYbpy)] in pyridine were excited at 500 nm. = “ Wereenghim = "
Time resolved spectra at various intervals after excitation are

shown in Figure 1. Figure 2. Absorption spectra of Cr(C@Jbpy) in pyridine

(—) and CHCI, () solutions shows together with the
' ' 205 . A photoproduct contribution to theinitial (t=0) transient
0.015+ WJ\\M A absorption, C,, measured at various excitation wavelengths (¢).
o \ ‘,m/j
W"\,f

This is an important mechanistic result and one that mirrors the
W previously observed quantum yield dependence on Ag. A
0.010- relationship between the amount of product formed and the
excitation wavelength implies that the reacting species must
have a “memory” of the excitation energy. This effectively
ooosL precludes the possibility of any relaxation before CO loss and
o suggests that the branching ratio between formation of the

photoproduct and population of the MLCT trapping state (and
consequently the CO loss quantum yield) is decided at the very

A Absorbance

0.000 A Avw‘ ey earliest time after excitation.
6(:)0 eéo 7(:]0 References
Wavelength / nm 1. J.Vichova; F. Hartl and A. Vicek, Jr.
J. Am. Chem. Soc. 114, 10903, (1992)
Figure 1. Time-resolved spectrum of [Cr(C§bpy)] in 2. P. Matousek; A. W. Parker; P. F. Taday and M. Towrie;
pyridine solution aftep, 3, 20 and400ps. Opt. Comm. 127, 307, (1996)

Spectra recorded at long times after excitation (> 250 ps) hav® M. Towrie; A.W. Parker; W. Shaikh and P. Matousek
an apparent maximum at 660 nm. On the basis of previous Meas. Sci. Technol. 9, 816, (1998)
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Introduction

The organometallic complefac-[Mn(Br)(CO)s('Pr-DAB)] has T T T
a low lying halide-to-ligand charge transfer transition from
where it undergoesfac — mer isomerisation. The first stage of
this isomerisation process is believed to be the concerted loss of
an equatorial carbonyl ligand and migration of the axial halide
into the equatorial plane, the isomerisation process being , ]
completed by the recombination of the dicarbonyl fragment
with free COY

0.0075 ¢

A Abs

This study examines the events that lead to this isomerisation
process on the ultrafast timescale and hope to unravel the
kinetics and mechanism of the process.

0.0000 + + +
550 600 650

Exper imental Wavelength / nm

The ultrafast spectrometer at RAL has been described before in

great detaif® _ _ .
Figure 1. Time-resolved absorption spectrum of fac-

Pump-probe spectroscopy was used to generate higMn(Br)(CO)(Pr-DAB)] in pyridine solution after 500 nm
concentrations of transient species and examine them in one ®EL.CT excitation.

two ways: . . .
We assign the observations described above to a8 AC

(1) Time-resolved spectra were taken by passing a white-lightype mechanism in which “A” represents the initially populated
probe beam through the excited part of the sample anXLCT excited state and “B” represents the weakly solvated CO
dispersing it onto two 512 pixel diode arrays. This allowedloss product, [Mn(Br)(CQ{Pr-DAB)]...py. “C” is thus
absorption spectra of the transient species to be recorded #signed as the stable (and previously characterised)
the range 525-675 nm. photoproduct [Mn(Br)(py)(CQJ'Pr-DAB)] which is formed in

s’preference to themer-tricarbonyl species in such a coordinating

(2) For a more accurate determination of the decay kinetic s
Solvent as pyriding.

single wavelength kinetic profiles were recorded by
selecting_ portions of the_ white-light prob(_a beam usingThis rather slow time for CO dissociation (11 ps) is somewhat
10nm wide bandpass filters and directing this ontoof an exception for CO loss from an excited state of an

photodiode detectors. organometallic. Such processes usually happen much more
) ) quickly than this? The slow rate of CO loss is consistent with a
Results and Discussion resonance coupling mechanism to “escape” from a completely

The time-resolved spectrum at 2 ps after excitation at 500 nmound excited state to a fully relaxed, dissociative ground
shows one fairly broad band centered at approximately 620 nistate?

(see figure 1). This band decays concurrent with the formation

of another with an apparent maximum at 560 nm. The presendReferences

of near isosbesticity at ca. 575 nm indicates a clean conversian G. J. Stor; S. L. Morrison; D. J. Stufkens and A. Oskam.
between the two bands. The spectra recorded at later time Organometallics 13 ,2641 (1994).

delays (50 — 200 ps) also show the presence of a band growing .

in at around 700 nm with kinetics that are obviously not2- P-Matousek; A. W. Parker; P. F. Taday and M. Towrie;

identical to those of the decayi6@0 nm band. A small “blue- Opt. Comm. 127, 307, (1996)
shift” of the 560 nm band to around 540 nm is also observed og ). Towrie: A. W. Parker: W. Shaikh and P. Matousek
this timescale. Meas. Sci. Technol. 9, 816, (1998)

Single wavelength kinetic profiles show that 620 nm bandy A vicek, Jr.

decays with single exponential kinetics, having a mean lifetime  coord. Chem. Revs. 177, 219 (1998)

of 11.1+ 0.7 ps. The formation of the 560 nm band, however,

fits well to double exponential kinetics: the first lifetime 5. A. Rosa; G. Ricciardi; E. J. Baerends and D. J. Stufkens.
identical to that above and the second equal to 258 ps. J. Phys. Chem. 100, 15346, (1996).

The latter is consistent with the single exponential formation of

the absorption at longer wavelengths (700 — 800 nm) which has

a risetime of 20.& 1.2 ps.
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excited state, characterised by an intense, structured absorption

Introduction h i
The ultrafast excited state dynamics of [Re((f{QO)(dmb)] band at apout 630 nm due to the M@dical.(Figure 2)
(PFs), and [Re(4-Etpy)(CQjdmb)](PF),, where dmb = 4,4'- 0.035 — 2

dimethyl-2,2"-bipyridine, MQ = N-methyl-4,4"-bipyridinium,

4-Etpy = 4-ethylpyridine, were studied in acetonitrile and i
ethylene glycol. The rate of electron transfer was determined — oozs{ *™
for the excited state, interligand, electron transfer:

*[Re" (MQ")(COX(dmbB)]*'D - *[Re"(MQ")(COX(dmb)F*

0.005
0.000 T T T T T T
450 500 550 600 650 700
Wavelength/nm

—8
16
—230

0030 3

o
Q
N
S
1

DA/Arbitrary units

D,

=
i - Figure2. Time-resolved transient absorption spectra of
oc ‘\N N g . L P . P . .
co [ _J_ ) [Re(MQ'(COs)(dmb)P* in acetonitrile. Inset : isosbestic point
ot after smoothing.
5 \ , Electron transfer rate constants of 1.3X16" in acetonitrile
‘ N(t( and 6.7x1# s! in ethylene glycol were determined. In the
NN A .
ol o e former solvent, the shape of the *[REIQ")(CO)(dmb)F
Y . o | O absorption band is already fully developed at 2 ps, while in the
© ’,ﬁ” latter, the vibrational structure starts to appear only after 4 ps.
N
L)~ 5x10's? Single probe wavelength studies of
T V\C [Re(MQ')(CO)a(dmb)](PFs)2 in acetonitrile
OCu,, ) o Pump 400nm, at magic angle.
-~ ‘ \N N 0.04 4
co | P
Figurel. Interligand electron transfer. 0.034
Experimental

0.02 -

We made [Re(MQ(COx(dmb)](PR), and [Re(4-
Etpy)(CO)(dmb)](PF), according to literature procedures.

Time-resolved transient absorption spectra were generated
using the system of lasers in the ultrafast spectroscopy
laboratory at RAL2 Samples are irradiated at both 400nm and 0.004
330nm, which is within the range of the MLCT absorption band
of the excited states and monitored using pump-probe
techniques. Both beams are generated from the SOOnE

® probe 660nm
fitted rise

O  probe 460nm
fitted decay * 12

A AlArbitrary units

o«i'omuou e Qe

0.01 o

T T T
10 20 30

Time delay/ps

" ; ; 3. Single probe wavelength studies of
fundamental output of a Ti:Sapphire laser, producing a puls gure e L -
typically 250fs in length. The pump beam of 400nm is e(MQ+)(CO}(dmb)F*in acetonitrile showing rate of

generated by frequency doubling the fundamental laser “gh{prmation of transient is equal to rate of decay of MLCT excited

while the beam at 330nm requires an OPA in addition totate.
frequency doubling. Conclusion

The pump and probe beams are focussed in a 2mm flow-cellne difference between the two solvents indicates that the

containing the sample. The probe beam is then dispersed on tBkectron transfer process is nonadiabatic in rapidly relaxing

diode array using a diffraction grating. For studies at singlécetonitrile, while it could become adiabatic in ethylene glycol.

probe wavelength, the probe beam passes through a filter #fis also wavelength independenss far as we are aware, this

10nm width at the desired wavelength. is the first time that interligand excited state electron transfer
i ) kinetics have been observed directly.

Results and Discussion

Time-resolved transient absorption spectra OfReferences
[Re(4-Etpy)(CO)dmb)F* shows a very weak, broad 1. SL Mecklenburg, K A Opperman, P Chen, T Meyer
absorption at about 450 nm due to the {Rinb) MLCT J. Phys. Chem. 100, 15145, (1996)

excited state, which is very long lived. On the other hand, foa P Matousek, A W Parker, P F Taday, W T Toner, M Towrie

+ + H )
[Re(MQ)(CO)3(dmb)]2, this excited state uni:iergoes an Optics Communications, 127, 307, (1996)
interligand electron transfer: to form the (RMQ™) MLCT
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Introduction the interaction region, and beam diameters of aroungi0@s
determined by a CCD camera. These conditions ensured that
oo . . %ere was no saturation of either the excitation or the ionization
distributions (PADs) can provide a probe of the alignment o Th b h d th h ked
he state that is ionizéd@. The use of time-resolved PADs to step. e two beams were then passed through a maske
the s : chopper which alternately passed the pump beam, then the

monitor the evolution of excited state alignment following ,ohe peam, then both beams, and was used to trigger the laser
(1+1) resonance-enhanced multiphoton ionization (REMPI) was, gtem The flight times of photoelectrons were recorded with
proposed and demonstrated on a nanosecond time-scale time-to-digital converter (TDC, LeCroy 2277).

atoms by the groups of Lambropouiband Berry) and for

molecules by our grod® The use of picosecond time- !N the experimental runs ten polarization geometries were
resolved PADs following laser excitation as a means of probin hosen corresponding to five photoelectron ejection directions;
the effects of rotation-vibration coupling in an excited ® = 0, 22.5, 45, 67.5 and 90, wheref is the angle between
electronic state was originally suggested in a theoretical papéfe polarization vector of the probe and the direction of
by Noguchi et al) Although time-resolved photoelectron photoelectron ejection. For each valud_acn‘pectra were taken
spectroscopy has been used as a method of examining inttgith the pump and probe polarizations parallel and
molecular dynamics by the groups of RélyKned and perpendlc_ula_r to' each other, in other vyord_s to map out an
Stolowt? among others, to date these groups have not measur nglar distribution the two beam polarizations were rotated

photoelectron angular distributions. In recent years the idea gether e_|ther mutually parallel or mutually perpendlcul_ar.
measuring picosecond or even femtosecond time-resolve his experiment was repeated for six different pump-probe time

PADs has been given impetus by the development of th elays (0, 20, 40, 60, 80 and 100 ps) as determined by the delay

. : ; - . ine.

"velocity mapping " technique by Eppink and Patkerin

which emitted photoelectrons are imaged, and also by sonféigure 1 shows a spectrum of photoelectron counts versus the

very recent theoretical woFk23). internal energy of the paradifluorobenzene ion deduced from
. . ) the time-of-flight spectrum. The four major ion vibrational

In this report we present picosecond time-resolved PAD?)eaks (3, 36%, 3'51 and 35?) already assigned by Sekreta et

measured following excitation of thels level in § para- 4115 yere fitted to accurately determined energies of these

difluorobenzene in a (1+1) REMPI scheme. We employed fieldsiates from the ZEKE work of Reiser ef 8.

free time-of-flight photoelectron spectroscopy, which enabled

us to monitor all the ion states formed simultaneously and also 3'5?

to define a photoelectron ejection direction. Angular

distributions were mapped out by rotating the polarization

vectors of the exciting and ionizing laser beams together in

essentially the same technique as that described by Leahy et

all¥

Experimental

Para-difluorobenzene (Aldrich, 99%) was introduced at room
temperature through a hypodermic needle into one end of a
doubly mu-metal shielded drift tube. The effusive beam was
photoionized with co-propagating laser beams (pump ane T
probe) perpendicular to the axes of the drift tube and the O 100 200 300 400
hypodermic needle. A triple microchannel plate electron lon Energy (meV)

detector (Photek) was mounted at the other end of the drift tube

to detect photoelectrons ejected along its axis. Precautions Weggg re 1. Photoelectron spectrum following excitation 653
taken to reduce electric fields to an absolute minimum in the

drift tube by coating the inside of the drift tube. The operatinganalysis of data

pressure in the chamber was aroundx 310 torr, thus
providing a collision-free environment.

The peaks in the photoelectron spectra (see Figure 1) were fitted
to Lorentzian lineshapes, using a least squares fitting routine

A 1 kHz titanium sapphire regenerative amplifier (Spectra-developed at the Rutherford Appleton LaboratBrywhich
Physics, Spitfire) was configured for the chirped pulsevaried the positions, widths and heights of each peak and
amplification of picosecond pulses. The output was tripled tdllowed for a rising baseline. The area of each Lorentzian is
give ~ 1 ps pulses at 257 nm with pulse energies of 4J20 related to the number of photoelectron counts associated with
The 257 nm beam was split into two parts one of which, acting@ne ion peak at one time delay and one polarization geometry.
as the probe, was sent down a computer controlled optical deld order to determine the number of photoelectrons
line. Each beam was passed through a computer controllé&@rresponding to excitation by the pump beam followed by
rotatable double Fresnel rhomb which enabled its polarizatiofPhization by the probe beam for the four chosen peaks the
to be independently determined. Both pump and probe beanRiotoelectron spectra due to pump and probe beams alone were

were loosely focused and had pulse energies of arouna2ri3 ~ Subtracted from the photoelectron spectrum due to both beams
together. These subtracted data were then fitted to the function
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1(0,0) =3 BLovio(®.9) where Y89 is a spherical
C
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Discussion 1.
Figure 2 shows PADs for the ion peak assigned forarallel
pump and probe polarizations at six time delays. Data for oth
ion states and polarizations are presented in a forthcoming
publicatior}?.

3.
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{ % 5.
6.
0 ps 20 ps 40 ps

oy s K,

60 ps 80 ps 100 ps 9.

Figure 2. Photoelectron angular distributions as a function of 10.

time-delay.

PADs depend on molecular axis alignment
photoionization dynamicd2® The photoionization dynamics

do not depend on the time delay between pump and probg,
except in so far as they reflect the changing composition of the
ionized rotational envelope in,S(providing no electronic

changes occur, such as intersystem crossing). Therefore any

changes in PADs are a direct probe of either changing rotationgl

populations or changing molecular axis alignment, both of
which indicate rotation-vibration coupling in the; $and

excited. As can be seen from the polar plots in Figure 2 thert?-

are substantial changes in PADs as a function of time-delay

which are well within error bars. The changes seen indicate thalg.

the PADs are very sensitive to intermediate alignment because,
as mentioned above, the photoionization dynamics should be
the same at each time delay. Rotational recurrences cannbf-
explain the dramatic changes in PADs that are seen because the
PADs change at times that are not predicted by rotational
wavepacket evolution. Therefore we believe that the be
explanation for the observed time-dependent behaviour of the
observed PADs is rotationally mediated intramolecular
vibrational energy redistribution (IVR).

Conclusion 19.

We have demonstrated that picosecond time-resolved PADs can
be used as a method of monitoring an evolving alignment in
polyatomic molecule. This in turn means that such
measurements can probe the involvement of molecular rotation
in IVR processes, providing that care is taken to predict th&l.
effect that the evolution of a pure rotational wavepacket will
produce. Our results suggest that, in agreement with Nathanson
and McClelland?, rotation has a role in mediating IVR in S

para-difluorobenzene. Further analysis to quantify this will be
presented in a future publication.
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Introduction linear to elliptical. The propagation length through the Kerr

medium can be chosen so that polarization of the Raman light is

Over the past years the advapces in Ia_ser spectroscopy hqygnsformed back to being linearly polarized but rotated By 90
resulted in the development of improved time-resolved tools fo(/vith respect to its original polarization direction. In this

probing ultra-fast photochemical processes. Picosecond tim?ﬁstance the Kerr medium acts ak/a waveplate and the light

3
resolved resonance Raman spectroscopy (TR one SPCh . is transmitted through a cross polarizer onto the spectrometer
method which permits the probing of structural alterations in

molecular assemblies over ultra-fast timesdhleBiqure 1 slit. With this set up the fluorescence emitted after the gate is
. ) . 9 closed becomes blocked by the polarizers. For the first time (see
|Ilustr§tes a sele;tlon of molecular systems which we have beqg\ter) we have applied this Kerr gating technique to also break
studying using picosecond ¥Bpectroscopy, and more recently he d f the sinal | up b . h
the new Kerr-gated (K-T& method. In all the cases the the degeneracy of the single colour set-up by gating out the
. . A . probe Raman spectrum only, and blocking the® BRectrum

ruthenium(ll) polypyridyl moiety is the photoactive centre ablefrom the bumb beam

to relay an electron to the electron acceptor site(s) in the pump '

molecular assemblies. The systems 1-4 were studied primarily 620

as models of the photosynthetic reaction centre, and our interest 570 |
is in using this series of compounds to prove whether
directional electron transfer is possible — 520; la
S 4704
~ & o
\ 7
e e > 250ps
~ 370 +
fg - = p
48 S 304
. N A .
q -[Ru(bipy) 2dppz] 2+ S
N c 270+
= ol 600ps
YR YR o 4 YR 17033/M’\/WWJ
\ | b | \ ) |
N NY, NY, N NY, N N 120 } } } }

7NN a=a Q_Q w poﬂﬁ 1000 1200 1400 1600 1800 2000
® o o, NS

. 2 - o B Jj
g . N g NSRS N -
% Y % g g @%J Wavenumbers (cm-1)
N g i} N RN N Figure 2. Transient K-TR spectra obtained following
o e S R photoexcitation of\-[Ru(bipy),dppz](BF), in water.
4PFe) 6(PF6°) 6(PF67) 6(PFg")
1 2 3 4
Results
Figure 1. Molecular systems studied. Depicted in Figure 2 are the transient KgTRama_n bands
observed at three different time delays following optical
excitation fe = 415 nm, Ay = 415 nm) of

The elucidation of the excited-state structure of/\-[Ru(bipy)dppz](BR), with a 1 ps (fwhm) laser pulse.
A-[Ru(bipy)dppz](BF), was undertaken as the first step into Under these conditions the pump photons excite exclusively the
fully understanding the mechanism of the on/off luminescencLCT band whilst the probg pulse Interrogates the excne_d-state
which the complex displays in the presence and absence JRNSient. There are two main bleach regions (11500 ot
DNA. This part of the work is discussed in detail in the Resul@d 1480 - 1600 ci which are attributed to depletion of

section ground-state resonance Raman bands of the complex. The
' additional peak at 1361 ¢m is assigned to resonance
Kerr-gated Picosecond Time-Resolved Resonance Raman enhancement of a band solely associated with the excited state.

K-TR® represents a substantial technological advancement iThenﬂig)k/e%oirr:fgtggCgEﬁtc t(;:JSrgl ;zlzliﬂrggorl;g?aséiﬁgh;?%ggf cm

the measurement of resonance Raman spectra from samples t g‘gg et and 1572 crf which are the resonance Raman
strongly fluoresce. Detailed description of the setup is IVEThands of the excited st’ate. Identical experiments were also

elsewhere in Fh's Report. In brief, Fhe Ker_r-gate comprises  tw erformed in the less polar solvent acetonitrile. The corrected
crossed polarizers and a Kerr medium activated to propagate the

light of interest by and intense linearly polarized laser pulse xcited-state spectrum is depicted in Figure 3. The spectrum is
9 y yp P somewhat different from that obtained in water with one main

two beams is 45 Interaction of the gating pulse with the Kerr excited-state structure of the complex is different in the two

mephum induces 2 transient anisotropy t_hro.ugh a non'l.'neagolvents. Furthermore, we have now been able to rationalise the
optical effect. This transforms the polarization of the light

. ) on-emissive behaviour ofA-[Ru(bipy)ydppz](BF;). by
(fluorescence + Raman) propagating through the medium frorﬁnvoking a hybrid excited-state model in which the solvent
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Time resolved fluorescence spectra of cyano-terphenyl (CTR)opulated modes whose SO and S1 frequencies are different can
have been obtained as part of a programme to identify angroduce effects that are indistinguishable from polarisability
quantify the effects of relaxation on fast reactions initiated bychange. Moreover, possible dynamic changes in molecular
photo-excitation, and complement our earlier work on thisparameters (polarisability or frequency ratios) alter the band-
subject. The Kerr gate systéinwas modified to reduce shape in the same way as changes in energy. However, the
dispersion, enhance time-resolution and extend the spectradlatively small excess intensity in the region above 30000 cm
range to the UV. The first collection lens was replaced by 28000 crit in acetonitrile), seen in all spectra at the earliest
mirror, and benzene was used instead of, @S the Kerr times, is thought likely to be due to IVR on the <<1 ps time-
medium, in a 1 mm rather than a 2 mm cell. The gate wascale, with the effect scaled down by the ratiot,gf to the
formed by an UV sheet polariser, the Kerr cell, and a crosseithstrument time resolution.

Glan Taylor polariser. “Magic angle” conditions were used.
The instrument response time was ~ 3 ps (rise from 10% to
90%). A 1 mm cell with copper sulphate solution in water was
used in front of the spectrometer to block the residual gating
pulse. Figure 1 shows data for CTP in cyclohexane, 1-octanol
and acetonitrile, uncorrected for substantial wavelength
dependence of sensitivity. Preliminary inspection indicates that
there are no large time-dependent spectral distortions.

Qualitative features of the spectra clearly indicate a progressive

change with solvent properties in the balance between solvation

due to the dipole moment of charge-separated CTP(S1) and that os
due to molecular polarisability. Detailed analysis will be needed

to quantify the effects, and the outline given here is provisional.

The cyclohexane spectra are characteristic of solvation °
dominated by polarisability differences, which has much longer
time-scales than polar solvatifirin these cases, the bandshape
of each vibronic coponent has a sharp edge on one side and an
approximately exponential tail on the other. The data suggest
that S1 is less polarisable than SO, resulting in a red tail, and in
slow frequency shifts to the blue during relaxation. The
slowness may owe something to competition with polar effects.
In contrast, all the acetonitrile spectra are characteristic of the
solvation of a polar molecule, which produces Gaussian line
broadening and a related Stokes shift that is too fast to resolve.
The observed slow shift to the blue is attributed to residual

polarisability. The octanol spectra have mixture of the WOEigure 1. Time-resolved fluorescence spectra of CTP in

characteristics. Polar solvation behaviour is seen at late timeéyclohexane (top), 1-octanol (middle) and acetonitrile (bottom).

but the Stokes shift is smaller than for acetonitrile, indicating arimes do not indicate true delay from excitation, due to pulse
weaker CTP(S1) dipole - solvent interaction. The early time[emporal profile effects. ’

spectra have significant structure in the region around

28000 cni, suggesting competition between polar and References

polarisability effects up to ~ 20 ps. This is interpreted as due t? R E Hestekt al

incomplete charge separation at early times: the weaker dipol€ Chem Phys Le.tgﬁM?l (1993)
interaction is partly balanced by polarisability change, P Matouselet al '
lengthening a Marcus-like time-scale for full charge separation. 3J Chem Phys;l,ﬁ 9807 (1998)
This competition also accounts for the long time-scale of the G D Scholest al '

polar solvation Stokes shift. J Phys Chemh, 102 1431 (1998).

P Matouselet al.,
Development Section, this Report (1999).

20 22

24 26
frequency, 000 cm -

-1ps ips 5ps
20ps 100 ps =500 ps

The interpretation of the early time intensity excess at2
frequencies < 25000 ¢l seen in the cyclohexane and <
Oligophenyl spectra, is complicated. We have previously
observed that cooling differs from relaxation in quaterphenyB. B D Bursulayaet al.

and in stilbenB. Vibronic components from thermally J Phys Chem99 10069 (1995).
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Photoluminescence of 5-Cyanoindole Electropolymer Films
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Department of Chemistry, The University of Edinburgh, West Mains Road, Edinburgh, EH9 3JJ.

Main contact email address: a.c.jones@ed.ac.uk

Introduction cuvette to carry out in-situ fluorescence measurements at the

orking electrode. The experimental arrangement is illustrated

Figure 1. This enabled simultaneous recording of the cyclic

Itammogram and the variation in fluorescence intensity.

Electropolymerised 5-substituted indoles are new examples (}%
photoluminescent conjugated polymer systems. The occurren
of efficient luminescence in conjugated polymers has become o
technological interest since the discovery that electroReqitsand Discussion
luminescence could be produced from poly(phenylene vinylen
in thin-film light-emitting diode structurésElectroluminescent
polymer films have potential applications in the development o
large-area light-emitting displays.

el\ series of 5-cyanoindole polymer films, produced under a
fange of electropolymerisation conditions to give different
proportions of polymer and trimer, were studied. The emission
intensity was measured as a function of voltage, at sweep rates
The aim of this research project was to carry out a detailefom 2mvs' to 200mVs, as the film was cycled between
investigation of the photophysical properties of electro-reduced and oxidised states. Electrochemical data and
polymerised 5-substituted indoles, with particular emphasis ofluorescence data were collected simultaneously.

the factors influencing their photoluminescence efficiency. Th
electropolymerisation of 5-substituted indoles geeds via a
trimeric intermediate and the polymer consists of linked trime
units . Previously, we have reported on the fluorescenc
properties of the polymers and their constituent trimers in "

“I'he results for a film containing a low proportion of polymer,
rcycled at a low sweep rate are shown in Figure 2. These

8

T T T

solution phas® and of intact polymer filnfs In this report we o oyclel 20 N evonere
focus on the photoluminescence properties of electror €, £,
polymerised 5-cyanoindole films. 5 é

§°U N
As discussed previously, the photoluminescence efficiency af B>
5-cyanoindole polymer films shows a dramatic dependence an g \ \

redox statd. The films are highly fluorescent in the reduced| “~=% %
(neutral) state but non-fluorescent in the oxidised (cationic
state. The fluorescence of the non-emitting oxidised film is

restored when the film is dissolved, indicating that it is theFigure 2. Cyclic voltammogram and “fluorescogram” for a
morphology of the film, not the redox state of the polymer5-cyanoindole film (low polymer content), for two cycles at a
chains, that is responsible for the quenching of fluorescence. SWlTep rate of 20 mV/s The arrows indicate the direction of the
cycle.

[ o
voltage/ V

PC with data
aquisition card

illustrate both the electrochemical reversibility of the redox
cycle and the corresponding reversible change in fluorescence
intensity. Apart from a very small difference in the emission

B @ intensity for each cycle, they are almost identical. This is still

et

Potentiostat - the case even after multiple cycles. The longest period for
voltage o—1 which a film was examined was 5 hours of repeated cycling,
eurent o— over which time there was no apparent drop in the emission

reference  counter  working i i i i i i i 1 i
e g |nt_er_13|ty. The decrease in emission |nten_3|t_y as the film is
o\ o\ (i oxidised and the subsequent increase as it is reduced can be
seen clearly. In order to relate the emission intensity to the
. extent of oxidation of the film, the charge passed was
oxcar . .
::' calculated. In Figure 3, plots of charge against voltage and
PP — emission intensity against charge are shown for the first cycle.
EI-&FJZE 1\ _ * current integral o ——— emission cycle 1
constant fraction 25 2 o
discriminator / g
LiClO4in e £ 08
MeCN =i g
% gm
10
MCP -g Eoz
emission o / geu
polymer film on monochromator 00 <]
excitation working electrode = - = A - 02+ 7
voltage/ V

Figure 3. Plots of charge against voltage and emission intensity
against charge for a 5-cyanoindole film (low polymer content)

Figure 1. Experimental arrangement for in-situ cyclic with a sweep rate of 20 m¥sThe arrows indicate the direction
voltammetry/fluorescence experiments. The dimensions of thgt the cycle.

fused silica cuvette containing the electrochemical cell are

20mm x 40mm x 40mm. From the plot of emission against charge, it can be seen that the
. . . maximum emission intensity is shown by the film in its fully

To gain a better understanding of the processes occurring whegqgyced state. As the film is oxidised the emission intensity

the polymer film is cycled between the reduced and the oxidiseglecreases, falling to zero in the fully oxidised state. The

states, an electrochemical cell was constructed in a fused siligaajority loss of fluorescence intensity occurs after only
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approximately 10 % of the film has been oxidised, suggestingtate. At high sweep rates, the rate of structural rearrangement is
that oxidation of only a small fraction of the film opens anslower than the rate of oxidation (or reduction) of the film,
efficient non-radiative channel. When the sweep is reversed ardading to the hysteresis in fluorescence response. As the sweep
the film reduced, the fluorescence intensity is restored, with @ate increases the charge passed decreases and the oxidation is
steep increase in intensity once approximately 90% of the filnincomplete. Consequently, as the sweep rate increases, the
has been re-reduced, closing the efficient non-radiative channalifference in emission intensity between the reduced and
The emission intensity shows a reversible dependence on tlexidised states decreases.

oxidation state of the film and, at this sweep rate, th . . C
fgucreasmg the polymer content of the film has a significant

ffect on the response of emission intensity to change in redox
sweeps. Upon oxidation, anions move into the film to balanc tate. Whereas there is negligible hysteresis apparent in low-

the charge (hence doping the film) and upon reduction thes@c’lymer films at a sweep rate of 20mVeFigure 2), there is a
anions are expelled to give an undoped film. Previous Smdiescongderable hysteresis in the fluorescence response of high-

have shown that in the oxidised (doped) state, the films ar olymer .films at this sweep rate. For high-polymer ﬁlmsﬁf the
more conducting than in the reduced (undoped) state. It i ysteresis only becomes insignificant at sweep rates of 5 mvs
possible that the efficient non-radiative mechanism, present iﬂndtbetlor:/v. These retsultz |m.plytthattfllmts Wl'th a higher ri.olymerd
the oxidised films, is associated with the increased conductivit)FOn ent have a greater barrier 1o structural re-organisation, an

L . hence change in emission intensity, than films with a low
roviding an efficient channel for electron transfer. : ; I ] .
P 9 polymer (high trimer) content. This is consistent with the

At slow sweep rates, the change in emission intensity is verintuitive expectation that the greater the polymer content of the
similar on forward and reverse sweeps; however, as the swedipm, the less flexible will be the structure and the greater the
rate increases, a significant difference develops. This is seeesistance to re-organisation.

most clearly on the plots of emission intensity against charge.

As the sweep rate increases, the initial steep drop in intensity, &onclusion

the fU”y reduced film is oxidised, becomes less evident. Thﬂ new, in_situ' technique has been deve|0ped which allows the
behaviour of the same film at the highest sweep rate, 208mVsphotoluminescence of intact polymer films in the working
is shown in Figure 4. A gradual decline in fluorescenceelectrochemical cell to be examined and the emission properties
intensity is seen as the oxidation proceeds. On reversgh be related to electrochemical observations. The dependence
of fluorescence intensity on redox state was investigated for
films of 5-cyanoindole polymer as they were cycled between
the reduced (fluorescent) and oxidised (non-fluorescent) states.
It was found that at faster sweep rates there is a time-lag in the
- response of the emission to the change of redox state of the
film, observed as hysteresis in the fluorescence-charge response
curves. This implies that the variation in emission intensity with
redox state is not simply a function of the redox charge, but is
associated with a change in the structure of the film. Films with
a higher polymer content display a greater hysteresis, implying
that the presence of extended polymer chains are a barrier to
“ \\\\ structural re-organisation of the film.

relationship between emission intensity and charge is ve
similar for the forward (oxidation) and reverse (reduction)

° °
I |

o/

normalised emission intensity
/

00 02
voltage/ V
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The observation of hysteresis implies that the dependence of
fluorescence intensity on the redox state of the film is not

simply a function of the redox charge, but is due to a change in
the structure of the film, associated with the change in redox
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Sum frequency spectroscopy (SFS) is a non-linear, surfacencountered a signal at the same frequency and level of
specific technique that measures the vibrational spectiim intensity as the SF radiation. We believe that this could be a
molecules assembled at a surface or interficeln the  result of ablation of dust particles in the intense visible beam
experiment, two pulsed laser beams (one visible, the othewe were using to compensate for the relatively weak IR beam.

infrared) are overlapped on the surface and the intensity of t

generated sum-frequency output is measured as a functionrgpwever' from the lessons learned in this experiment,

éuggestions for improving the experimental set-up and sample
tﬁgvironment can readily be made. Principally, it is desirable to
e able to increase the IR intensity and lower the visible
intensity to achieve a good SF signal without encountering the
spurious signal (without taking it to the other extreme whereby
Since surfactants and polymers appear in a wide range shmple heating from the IR occurs). This aspect of the
domestic and industrial applications we sought to make @&xperiment would certainly benefit from the potential
comparative study of the adsorption of polymers with differentdevelopment of an SFS set-up in the Ultrafast Laboratory.
molecular architecture at an oil/water interface using SFS. Th€onservative estimates reveal that the SF signal intensity could
method exploited thus far to study liquid/liquid intexés limits  be increased by a factor of 100 without incurring practical
the choice of oil. In order to develop a new method of studyingroblems. Furthermore, this offers the potential of measuring a
liquid/liquid interfaces utilising thin, stable oil films (based on abroad-band spectrum rather than measuring each point
method we have established for complementary neutromdividually. In terms of sample environment, it would be
reflectivity studies), we have used the LSF’s lasers. favourable to use a thin |¢gm thick) oil layer on, for example, a
In the experiment conducted in the Nanosecond Laboratory, thvgster-frge quartz su_pp_ort._ This offers wo advantages: first,
. ; 2 absorption of the radiation is reduced, and secondly, deuterated
visible beam (1-2 mJ, Nd:YAG 532nm) was overlapped with a_. . : . . -
. .. “0il can be readily and inexpensively used. This latter point
counter-propagating IR beam (0.5 mJ, generated by mixin . . -
: . %otentlally allows the study of C-H stretching at the oil/water
output from a dye laser, ~800nm, with the Nd:YAG 1064 nm: f . .
. . - ; interface in addition to the O-H stretching.
fundamental in a LiNb@ crystal in an Inrad Difference
Frequency Unit). The sum-frequency (SF) radiation (~460 nmyVe would like to thank Colin Bain for useful discussions.
was gathered from the surface and focussed onto the chip of a
Princeton Instruments CCD camera. Due to the extremely lovRefer ences
intensity of the SF radiation, good imaging of the SF beamis af. ¢ D Bain
essential feature of the experiment. SF radiation from a GaAs 3. Chem. Soc: Faraday Trans. 1995, 91, 1281.

(110) crystal surface was used to align the beams and detection ]
system. 2. B D Casson, R Braun, C D Bain

Faraday Disc. 1996, 104, 209.

three beams, molecular orientation and bonding processes at
interface can be inferred. SFS has been applied at solid/Hgquid
air/liquid 2, and liquid/liquid® interfaces.

Standard systems (a self-assembled octadecyl-mercaptan ]
monolayer on gold’, an insoluble decan-1-ol anolayer on 3. D.E. Gragson, G.L. Richmond
water?, and a soluble sodium dodecyl-sulphate monolayer on  J- Phys. Chem. 1998, B102, 569.
\{vaters)) were used to test the set-up. The spectra given in thg  + i Ong , P B Davies, C D Bain
literature were obtained. We were unable to extend the ;
) s Langmuir 1993, 9, 1836.
experiments to the liquid/liquid interface due to some general
technical problems which we were unable to overcome in th&é. D E Gragson, B M McCarty, G L Richmond
time-frame of the experiment. Most notably we often J. Phys. Chem 1996, 100, 14272.
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Organometallic Charge Transfer Excited States at both Room and Cryogenic
Temperatures
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Introduction Here we have used Time-Resolved Resonance Raman
Spectroscopy (TH at the Lasefor Science Facility to probe
§1e excited states(C-O), v(C-N) and v(C=C) in order to
nvestigate the extent of charge-transfer above and below the
glass transition temperature.

Electron transfer is a fundamental process important for a wid
range of biological and chemical processes. Time-resolve
infrared spectroscopy (TRIR), a combination of UV flash
photolysis with fast infrared detection, is particularly useful in
studying excited states of transition metals containing mOietieExperimental: Construction of the TR® cold cell.

such as CO or CN. These groups have very high IR extinction

coefficients and act as probes of the electron distribution in th€ Variable temperature cold cell (for solid matrices) and low
excited statd. The lowest electronic excited state of the [€MPerature jet for Raman spectroscopy were successfully

. : : : i . The cold cell consisted of a
tricarbonyl, CIRe(CO)bpy), is an MLCT state, involving designed, produced and tested. 1 : )
charge-transfer from the central Re atom to the bpy ligand. WBollow copper block with quartzlwmdoows in the base and in
have used TRIR to show how IR can probe the charge-transf@ne Side (allowing both conventional“98nd back scattering
transition, since it reduces the Re-CO backbonding and hen&@Ometries to be used for Raman spectroscopy). A ‘U'-shaped

shifts the v(CO) to higher frequendd. On lowering the COPPEr tube, through which the coolant - liquig-Nvas passed,

temperature of solutions of coordination compounds in glass¥@s inserted through the lid of the block. The samples,

forming materials through the glass transition temperature, thef@ntained in quartz tubes, were held in a snug fitting copper
is a sharp variation in some photophysical properties, explainefP® that was joined to this tube. To prevent condensation
by the change in viscosity. In particular, the emission for lond®rMing on the cell windows the inside of the cell was
lived charge-transfer states shifts to the bluemipescence cvacuated.

rigidochromism).? We have studied the C-O vibrations of the

MLCT excited state of CIRe(Cg{ppy) in both solution and

rigid glass phase®. A temperature dependence of the position LN LN

of the excited state(CO) was observed; thisew phenomenon { 4

was referred to asfrared rigidochromism. In fluid solution the vac

average shift inv(CO), Av(CO), upon MLCT excitation for T —Copper tube

CIRe(CO}(bpy) is 58 crit, while in a rigid glasg\v (CO) is
only 38 cnt, Figure 1. This observation can be explained by
the inability of the rigid solvent to assist in the charge-transfer

process. In a fluid environment, the solvent molecules are free o , \
to rotate and can reorientate themselves to accommodate the ‘ ‘
. . . 1
charge separation created upon MLCT excitation. /! \ ]
Quartz tube ‘. !
containing sample S
\
[ el Copper block

@

Absorbance

Figure 2. Cross-section through the copper block, showing the
cell used to collect data. Dashed lines indicate the location of
the quartz windows.

)
00

b
The low temperature jet consisted of a length (30-50 cm) of
1/16” stainless steel tubing coiled and enclosed in a metal box,
encased in an insulating polystyrene layer. Using a Micro-
pump the sample is flowed through the coil to the jet which is
enclosed in an open-ended quartz cell. Temperature control is
9 achieved by pulsing liquid nitrogen, using a solenoid valve on
the liquid outlet of a 50 litre dewar, into the metal box. The
flow of the coolant is regulated using an in-line type-K
thermocouple positioned immediately before the jet. By
keeping the distance between the cooler and the jet to a
% minimum (ca 0.5 m) a constant temperature of 223 K was
achieved while flowing the methanol solution.

-0.54

10 x A Absorbance

TW

AN <

I

2100 2050 2000 1950

1
Wavenumber / cm

Figurel. (a) Room temperature FTIR spectrum of
CIRe(CO}(bpy) (1x10° M) in n-PrCN/n-EtCN (5:4, v:v). (b)

and (c) show TRIR spectra of the same solution at 135 and 77 K
respectively. Both TRIR spectra were recorded at ca 100 ns
after photolysis (355 nm).
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. Raman bands of CIRe(C§bpy) upon glass formation. The

LN, I results obtained from the PRxperiments appear to contradict
™ the TRIR data in that there is no rigidochromism effect on the
‘ Raman bands. However we cannot completely eliminate the

H Terrperature possibility that the intense laser beam melts the glass locally.

There is clearly more to learn about solvent effects on charge
transfer and time-resolved vibrational spectroscopy will prove
Cde | increasingly useful for this purpose. Further work is in progress

‘ to understand the rigidochromic effect on vibrational spectra of
CIRe(CO}(bpy) in PrCN/EtCN.

140 K

Intensity

298 K

I T I T
500 1000 1500 2000
Wavenumber / cm™

Figure 3. Schematic showing the low temperature jet and

cooling system. Figure 4. TR® spectrum of CIRe(CQopy) in PrCN/ELCN (5:4,
v:v) recorded using 355 nm (pump and probe) at 298K and ca

Results and Discussion 140 K

Figure 4 shows TRspectra of CIRe(C@bpy) in PrCN/EtCN
(5:4, v:v) recorded during the laser pulse (10 ns) using 355 nm cknowledgements

(pump and probe) at 298K and ca 140 K (10 K below the glas%e would like to thank Drs AW. Parker, M. Towrie and

to-fluid transition of the solvent mixture). Since the MLCT P Matousek for heloful discussions. We thank the Roval
transition is directed towards the bpy ligand one would expecé'ocie,[y for funding (SI\F/)IN visit) ' Y

the Raman peaks corresponding to the bpy vibrations to showa
similar temperature depende'?ce to¥(E€0O) bands observed in  References

the TRIR experiments. The TRpectra obtained at 298 K and .

140 K do appear to be different, Figure 3. However, thel' M W George, M Poliakoff and J J Turner,
spectrum obtained at 298 K is almost purely MLCT excited The Analyst119, 551, (1994).
with very little contribution due to the ground state bands. The, M W George and J J Turner,
spectrum obtained at 140 K has a large contribution from  Coord Chem. Rev.177, 201, (1998).
ground state absorptions. We find that there is no significant .

shift in the MLCT excited state Raman bands of3: M S WrightonandD L Morse
CIRe(CO)(bpy) in PrCN/EtCN upon glass formation. J. Am. Chem. Soc., 96, 998, (1974).

It was necessary to ensure that the heat deposited in the samflle | P Clark, M W.George, F P A Johnson and J J Turner
by the 355 nm YAG beam was not melting the bulk of the glass ~ Chem. Commun 1587, (1996).

and allowing the solvent molecules to rotate and therefore

leading to a “fluid-like” spectrum at both “low” and “high”

temperatures. The repetition rate of the YAG laser was reduced

and the TR spectrum of CIRe(CQbpy) in PrCN/EtCN was

recorded. Again we found no significant shift of the MLCT
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Introduction collection was achieved using a pulse generator (Stanford

Time-resolved IR spectroscopy (TRIR) is a technique forDGSSS)'

probing the rate and mechanism of photochemiattions. It
involves the use of a pulsed UV/visible laser to initiate the __I
reaction, and fast IR detection to monitor the generation of F_
short-lived intermediate8. The technique is becoming '
widespread and has already made a major impact on the study !
of organic and organometallic reactions both in the gas phase I
and in solution. Traditionally the TRIR apparatus at Nottingham <
has consisted of an IR diode laser which is tuned to a particular
IR frequency and is used to monitor changes in IR absorption of
a reaction solution following a UV laser pulse. The IR laser is Sample Cell
then re-tuned to another frequency and the process is repeated.

Thus IR spectra are built ymint-by-point by plotting change

in absorbance versus wavenumber. The relatively narrow lineFigure 1. Experimental set-up for step-scan TRIR experiments.
widths of absorptions make it possible to monitor several ke
species in solution at the same time; destruction of reactants a
formation of excited states, intermediates and products can
be followed. Our currentpoint-by-point laser-based approach

to TRIR limits the IR range that can be studied due to the lon X
acquisition time required for a complete spectrum (indeedUSed for measurements < 50 ns and a 1.0 mm detector with a

recording a 300 cth spectrum is a whole day's work). 20 MHz preamplifier was used for measurements > 50 ns.

However, many problems can only be solved by obtaining datahese detectors have both AC and DC outputs and both outputs
over a much wider IR range. are digitized simultaneously to ensure proper phase matching.

Single sided interferograms were obtained using only one laser
Step-scan FTIR spectroscopy offers a very attractive approagiulse at each mirror position.
to obtain fast time-resolved IR measurements since this
technique covers the entire mid-IR region allowing Resultsand Discussion

simultaneous measurement at all frequencies maintaining th§e have recently shown that the combination of TRIR and
high throughput and multiplex advantage of FTIR. The time-gyper-critical fluids allows the detection of organometallic
resolved step-scan FTIR technique involves the moveable nople gas complexes in solution at room temperature.
mirror of the interferometer being displaced in a step-wisew(CO)s(Xe) and M(CO)Kr) ( M = Cr, Mo and W) were
manner. At each mirror position, the time-dependent change igenerated by flash photolysis of M(GO)n supercritical
IR IntenSIty fp"oWlng excitation Is .measured pI’Odl.JCIng time- Xe (sch) or Kr (scKr) solutioﬁ_ We will use the formation
dependant interferograms. Fourier transformation of ~amf w(CO)(Xe) in scXe as a diagnostic of our new instrument.
interferogram at a particular time delay following excitation of Figure 2 shows the step-scan FTIR spectrum following

the reactions yields the spectral intensity changes at thafradiation of W(CO} in scXe (3100 psi) in the presence of CO
particular time slice and this can be easily converted to thezg psi).

corresponding absorption spectra. Repeating this process at a
variety of time delays following excitation results in a series of
time-resolved spectra. Kinetic traces can be obtained b
plotting the change in absorbance at any frequency as a functic
of time. However the acquisition of time-resolved step-scar
FTIR data has required a large amount of signal averaging (u
to weeks) to improve signal-to-noise. This is due in part tc
imprecision in stopping the moving mirror. Consequently time-
resolved IR investigations have been largely restricted to cycli
or photoreversible reactions such as bacteriorhodopsir
halorhodopsin, photosynthetic reaction center, myoglobin an
hemoglobir? Here we have used a combination rew

interferometer design, with increased precision in mirror
position, and a nanosecond Nd:YAG laser (LdserScience V¥ ‘
Facility) to construct aew nanosecondtep-scan time-resolved
IR spectrometet. Our objective is to construct a time-resolved Wavenumber / cmt

Sep-scan spectrometer that can obtain ns-TRIR spectra withou
the need for extensive signal averaging, thus opening up th
technique to study chemical reactions rather than photo-

Q-SwitchedNd:YAG Laser |

Nicolet Magna-IR 860

Detector]
|

ge interferometer is equipped with both an internal 100 kHz
p-bit digitiser and an external 100 MHz 12-bit digitiser. In
these experiments two different photovoltaic MCT detectors
ere used. A 0.5 mm detector with a 50 MHz preamplifier was

AAbsorbance

reversible systems. Figure 2. Time-resolved Step-scan FTIR spectra obtained in 1
us time-slices following irradiation of W(C@in scXe. These
Experimental Set-up data were obtained from one scan of the interferometer.

Step-scan FTIR experiments were conducted using &he parent W(CQ)absorption is clearly bleached and two new
combination of a Nicolet Magna 860 Interferometer and 8)(C-0) bands are formed and can be assigned to W(K€))

Nd:YAG laser (Spectron SL805G) from the laser loan poolyy comparison to previous TRIR studies. We were intentionally
Figure 1. Synchronisation of the Nd:YAG laser with datanot completely rigorous in the preparation of the solution of
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W(CO)s in scXe. W(CO)(Xe) decays to reform the parent and microsecond timescale and the isomerisation gafiche-
a new species with a band at 1944crithis new species can [CpMo(CO)], to trans-[CpMo(CO)], is a first order process
be assigned to W(Cg{H,O) and indicates the presence of aon the millisecond timescale. In principal the use of diode lasers
H,O impurity’ in the Xe solution. This result emphasises thefor the measurement of kinetics at one IR frequency should
advantage of using step-scan FTIR for kinetic measuremenfwoduce bettesignal-to-noise ratio because of the higher IR
since using a diode laser (at a single frequency) to obtain thghoton flux these lasers provide. The TRIR decay traces of
decay kinetics of W(CQ[Xe) may have missed the formation CpMo(CO} in scCQ are compared in Figure 5. It can be seen
of W(CO)(H,O) and anomalous results may have beerthat under these conditions both approaches produces excellent
obtained. The simultaneous acquisition of both spectral ankinetic information and using both approaches the decay of
kinetic information results helps address this problem. We hav€pMo(CO) is second order. Similarly, on a slower timescale
used the formation of W(Cg{Xe) to probe the risetime of our there is no difference between using the two techniques for
instrument, which was found to be 10 ns, Figure 3. obtaining the first order decay afauche-[CpMo(CO)], to
trans-[CpMo(CO)],. From this we conclude that comparable
kinetics can be obtained from using step-scan FTIR and IR

diode lasers for TRIR measurements.
ar
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Figure 3. Time-resolved Step-scan FTIR spectrum obtained in Figure 5. Comparison of TRIR decay traces of CoMo(gO)
10 ns following irradiation of W(CQ)n scXe. These data radical (2012 cm) using diode laser and step-scan based TRIR
were obtained from co-adding four scans of the interferometer. spectrometer.

We have used the photochemistrytodns-[CpMo(CO)], in Wavenumber resolution is also an important factor in time-
supercritical CQ (scCQ) as a model system to compare theresolved step scan FTIR measurements. The majority of time-
step-scan FTIR instrument with IR diode lasers for obtainingesolved step scan FTIR experiments have used relatively low
kinetics information. The photochemistry oftrans- spectral resolution (typically 8 ¢l The main reason for not
[CpMo(CO)], in scCQ has recently been investigated using using higher resolution for time-resolved step scan FTIR is the
TRIR® much greater number of data points required for the

S . interferogram which becomes prohibitive when a large amount
Visible |rrad|aF|0n (532 nm) ofrans-{CoMo(CO}], in scCQ of signal averaging is required to obtain a satisfactory signal-to-
results only in cleavage of the Mo-Mo bond to producenoise ratio

CpMo(CO} radicals. The CpMo(CQ)radicals recombine at a
diffusion controlled rate to form bottrans-[CpMo(CO)], and  We have chosen to study the photochemistry of [CpFe{gO)
the unstabl@auche-[CpMo(CO)],, Figure 4. This is followed in n-heptane solution following visible excitation using step-
by slow isomerisation ofgauche-[CpMo(CQO)], to trans scan FTIR. Visible irradiation of [CpFe(C£)causes cleavage
[CpMo(CO)],. The IR spectra shown in Figure 4 are averagedf the Fe-Fe bond and formation of CpFe(g@yicals. These
over 4 scans. radicals recombine in 5-10s to form eithercis-[CpFe(CO}],
or trans[CpFe(CO)], thus producing a non-equilibrium
concentration otis-[CpFe(CO),.” Slowly cis[CpFe(CO)],
v isomerises to the more stabteans-[CpFe(CO})],. Early TRIR
rans(CoMO(COMl, === 2CpMo(CO), gauchelCpMo(COkl, measurements using CO lasers showed that the radicals had
' v(C-0) bands at ~ 2005 and 1938°tin n-heptane. The high
frequencyv(C-O) band could not be accurately determined
gauchetCpMO(COM: | CpMo(cO), CoMo(CO)s because of the strong overlap with the absorption of the parent.
Hochstrasser and co-workers investigated the photochemistry of
or trans-[CpFe(CO)], in cyclohexane using picosecond TRIR
and detected a transient with absorption maximum at 1933 cm
and claimed that the 5 ¢hshift was significant and assigned
the 1933 cnt to a precursor of the radicil. The original
i microsecond TRIR experiments were carried out using a CO
T,,ans_[cpm(co) . laser and were therefore quoted with an errar 4fcm®. High
resolution TRIR experiments using the diode laser based TRIR
P To50 ooy promy spectrometer demonstrated that the CpFefG&dicals had a
Wavenumber / cm-t v(C-0) absorption at 1935 ¢hin n-heptane and 1933 ¢hin
cyclohexane and the difference between the microsecond and

Figure 4. Step-scan FTIR spectra obtained in 500 ns incrementpicosecond TRIR results was due to a solvent shift inv (e
following irradiation (532 nm) ofrans-[CpMo(CO)],in 0) bands of the CpFe(COjadical? Figure 6 shows the step-
scCQ. scan TRIR spectra obtained following irradiation toéns-

. . . . ) . CpFe(CO)], in n-heptane solution. It is clear that we can
This system is particularly suited to comparing the differentypain TRIR spectra with excellent signal-to-noise ratio even at
approaches for obtaining kinetic information in that the
CpMo(CO} radicals decay by a smud order process on the

AAbsorbance
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high resolution 0.5 ci). The correct band position was only We have achieved s TRIR spectra of very small absorptions
obtained using high spectral resolution (<2%m (AOD < 5 x10* with a signal-to-noise ratio > 10 in a few
hours).

The benzoyl radicals recombine to reform the parent and the
benzoin photoproduct. The TRIR decay trace (1827)cai
the benzoyl radical is shown in Figure 8.

osem’
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Figure 6. Step-scan FTIR spectra obtainggs Bfter irradiation
of trans-[CpFe(CO}], in n-heptane solution at 16,8,4,2,1 and 0 s
0.5 cm’ resolution. o o o o 0
All the experiments described above have used time-resolve Time /us

step-scan FTIR to probe the photochemistry of metal carbony.
complexes, which have very intens§C-O) bands in_the Figure 8. Decay of benzoyl radical (1824 tinobtained usin
infrared. We have also been interested in applying TRIR t tgp-sca{n FTIF)z/ 4 ( tno g
organic photochemistry, particularly to azides and benzoyl '
radicals. Benzoyl radicals are key intermediates in manysonclusions
photopolymerisation reactions and have a characteristic band \%

1800-1850 crt depending upon the nature of the substituent o
on the benzene ring. Here we have used the photochemis.,t.ryﬁoitzﬁle?g)lEeézgctr\gi\l;ﬁvﬁg‘:}eESQZHfJ_e:mgSr;Tiggim can
of (1-hydoxycyclohexyl)phenyl ketone to probe the C&pﬂbllltyﬁ] X109 and high time-resolution (10 ns) We have

of our step-scan spectrometer to detect transient species wi .
weak IR bands in irreversible photochemical systems emonstrated that this step-scan FTIR can be used to probe a

Irradiation of (1-hydoxycyclohexyl)phenyl ketone rirheptane variety of chemical reactions.
generates benzoyl radicals recombine to reform the parent Q
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Ultrafast Studies of the Photochemistry of Phenols
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Introduction absorption of the hydrated electron formed by photoionisation.
L - The kinetics of formation and decay of the hydrated electron
a-Tocopherol (vitamin E) protects lipidic systems (membranegyeqay within the initial 200 ps period following the laser pulse
and Ilpoprotelr_ls) _agalnl?t Ox'dat've. damage by acting as a chaifye been well characterized in the previous single wavelength
breaking antioxidant ”. The kinetics of oxidation of gyperiments at 830 nf. Using the diode array spectrometer,
a-tocopherol and the reduction of the tocopheroxyl radical havey aqgditional absorption peak at 450-500 nm is observed in the
been studied in the micro- ang:i mllll-second. time regions by g ps spectrum due to the tocopheroxyl radical cation. This
nanosecond laser flash photoly&fs These studies showed that gecays together with the hydrated electron, until at 200 ps after
the tocopheroxyl radical (T-was formed by photoionisation. he |aser pulse another absorption in the region of 440 nm is
Time-resolved resonance Raman spectroscopy indicated that thscerable and readily ascribed to the neutral tocopheroxyl
tocopheroxyl radical cation (TOH with a pi; of 1.4, was  ragical. The results therefore show that the de-protonation of the
the predominant species in strongly acidic solutichs tocopheroxyl radical cation at neutral pH occurs on a time-scale

Furthermore, the radical cation is expected to be an intermediaf ahout 20 ps, and are consistent with the previoud TR
not only in the photoionisation reaction, but may alsomeasyrements.

participate in biological oxidations of vitamin E.
T-OH +hv > T-OH" > T-O+H

However, the pKvalue of the radical cation indicated that the
lifetime would be of the order of picoseconds in neutral solution
and so femtosecond laser studies should provide an ideal
approach to kinetic studies of radical cation formation and
decay.

D + -1 in 505

I

sorbance

Results and Discussion

Previous femtosecond transient absorption experiments at singltf: 1
wavelengths mainly at ca. 800 nm indicated that the hydrated
electron formed from photoionisation of water-soluble vitamin

E analogues was formed in two stages. Picosecond time-
resolved resonance Raman spectra confirmed the intermediate
formation of the radical catiofi. In the present report some
results are presented using the newly developed multi-
wavelength picosecond transient absorption spectrometer
system outlined in the 1997-98 Annual Repgbrt

Wavelenpth (nm)

Figure 2. Transient absorption spectrum from femtosecomd
laser photolysis of duroquinone and a-tocopherol in sodium

018 dodecyl sulfate (SDS) micelles. Spectra were recorded at
0161 a) 30 ps, b) 250 ps, ¢) 500 ps and c) 2000 ps after excitation
0141 with a laser pulse at 390 nm.
012t One advantage of the OPA lasers in the Ultrafast Laboratory is
! the ability to pump the sample over a wide wavelength range.
017 This is illustrated in Figure 2 which shows transient absorption
8 e spectra obtained after excitation of the charge transfer complex
_§ ' formed between duroquine (DQ) andtocopherol in sodium
§ 006 T dodecyl sulfate (SDS) micelles. Photo-excitation of this
b, oo L complex allows us to observe a reaction more closely related to
’ that occuring in nature, but on an ultra-fast time scale. Whereas
002 1 in the nanosecond laboratory ¥Rxperiments revealed only
formation of the neutral tocopheroxyl radical on oxidation by
0 triplet duroquinone, the present results appear to demonstrate
o0& 40 50 550 &0 intermediate absorption in the region of 480 nm due to the

tocopheroxyl radical cation. Unfortunately at present it is not
possible to bridge the gap in time-scales between those
accessible in the Ultrafast Laboratory (up to ca 2 ns) and those

Figure 1. Transient absorption spectra from femtosecond laserin the Nanosecond Laboratory (> ca 10-20 ns).

photolysis (277 nm) of Trolox C in agueous solution at neutral The related compound 4-hydroxycinnamate has also been
pH. investigated because of its importance as apoorent in the
Figure 1 shows the transient absorption spectra recorded fromiight-sensing prokaryotic photo-active yellow protein (P¥P)
solution of Trolox C ( a water soluble Vitamin E analogue) inEXperiments in the nanosecond laboratory showed that the

aqueous solution at pH 7 after photolysis by a 300 fs pulse &henoxyl radical of 4- hydroxycinnamate could be formed by
277 nm. The main feature is the broad red and infrareg€nsitized photo-oxidation with duroquinone, but not by direct

Wavelength (nm)
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6000 The nanosecond experiments using direct photolysis revealed
no transients due to excited states, so the experiment was
50001 repeated with the superior sensitivity in absorbance in the
@ Ultrafast Laboratory with 300 fs pulses at 277 nm. The results
§ 40001 of this experiment are shown in Figure 4. Instead of the
- transient absorptions seen in the previous experiments with
E 30007 Trolox, the data with 4-hydroxycinnamate shows a stimulated
el emission which decays with a lifetime obaut 2 ps. It is
8 20001 thought that this may involve formation of the photo-excited
,~U~>; transition state which leads to isomerisation in this compound,
T NN and which might be an important intermediate in the
c mechanism of PYP.
0 T T T T References
1200 1300 1400 1500 1600 1700 1. G W Burton and K U Ingold

Wavenumber (cff)

3
Figure 3. Resonance Raman spectrum of the phenoxyl radical
from 4-hydroxycinnamate in methanol/water (50/50 v/v), probe
wavelength 600 nm.

photolysis in the ultraviolet (266-308 nm). Unsubstituted
phenoxyl radicals generally only show resonance enhancemeht
of the C-O stretching vibration in the TBpectrun®, whereas
4-alkoxyl substituted phenoxyl radical¥”, including the
tocopheroxyl radica?, show additional strong enhancement of -
the ring C-C stretching vibration. This is due to delocalisation
of the unpaired electron to the oxygen atom in the 4-substituent.

Figure 3 shows that in addition to the C-O vibration at 15447'
cm?, the C-C stretching vibration at 1592 tris also strongly
enhanced in the TRspectrum of the 4-hydroxycinnamate
phenoxyl radical. The conjugated double bond allows radical
delocalisation if the same way as in 4-methoxyphenoxyl. 8.
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0.002

o
o
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=
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Wavelength nm

Figure4. Transient emission observed after excitation at
277 nmof 4-hvdroxvcinnamatein aaueousdution atpH 7.
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Discharge-flow Studies of the Kinetics of the Reactions of Br, Cl, BrO and CIO with
CH30 using LIF detection
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For reactions (5) and (6), F atoms were generated in the outer
liding injector by subjecting ,Fin helium to a microwave
ischarge. CKDH or CH, was delivered through the inner
liding injector, in sufficient excess to consume all the F atoms.

Introduction
It is now well established that the rapid spring-time depletion oﬁ
stratospheric ozone over the Antarctic is due to catalytic cycle§

involving XO radicals, where X = Cl or Br. The reactions of . ; ;
i ' - ; In reaction (7), NQwas added to just surpass the maximum of
CH;0, with XO are of potential importance in the stratosphere,[he CHO signal, ensuring complete consumption of the; CH

Under low ozone conditions, the reaction of Cl atoms with CH __ . . ;
. . ! ; o radicals. Typical concentrations of, CH;OH, CH; and NQ
is favoured, leading to the formation of €Bj, which in turn ere < 5H 10 4 H 10° 4 H 104 5H 102 molecule cri.

may react with XO. It has been proposed that the reactions wi . . 1
ClO and BrO could both possess channels that promote tf%plcal concentrations of G were (05 - 15H 10°

chain decomposition of ozot molecule crt.

The halogen atom species, X, was generated by several
methods. In the simplest case, a flowing mixture ofiX
gelium was subjected to a microwave discharge, in the side arm
of the flow tube. Other methods included:

The study of reactions of GB, in the laboratory also requires
the investigation of possible side chemistry involving the@H
radical; the latter species is always present in non-negligibl
concentrations when GB, is produced in low pressure

reactors, such as the one used in this work. ThgOQtddical F+X, > X+FX (8)
itself is a key intermediate in the atmospheric oxidation of F+ GHaBr » Br+ GHsF  (9)
methane and also in combustion systems. However, there are Cl + GH3Br — Br + GHsCl (10)
relatively few kinetic data for its reactions with other radicals.
In this work, the reactions The precursor, Xor GH3Br, was introduced in excess port
1 to completely consume the atomic co-reactant, generated in
CHO + Br — products @) the side arm. Typical concentrations of X were
CHO + Cl - products ) (0.5 — 2.5H 10" molecule cn.
CH30 + BrO — products  (3) ) ) »
CH:O + CIO - products  (4) The halogen oxide species, XO, was formed by addition of

excess ozone to react with X, the latter being generated by one
have been investigated at room temperature. The work wasf the methods described above.
prompted by the lack of agreement in the literature over the
values of the rate constants. In the case of reactions (1) and (3), X+0;3 - XO+0; 11)

rate constants are required for the interpretation of subseque@&one ¢a. 5H 10° molecule crif) was delivered through port
work on the reaction of G with BrO. 2. Typical concentrations of XO were (0.5 — 213) 10%

Experimental Details molecule crit.

The experiments were carried out using a discharge-flow tubgetection of Species
(Figure 1) equipped with a double sliding injector and six stati
side injectors, described previoudlyThe tube was operated at
P=2-23Torrand =296+ 1 K.

“The flow tube was coupled to two detection cells. The first
permitted the detection of GB radicals by laser-induced
fluorescence (LIF) of the (BA, — X %E,) transition atA =

. He 292.8 nm. The excitation beam was produced using a dye laser
s'de{“_li (Spectra-Physik, PDL-2), with Rhodamine 610 chloride dye,
Sl g Sdepors o Dstoction Reci pumped by a Nd-YAG laser (Quanta-Ray, GCR-11). The
_ —‘ | 0] | ] etection Region fluorescence passed through two filters (Schott UG£1270 —
o s 7 i to pump 380 nm band pass and Andover Corpora8dd 305 nm) and
O O—> was detected by a photomultiplier (EMI B2F/RFI6443),

innerslidinﬁjeco% 7 positioned orthogonal to the laser beam. The signal was
outer sliding injector 10 Torr / / \ processed through a box car integrator (EG & G 162) and
Capacitance  Cell 1 output to a chart recorder.
Manometer Cell 2

11 = microwave In order to quantify the concentration of € the LIF signal

cavity was calibrated through a series of experiments. It should be
emphasised that, since the {fHwas the kinetic species, only
an approximate calibration was required. In each experiment, a
constant excess of GHfrom reaction 6) was allowed to react
over a fixed contact time, with a range of known concentrations
Generation of species of NQZ. A different concentration of CHwas used in each

i ) experiment, to determine the maximum slope, from the

A number of different methods of generation of teactants  geries of plots of LIF signalersus [NO,]. The value of Th
were used. CkO was generated in the sliding injector by one ofyie|ys the approximate calibration factor. The sensitivity of the

Figure 1. Schematic diagram of apparatus.

two reaction pathways: LIF detection system was. 6 x 10 molecule crit.
F + CHOH - CH;0 + HF (5) The second cell allowed the detection of Br or Cl atoms by
or resonance fluorescence (RF). The atoms were observed at
F+CH, - CHz + HF (6) wavelengths of 148 — 158 nm and 138 nm, respectively. The
CH; + NO; - CHz0 + NO  (7) exciting radiation was provided by a lamp in which a dilute
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flow of Br, or ChL in argon was subjected to a microwave In the study of reaction 2, GB was generated by reactions (6)
discharge. The radiation passed through a window of sapphiend (7). However, the Cl atoms also react with, CH

(for Br) or of Cak (for Cl), into the centre of the cell. The
resonance fluorescence from the Br or Cl atoms passing through Cl+CH, - ?1H3 + HCI _(1_?21)

the detection zone of the flow tube was detected by a kis = 1.1H 10" cn? moleculé' s

photomultiplier (Hamamatsu, R1459), positioned orthogonal t%lthough the extent ofection (15) has negligible effect on the
the lamp. concentration of Cl, the GHeads to the formation of GB by
Determination of the concentration of X required the accuratéeaction with NQ (reaction 7). The first-order treatment of the
calibration of the RF signal. Both RF systems were calibrate@XPerimental data was modified in order to take into
by the stoicheiometric conversion of known concentrations of 300
precursor (HCI for Cl, and £lsBr or HBr for Br) to X, by
reactions with excess F or Cl atoms.

250

F + HCI6 HF + Cl (12)
Cl + CH3Br 6 Br + GH,Cl (10) ”00
F + HBr 6 HF + Br (13)

A plot of signalversus the concentration of precursor yields a™:'°
calibration factor from Ih (wherem = slope). The sensitivity
of the calibration systems for Br and CI wer¢14.0° and 5H 100
10° molecule cr.

The concentration of XO was determined by introducing excess s,
NO (> 3H 10* molecule cri?) via port 6, to stoicheiometrically
convert XO to X, the latter being observed by RF.

XO + NO 6 X + NO, (14) [Br]/ 10" molecule cm™

Figure 2. Second-order plot for the reaction of &MHwith
Experimental Procedure Br.

All experiments were performed undeseudo first-order

consideration the additional GE resulting from reaction (15
conditions with excess X or XO formed in the main flow of the @ 9 (15)

tube. The kinetic species, @B, was generated in the sliding DSO -S B
injector and introduced into the main flow at a number of InG———%' A= kgt ()
different positions, corresponding to contact times of up to 0 c

30 ms. The rate constants were obtained by one of two methods.

o whereSq,; is the signal observed from only the reaction of CI
Method 1: Absolute determination with CH, in the presence of NQover timet.
The absolute method was used feactions 1, 2 and 4. The LIF , _
signal was measured in the absence and presence of X or cfosecond orderlPIot Of ¢ versus [_(l:l] yields a value ok of
for each contact time (signal§ and S, respectively). (9:0% 0.9)x 10 .crtns molecu!els , where the errors are the
Experiments were conducted for a range of concentrations of 5% confidence limits of the line of regression (Figure 3).

or ClO, measured using RF. 200

Method 2: Relative deter mination

The second method obtained rate constantefmtions 3 and 4
relative to those for reactions 1 and 2. The LIF signal wassoo
measured in the absence and presence of X and XO,
consecutively. The concentrations of X and XO were equal; XO
was obtained by complete conversion of X by reaction with O
(reaction 11). 200

Treatment of Data and Results
Throughout the rest of the paper, the second-order rate

constants for reactions (1) to (4) will be labelleg ko, Karo 100
andkgio.
Method 1: The experimental data were treated using a simple
pseudo first order approach o5 ] s s 4
[C1]/ 10" molecule cm™
|nD§D: Kyt () Figure 3. Second-order plot for the reaction of gMHwith
U= U Cl.

where kNy = ky[X]. The slope of a plot of I§/S} versus In the reaction of CED with CIO (reaction 4), the Cl atoms

contact time, yields the value ofMy. PlottingkNy versus[x] ~ USed to generate CIO were completely consumed by reaction

yields the second-order rate constant from the slope. Figure with O;, and thus could not initiate the formation of additional

shows the second-order plot faaction (1), giving a value of CH;O by reaction (15). Therefore, the experimental data were

ke, Of (5.0% 0.3)x 101 e molecule! s2, where the errors are treated using equation (l). Figure 4 shows a second-order plot,
T ! 1

the 95% confidence limits of the line of regression. whlere tlg? value dfcio was found to be (4. 0.5)x 10 e’

moleculé s™.
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300

r -1
k" ols

[CIO] / 10" molecule cm™

Figure 4. Second-order plot for the reaction of &MHwith
Clo.

-1
k" aol's

k' /s

Figure 6. Relative plot 0kN¢ o versus kNg;.

are the 95% confidence limits of the lines of regression.

Method 2: The first-order rate constants for X and XO wergnserting the values oks and kg found in the absolute
determined using equation 1 (for Br, BrO and CIO) or equatiorfff€termination (method 1) into the appropriate ratios, yiigs

2 (for Cl), as described in the previous section. The ratio of the

rate constants is expressed

kX — kXO[XO]
ke KkeX]

Since the concentrations of X and XO are the same (XO be

()

(5.2 0.5)x 10" cn? moleculé' s andkgo = (4.1% 0.7) x
10 cm® moleculét st. Errors include 95% confidence limits of
the gradients in figures 5 and 6 and the errokgiandkg,.

Discussion

A summary of the rate constants found in this work and the
_ present literature values for the reactions with 3@His
INBresented in Table 1. There are some differences between the

generated by the stoicheiometric conversion of X in reactioRalyes determined here and those in the literature. However,
11), equation (lll) can be simplified so that the ratio of thetnere is particularly good agreement between the values

second-order rate constants is the same as thdtafkNy. In
fact, the concentration of BrO was ordg. 85 - 90% that of
[Br] under the conditions of the experiment, as a result of t
reproduction of Br atoms by the relatively rapid BrO se

obtained folkg, andkq and those determined by Szila@yial.ﬁ)

and Jungkamggt al.”. The reason for the discrepancy between

h@ther values is not clear.
f

1
k' hols

reactiod. However, thanks to the similarity of the rate Rate constari/ 10™ cn? molecule' s*
i i » Co-reactant
constantsk.?r andkg,o, the gorrectlon to take into accc.Ju.nt the This work Literature
concentration of Br atoms in the BrO system was negligible.
Br (5.0£0.3)? (7.0+£0.4)°
5.0
300
cl (9.0£0.9)? (10.0+0.2)"
(1.9+0.4)®
(2+1)9
- BrO (5.2+ 0.5)° (3.8+£0.4)°
. clo (4.1£0.5)2 (2.3+0.3)?
.- = (4.1+0.7)° (1.3£0.3)?
[ ] > ’
00 LAY L] a Absolute determination, b RelativekBr, c Relative tkCl.
u u
| [ ]
Table 1. Summary of results.
" The products of the reactions have not been observed in this
0¢ = - = 250 kinetic study. However, it seems likely that HX will be a major
\ product in reactions (1) and (2). Indeed, the other plausible
1St

Figure 5. Relative plot okNg,o versus kNg;.

Figures 5 and 6 display plots kiflyo versus kNy, where X is
Br or Cl. The ratios okg,o/ks, andkqo/ke Were found to be
(1.03+ 0.04) and (0.4% 0.03) respectively, where the errors
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channel is pressure dependent, and thus is unlikely to occur
under the low pressure conditions of the flow tube.

CH;0 + X - HX + CH,0O

(16a)
CHO+ X +M - CH,OX + M

(16b)

Reactions (3) and (4) have four possible channels.
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CH30 + XO -~ CH,O + HOX (17a)
- CHO, + X (17b)
- CH,O, + HX (17¢c)
- CHX + O, (17d)

Daéleet al.® found HOCI to be a major product of reaction (2).
It seems likely that HOBr will similarly be a major product of
reaction (1).

Science — Laserfer Science Facility - Chemistry

Observation of CkD by LIF, followed by the conversion of
CH;0, to CHO with excess NO and observation of the
resultant LIF signal, showed that the ratio of the concentrations
of CH;0 to CHO, wasca. 1:2. Therefore, when investigating
the atmospherically significant reaction of £M with BrO, the
reactions of CED must be taken into consideration. Indeed, the
one literature valufor the reaction of CkD, with BrO of (5.7

+ 0.6)H 10™2 cn? moleculé® s? points to a comparatively slow

Inspection of the results shows that while Cl reacts faster thaifaction, whereas the GBI species present in the system will

Br with CH;O, the trend is reversed for the halogen monoxide

Jeact much more rapidly with BrO and Br, causing substantial

where BrO reacts faster than ClO. One possible explanatioride chemistry.

comes from a simple consideration of the mechanism o
reaction. The mechanism by which §MHreacts with X is likely

gummary

to involve simple hydrogen abstraction and may be favoured bff discharge-flow tube has been used to determine the rate
the more electrophilic Cl atom. The order of reactivity alsoconstants for the reactions of gbwith Br, BrO, Cl and CIO at

follows the order of exothermicity (data from DeMetal. ?)

CH30 + Cl - HCl + CHO )Hp,=-340.0 kJ mot (2a)
CH3O + Br - HBr + CHO )Hy,=-273.5 kJ mot (1a)

On the other hand, in the case of the reaction gfdOMth XO,

it may be postulated that the reaction proceddsa five-
membered transition state (Figure 7), where it is the oxyge
atom of XO which abstracts the H atom fromsOkigenerating
HOX as a major product, a process which is favoured by th
less electrophilic Br atom.

CHgO + CIO - HOCI + CHO )Hg,= -304.1 kJ mot
CHyO + BrO — HOBr + CHO )Hg,= -273.5 kJ mot

(42)
(32)

The transition state may also be more stable for BrO. The fiv

e

room temperature and a pressurecaf 2 Torr. A number of

different methods were used to generate the radicals. RF and

LIF detection techniques were employed. The results revealed

Cl to be more reactive than Br, and BrO to be more reactive

than CIO, towards CD. The rate constants for the reactions of

Br and BrO are relatively large, thus indicating that secondary
hemistry of CHO in systems to investigate the reaction of
HsO, with Br or BrO is likely to be significant.
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membered structure incorporating the smaller CIO might bgyeferences

more strained, leading to lower reactivity.

At present there are no data for reactions of@Hith | and
10, so it is not possible to confirm whether the same trends hol
for the iodine species.

As mentioned in the introduction, the main motivation for the
study of the reactions of GB was the need to determine their
rate constants in order to interpret results from reaction syste
containing CHO,. In our laboratory, we have conducted
experiments on C#D,, generated by the reactions

F + CH, 6 CH; + HF (6)
X—0

Figure 7. Five-membered transition state.

CH; + O, + M6 CH;0, + M (18)
The CHO radical is present in the system as a result of the
reactions

CHz + CH;0, 6 CH;0 + CHO (29)

CHz0, + F6 FO + CHO (20)
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that curve-crossing will have a substantial influence on the

Introduction ; S . .
The A-band dissociation of the methyl halides provides agynamlcs. In addition to extending Br and Ehotofragment

h . ) . tudies into this region we report vibrationally state-selective
prototype for the theoretical and experimental investigation o robing of the methyl fragment.
polyatomic molecular photodissociation. Absorption of a single
photon in this continuum results in a broad, unstructured .
absorption band leading to two reaction channels; €’  Experimental
’p, and CH + X %Py, The excitation gives rise to two One and two colour pump-probe experiments were performed
electronic states in the limit of weak spin-orbit coupling, butusing photolysis wavelengths in the 240-270 nm region.
splits into five components under strong spin-orbit interactionFragments were detected in a time-of-flight apparatus by state-
In C;, symmetry curve crossing between these componentselective REMPI ionization. The majority of measurements
results, but Jahn-Teller-like distortion creates a conicalvere made using an effusive source of;BH but additionally
intersection. The surface crossing can thus play a key role ia cold (50 K) molecular beam of GBr was also employed for
determining the branching between the two asymptotic decagxperiments probing the methyl fragment.
channels.

Results
- H \ Measurements on Bdisplay a pronounced anisotropy, with the
o o TOF peakshape depending markedly on the dissociation laser
15 polarization direction (Figure 2).
) ’ THL 4 W
e H,+ ¥
.1
é i-H AF
2
L
——— CH,+ X

ex

Figure 1. Schematic diabatic potential in,Gymmetry relevant
to A-band dissociation. Inset shows avoided crossing on
reduction to Gsymmetry.

While the A-band dissociation of GHhas been extensively
studied, much less attention has been devoted to blue-shifted
CH3Br band. Amongst other reasons, this should provide
interesting comparisons because of reduced spin-orbit
interaction Initial Br photofragment anisotropy studies in the
blue’ suggested that surface crossings were unimportant with
differing B parameters for the two channels arising solely from
isolated decay on two surfaces. Later Br atomotofragment
imaging studies® in the 200-230 nm region demonstrate a
clearer role for surface crossing: while thé Bagment recoil
parallel to the dissociation laser resulting from excitation to, and
dissociation along #Q, surface, the Br fragment is more nearly
isotropic, but with marked wavelength dependence revealing
mixed perpendicular and parallel excitation and surface
crossing in the latter cade.
Figure 2. Br* Fragment TOF at 251 nm for two polarization
Kitsopouloset al.? also examined the GHragments using geometries. Structure on peaks reveals8opesBottom is
non-resonant, non-state-selective detection. Both channethe distribution of kinetic energy. Solid lines are fit to data.
display evidence for internal excitation, more so for the Br

channel. The derivedp parameters are nevertheless reduced at these

longer wavelengths indicating an increased role for surface

The work described here extends these measurements deep iRfgSSINgs - The Br results are very different, with no perceptible

the red wing of the absorption band, where it might be expected
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anisotropy, confirming expectations of substantially mixed
perpendicular/parallel excitation for this channel. methyl in the Br channel is the full excess enetyyd, ) of
19eV.

mi=

Figure 3. As previous figure for Br photofragment at 250 nm.

REMPI/TOF spectra of 250 nm methyl photofragments wererigyre 4. CH, (v,=0) TOF spectrum at 251 nm. Solid line is a

obtained using a second laser to probe tfl@6d 2' X -~ 3p, fit to experimental data. The non-resonant background signal
transitions. Attempts were also made to use the correspoXding12 3 |is is excluded from the fitting operation.

- 4p, bands, though here there were problems with photolysis

induced by the probe laser. Attempts to obsepwe levels via CH; (+Br) Ch; (+Br)
the 22 band were unsuccessful. Only the central Q branche%=0 0.08+ 0.09 1.880.04
were observed, despite the successes of these methods virl 0.2+0.2 1.90.1

obtaining rotationally resolved branches in {LHtudies*® ] _
Attempts were repeated using jet-cold 8B for which Table 1. Anisotropy parameter§, obtained from methyl

predissociative losses of intermediate ;CDshould be much REMPI-TOF at 251 nm.

reduced, but again only the intense Q branches were observedrpg oy methyl fragments in the Brhannel thus have higher

values than the non-selective "BTOF measurements,
uggesting that the higher levels must be more isotropic.
. : Overall we may rationalise these findings in terms of distortion
fragments, in both the Br and Behannels. As a consequence fron C;, symmetry and consequent curve crossing mechanisms,

Fhe.ref should b(.e.very ."‘“‘? populat!on in individual levels W'th producing rotational and vibrational excitation, along with
individual transition lying in the noise. The central Q branch is

: O - “comparable oscillator strengths for perpendicular and parallel
observable first because of the coincidence of many transitions, .itations in the extreme red wing of the A-band
and second because the line strength factors are two orders (’ffc '
magnitude greater for this branch. Simulations of the observegqefer ences
Q-branch profile support this view, suggesting a rotational .
temperature of up to 1000 K. In the case of;ldHhas been ) SZNSIQ v(algglsce)en, T Baller and A E de Vries, Chem. Phys.
shown that the dynamics of curve crossing induce rotational ==~

excitatior? and the enhanced curve crossing in the red here. w P Hess, D W Chandler and J W Thoman, Chem. Phys.
seems to be even more effective. 163, 277, (1992)

We ascribe this failure to obtain the known OPRS branclE
structure to the production of rotationally highly excited methyl

The Q° and 2" Q-branch REMPI-TOF spectra have been fit3: T Gougousi, P C Samartzis and T N Kitsopoulos, J. Chem.
with a model which includes the characteristic energy release Phys. 108, 5742, (1998)

for fast (Br) and slow (B} channels, an energy width for each, 4. RO Loo. HP Haerri. G E Hall and P L Houston. J. Chem.
an anisotropyB parameter for each and a"#r branching phys_,ig()’ 4222, (19’88) '

ratio. The latter were found to be 048818 for v,=0 and

0.61£0.20 forv,=1. The energy parameters are freely varied in>- D W Chandler, J W Thoman, M HM Janssen and

this fitting, yet they accord well with known constraints: the Br D H Parker, Chem. Phys. Lett., 156, 151, (1989)

and Bf channels differ by the known Br spin-orbit splitting of g | powis and J F Black, J. Phys. Chem., 93 (1989)

4.94 eV, the vibrational differences agree with the knawn

quantum, and the kinetic energy accompanying the ground state
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Introduction the main chamber. This expansion generates a supersonic flow

. . of gas in which the Mach number, the temperature, the density
Ground state atomic carbon, C {2p,), has been detected in a of the gas, the mole fraction of the co-reagent and the velocity

wide range of astronomical environments, and is particularly()f d
. . ’ the gas stream are constant along the axis of the flow.
abundant in dense interstellar clouds (ISCs). Dense by 9 9

interstellar standards, where the average gas densily e, C(P) atoms were created by the pulsed laser photolysis of
these clouds correspond to the laboratory equivalent of an ultigarbon suboxide, 40,, using the 193 nm radiation from one of
high vacuum, with gas densities of the order dfd@°. They  two similar excimer lasers (Lambda-Physik, Compex 102 or
are also extremely cold, with temperatures in the range 10 Compex 202, from the LSF Loan Pool), equipped with unstable
50 K. However, owing to their great size, they may containresonator optics to give the required low-divergence beam, and
typically the equivalent of 10 - 100 times the mass of our Sungperating on ArF at a repetition frequency of 10 Hz.

and it is within these clouds that the richest variety ofc302 was synthesised via the dehydratiorbis{trimethylsilyl)

interstellar mo_lecules_ has been observed,_ |ncluq|ng many, slonate (Aldrich), and stored in a collection vessel. When
carbon-containing radicals. The largest confirmed interstellar

molecule is HGN, but it is highly probable that much larger riqLi’(':rgi’ngﬁ %ﬂf%orr‘];’sesas\%vﬁsr St‘é‘g&?geoci ;)y ?Qxﬁﬁztglne /
species such as polyaromatic hydrocarbons (PAHs) an OyT tth'. ¢ 2 " 63 p pp y
fullerenes exist as well. orr at this temperature (-6G).

Neutral-neutral reactions of atomic carbon with various” CYlinder of high purity argon (AIF.PTO(_'leCtS) provided a
hydrocarbon species have been identified by Herbst and cd€9ulated flow (1L0—100 standard chminute’) of buffer gas,
workers as potentially of great importance in tyathesis of ~ Which bubbled through the liquid;O, and was saturated with
larger carbon-containing species, employing ccessive  C3Q2 vapour. The absolute concerg)tratlon ofOg within the
insertion-elimination reactions of the type: CRESU flow was estimated to kel 0 molecules cri.

C+CH,, W ChpiqHp. +H 1) The progress _of reaction was monitored by_a chemiluminescent
marker technique, resembling that used in our study of the
Following the kinetic measurements of Husain and co-worker&inetics of GH radical reactions in the CRESU appardttsn
on reactions of atomic carbon with a wide range of hydrocarboeach series of experiments, a constant concentration oha©
species at room temperature, the theoretical work of Clary anddded to the CRESU flow, along with thedg precursor, and
co-workers has pointed to the continued rapidity of suchappropriate reagent and buffer gaseSPCatoms produced in
reactions down to the temperatures prevailing in dense43Cs. the photolysis then reacted at a constant rate with thg NO

Our studies of the kinetics of neutral-neutral reactions a%Nh'Ch was in large excess over theg

extremely low temperatures are conducted in the Birmingham C(P) + NG, - CO+NO )
CRESU apparatus, one of only two such facilities world-wide 1) o .

which enable accurate rate coefficients for such reactions to ga0'the e al. ™ observed chemiluminescence resulting from
measured down to the temperatures prevailing in dense 1SC20th NO@TI) and NOAZ") products from this reaction. The
CRESU is a French acronym standing fGinétique de Cchemiluminescence was gathered in the CRESU apparatus by
Réaction en Ecoulement Supersonique Unifoom&eaction  an optically fast collection arrangement, and the (8:8pnd
Kinetics in Uniform Supersonic Flow NO(B*M—X?TT) emission isolated using an interference filter
. ) 26) i centred at 320 nm (10 nm FWHM), before being imaged on to
The experiments of Husain and co-workers™ employed time-  the photocathode of a sensitive photomultiplier tube (Electron
resolved atomic resonance absorption SPOCTOCOPY, 10 MONO  Tupes, type 9125 MgFIB). The radiative lifetime of NEF;

the C(°P) concentration directly via the (35 — 2P) resonant /= 0) is short (2.Qss) relative to the lfetime of the Kinetic

”ﬁ”s':'of‘ at 16$68m. Carfbon gatoms bwe_r;: created_ by VU decays, and so its concentration rapidly reached a steady state
photolysis A < nm) of carbon suboxide 4Bp) using @ |46 which was directly proportional both to the intensity of

coaxial flash lamp. The authors report rapid room temperaturﬁ]e emission and to the concentration of the carbon atoms. The

g’ltei for r%actions \liVi%h unsdatL;ratgdLﬁ)I/_cli'rzocarEops, NO anc(ij Oresulting signal was transferred via an appropriate load resistor
ecker and co-workersused the . technique to study , 5 200 MHz digital oscilloscope (Tektronix, model TDS350),

kinetics of the reactions of atomic carbon with NO andr&  \ ich averaged emission traces fra@8 laser shots before the
flow cell at room temperature. Ground state carbon atoms Werteo ltant data were transferred to a PC. Typically, this

prod‘uceddbybmultiphotrc:n dissclnciation cg@ﬂéatﬂ248 nm, and rocedure was repeated four times, so that the traces that were
monitored by two-photon laser induced fluorescence ab sy sed were the result of 512 individual experiments. In

3 .
143.5 nm {P, —°D; transition). addition, under some conditions it wascassary to perform a
background subtraction to allow for the effects of scattered

Experimental ) ) light. The background trace was recorded by omitting M@m
The CRESU method, as applied to neutral-neutiattions, has  the gas mixture, leaving all other conditions the same.

already been described in detail by Sires al.? Full
specifications of the Birmingham CRESU apparatus have alsghe flows of NQ (SIP Gases), the co-reagent,(@;H,, CH,
been given recently by Jametsal. ® or GHg; Air Products), and the carrier gas (He, Ar g Mir

) ] ) Products) were taken directly from the cylinders and regulated
The heart of the CRESU apparatus is an axisymmetric Lavaly means of mass flow controllers (MKS). TheHg was
nozzle. It is mounted on a reservoir equipped with a perforategassed through a trap immersed in cooled methanol at —40 °C to

Teflon disc to ensure laminar flow and good mixing of the gagemove any residual acetone resulting from the storageochet
streams entering the reservoir. All the temperatures in the gas

flows were achieved by the isentropic expansion of the gas
mixture prepared in the reservoir through the nozzle and into
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Figure 1. Rate coefficients for the reaction of GP) atoms plotted on a log-log scale against temperature. The filled symbols show
the results of this work: circle®) denoting Ar carrier gas; square®)(N,; and trianglesd) He: (a) C + GH,: the room
temperature result of Haider and Hugainshown as an open circl®). The solid line shows the result of a non-linear least-squares
fit to the data givingk = 2.9 x 10%° (T / 298 K% cm® molecule® s. The dashed line (- — —) shows the results of a capture
calculation performed by Liao and Herfistyhile the dotted line[) represents the VRRKM calculation of Guadagnini et®al..
(b) C + GH,: the room temperature result of Haider and Hifsaishown as an open circl®). The solid line shows the result of a
non-linear least-squares fit to the data givirg 3.1x 10 (T / 298 Ky%% cm® molecule® s*; (c) C + C3Hg: the room temperature
result of Haider and Husain® is shown as an open circle (O). The solid line shows the result of a non-linear least-squares fit to the

data giving k = 2.9 x 10™° (T / 298 K)™% cm® molecule s%; (d) C + O,: the room temperature results of Husain and Y oung® and
Becker et al.” are shown as an open circle (O) and an open square (CJ) respectively. The solid line shows the result of a non-linear
least-squares fit to the data giving k= 4.7 x 10 (T / 298 K)**cm® molecule™ s™.

et al.®® who report the explicit identification (under single
collision conditions) of the reaction products corresponding to
Marbon atom insertion followed by rapid hydrogen elimination,
i.e. GH (from GH,), CsHs (from GH,) and GHs (from GHg).
Fhe overall reactions may be represented as:

Cn+1Hm-1+ H

Results and Discussion

Experiments to determine the kinetic behaviour of carbon ato
reactions with a reagent R (R =,@&,H,, C,H, or GHg) were
performed both at room temperature in a subsonic flow, and
low temperatures ranging from 15 K to 204 K in He, Ar gr N
buffer gases, using a number of Laval nozzles. The flows C + GH,, BN
contained a small concentration ofGg (estimated to be less
than 16° molecule crif), a constant concentration of BO
(L0 molecule crif), and a variable concentration of reagen
R (ranging up to(1l0* molecule cr), in a buffer gas of
density in the approximate range *4:010" molecule crit.

(1 above).

Atomic carbon has, as noted above, three closedgesp spin
{ orbit states. CPy) lies 16.4 crit (= 23 K) above the ground
'state Py, and the upper spin orbit stat¥®,, lies 43.4 crit

(= 62 K) above ground. At room temperature, all of these states
will have an appreciable population. However, at the lowest
Values of the second-order rate coefficidptsvere established temperatures of the present experiments, only the lotigst
by a series of experiments in which [R] was varied whilstJNO state will be appreciably populated. A strong negative
was kept constant. The temperature-dependence of the ratemperature dependence for such reactions would suggest that
coefficients for these reactions of*€) is displayed in Figure 1. collisions between reactant and carbon atoms in the lowest spin

The maanitudes of the rate coefficients for the reactions 0?rbit state are more likely to lead to reaction than collisions
carbon e?toms with ©1,, GH, and GHe, and their very slight between reactant and carbon atoms in the higher spin orbit
. 2 4° & ery shgh tates. However, these reactions show only a very slight
increase as the temperature is lowered, are consistent with the . .
L h : . ) . temperature dependence, which suggests that reaction can occur
initial formation of an energised complex in which the radical

o . with similar probabilities from all spin orbit states. Furthermore,
attacks arrorbital in the unsaturated hydrocarbon with a ratey, o magnitude of the rate coefficients suggests that reaction

which is determined by capture on a potential energy surface (%rccurs essentially on every collision
potential energy surfaces) with no barrier. This mechanism is '

supported by the crossed molecular beam experiments of Kaiser
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The reaction of GP) with GH, has been the subject of two length, and must take place on potential surfaces without

recent theoretical studies, employing differing butsignificant barriers to initiad complex formation. It therefore

complementary techniques. Guadagnini, Schatz and Walch seems likely that these reactions — and similar ones involving

performed high-level ab-initio calculations along the minimum-C(P) atoms and other hydrocarbons — play an important role in

energy reaction path, and then calculated rate coefficients in tHerming species with long carbon chains in dense interstellar

rangeT = 300—1000 K using the variational RRKM (VRRKM) clouds.

method. They obtained a value for the rate coefficient at room

temperature ofi(= 2.6x 10%° cn? moleculé' sY), in very good ~ Acknowledgements
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results with calculations performed on ab-initio potential ?.nChelm.oFtJP?ysl,LSZ, 2313, (1985)

surfaces calculated using the latest methods.

) 12.R. |. Kaiser, D. Stranges, Y. T. Lee, and A. G. Suits
Summary and Conclusions Astrophys. J., 477, 982, (1997)
We have measured rate coefficients for the reactions of ground- .
state carbon atoms, C(P), with C,H, CoH,, CaHg and O, at 13. R. Guadagnini, G. C. Schatz, and S. P. Walch
temperatures from 295 down to 15 K in a CRESU apparatus, J. Phys. Chem. A, 102, 5857, (1998)
using a combination of pulsed laser photolysis to generate, and 14. Q. Liao and E. Herbst
a chemiluminescence marker technique to follow the Astrophys. J., 444, 694, (1995)
concentration of, C(*P) atoms. The rate coefficients for all four )
reactions increase as the temperature is lowered, and those for ~ 15.S. R. Kinnersly and J. N. Murrell
reactions with the unsaturated hydrocarbons —exceed Mol. Phys., 33, 1479, (1977)
2 x 10"° cm® molecule? st at all temperatures below 300 K.
These reactions would appear to proceed via an addition-
elimination mechanism, resulting in an increase in carbon chain

9. P.L.James, |. R. Sims, I. W. M. Smith, M. H. Alexander,
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Rate Coefficients for the Reaction and Relaxation of H,O in Specific Vibrational
States with H Atoms and H,O
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School of Chemistry, University of Birmingham, Edgbaston, Birmingham B15 21T, U.K.

Main contact email address: i.w.m.smith@bham.ac.uk

resonance' LIF signals from OH. Thus to observe OH (v=0),
formed in reactions where all the excitation of thgOH
estretching vibrations was in one local mode, LIF was excited at

excitation of particular vibrational modes in the reagents hagg, || 214 observed at 308 nm. OH (v=1) was observed by
been proposed for some years. In order to explore thi )

L . Il'i;xciting LIF at 312 nm and observing at 282 nm. Signals were
possibility it is necessary to proceed begt the generic three- recorded as the time delay between pairs of pulses from the
atom reaction A + BC-» AB + C, where there is only one

L . . pump and probe lasers was systematically varied. Typical
reagent vibration. In recent years, the exothermic reactlorﬁ

' ““traces are displayed in Figure 1.
between OH radicals and,Hand the reverse endothermic
reaction between H atoms and(H

OH +H - HO +H AH®=-63.3 ki met

Introduction

(1!-1) FT 1 rrrr1rrrrr1rrrr T T ]

has become the prototype of four-atom reactions for both
experiment and theory. The groups of CHrand Zare® have
demonstrated dramatic bond selectivity i@action (-1) by
exciting HO to specific vibrational levels by overtone band
absorption. Among other things, Crim et al. showed that,
whereas OH is formed in v = 0 when H atoms react wii® H
(l04>), it is formed mainly in v = 1 when H atoms react with
H,0O (]13>), demonstrating that the two OH stretching modes in
H,O act essentially as 'local modes', so that sufficient excitation
deposited in one of them can lead to selective breaking of that
bond in reaction with H atoms. This conclusion was beautifully
confirmed by experiments on the reaction between H atoms and
HOD in which it was demonstrated that the reaction products
were either OD + Klor OH + HD, depending on whether the R
OH or OD stretching mode in HOD was excited. r

Although the work of Crim and Zare showed theaation (-1)

is dramatically accelerated by excitation of th®Hmnolecule in

its stretching vibrations, they made no attempt to quantify this
enhancement. The aim of our experiments is to determine rate
coefficients for reaction between H atoms (and ultimately other
radical atoms) with LD in specified vibrational states. This is
accomplished by performing kinetic experiments in a discharge-
flow system containing known steady-state concentrations of H
atoms. LIF is then observed from the OH produced in reaction r
(-1) as a function of time following the firing of a pulsed laser T T
which excites HO molecules to a specific local mode state. In 0 10 20 30 40

LIF signal / Arbitrary Units

P R
-5 0 5 10 15 20
Time/10°s

LIF signal / Arbitrary Units

this way we have obtained data for five levels gDH|04>,
[13>, [03>, |125 and |0222>. Our results have been reported
in a preliminary communicatidhand at the Faraday Discussion
on Stereochemistry and Control in Chemical Reacfions.

Time/10°s
Figure 1. LIF signals from (a) OHY = 0) from the
reaction of H atoms with D (|04>), and (b) OH ¥
=1) from H + HO (|133).

Experimental Method

Full details of our experimental method can be found i
References 3 and 4. In brief, the experiments use (i)
discharge-flow system to prepare mixtures of H atoms (an
undissociated § and HO diluted in Ar, and (ii) two pulsed
tunable lasers, one to prepargOHn a selected vibrational level
and the other to observe either the OH (v=0) or OH (v=1)n each series of experiments, the first-order rate constants are
product of reaction. The concentration of H atoms isplotted against the concentation ofHpresent. The gradients
determined by titration with NOand a known concentration of of these lines give second-order rate coefficients for the
H,0 is introduced into the flowing gas using a combination of &elaxation of HO in the selected vibrational state and, where
‘bubbler’ and a trap maintained at a lower constant temperatuggpropriate, for relaxation of OH (v = 1) by collisions witpOH

than the bubbler. For each H atom concentration, a series @iolecules. The intercepts yield information about the processes
measurements were made, each at a different concentration jafolving H atoms: removal of 4 and relaxation of OH
H20. (v=1).

The 'pump’ laser radiation is either produced directly from arhe final results of these analyses are given in Table 1.
tunable dye laser or, for longer wavelengths, is generated by

shifting the frequency of radiation from a dye laser by the

stimulated Raman effect in,H The 'probe’ laser excites 'off-

Results and Discussion

races like those shown in Figure 1 are fitted to generate two

rst-order rate constants, one for loss of vibrationally excited
water and one either for removal of OH (v=0) by diffusion or
for relaxation of OH (v=1).
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removal of excited H,O relaxation of OH(v = 1)

by H atoms by H,0O by H atoms by H,O
H,0|04> 43+1.6 (16.7) 2.0 +0.8 (24.0) - -
H,0|[13>" 3.0+0.8 (11.7) 1.7 £0.4 (20.4) 1.5+0.4 (5.8) 0.2
H.0|03> 3.0+£1.0 (11.7) 3.7+1.4 (44.4) - -
H.0|12> 0.48 +0.12 (1.9) 1.7 £0.5 (20.4) 1.4+0.12 (5.4) 0.4 +0.14
H.0[1252> 0.8+0.3(3.1) 1.5+0.3 (18.0) - -

TABLE 1. Rate constants (18 cn moleculé' s%) and, in brackets, thermally averaged cross-sectiohd@Aremoval of
vibrationally excited HO and relaxation of OH (v = 1).

The data listed in Table 1 are essentially unique - there are vegmount of energy is present in relative translational motion,
few similar results, from experiment or theory, with which to suggesting that the reaction is selectively promoted by
compare. Nearly all the rate coefficients listed in Table 1 areibrational excitation of the ¥ reagent, a conclusion which is
near to their gas kinetic limiting values; that is, the collisionalentirely in keeping with expectation for a strongly endothermic
probabilities are close to unity. The unusually high efficiencydirect reaction.

of the vibrational self-relaxation of @ has been observed

before for lower lying vibrational levels, and it presumably Conclusionsand Future Work

arises because of the strong, anisotropic, dipole-dipole forcas addition to data on the relaxation of vibrationally excited

that act between water molecules. H,O and OH, we have measured the first rate coefficients for
removal of HO in specific vibrational states in collisions with

H atoms. The variation of these rate coefficients with state
show that it is the energy within the most strongly excited
I - stretching mode that determines the magnitude of the rate
} coefficient. This observation, as well as other evidence,
: suggests that reaction to produce OH # rHakes a major

- contribution to the observed rate coefficients.

A number of extensions to the present work are planned. Our

first aim is to determine the branching ratio for reaction to

relaxation, at least for H +8@ (]J04>). This aim will be

achieved by comparing the yield of OH (v = 0) from this

: reaction with that obtained when vibrationally excitedOH

l - molecules are photodissociated with a pulsed laser operating at

T 266 nm. Secondly, we wish to determine rate coefficients for H
-~ + H,O (|02>) where the total energy only just exceeds the

200 250

1O'2§
Foov v,

0 50

100 150
Energy / kJ mol”

minimum required for the endothermic reaction (-1).

In the longer term, we intend to extend our measurements to a
wider range of systems comprising radical atoms and triatomic
molecules. The first of these will be H + HOD which will
provide more data on the prototypical H $CHsystem. Later

we shall use other atoms, especiallj®)@nd Cl, and HCN, as
well as HO in these measurements.

Figure 2. Comparison between the thermally averaged
cross-sections derived from our rate coefficients for removal
of H,O from specific vibrational levels by H atoms: [13>
m; [043, O; [033, O; |0252>, A; [12>7, A with those
determined by Wolfrum and co-workems)(for the reaction

of translationally 'hot' H atoms with,B. References

(a) F.F. Crim,

J. Phys. Chem., 1996, 100, 12725:

(b) A. Sinha, M.C. Hsiao and F.F. Crim,

J. Chem. Phys., 1991, 94, 4928;

(c) R.B. Metz, J.D. Thoemke, J.M. Pfeiffer and F.F. Crim,
J. Chem. Phys., 1993, 99, 1744.

It is important to appreciate that our measurements on th%‘
removal of vibrationally excited # by H atoms do not
distinguish between reaction and relaxation, and our rate
coefficients therefore correspond to sums of those for these two
processes. However, in contrast to earlier studies, the latest
calculations of Schatz's grodpgive large rate coefficients for

reaction and suggest that reaction occurs at rates that are, 2at
least comparable, to those of relaxation.

If our measured rate coefficients arise predominantly througts.
reaction, then the reaction is accelerated by approximately 15
orders-of-magnitude compared with that between H atoms and
vibrationally unexcited KD on excitation of the }D reagent to
vibrational levels above threshold. However, the selectivity of
energy consumption is only tested properly by comparing the,
cross-section for reaction from a specific vibrational state with
that for reaction with the same amount of collisional energy. In
Figure 2 we compare our thermally averaged cross-sections
against those measured for reaction of translationally 'hot' 1§-
atoms with unexcited 40 at collision energies from 1.0 to
2.2 eV. It can be seen that the thermally averaged cross-
sections for vibrationally enhanced removal gOHare roughly

two orders-of-magnitude larger than those where the same

CLF Annual Report 1998/99
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P.W. Barnes, P. Sharkey, I.R. Sims and |.W.M. Smith,
Faraday Discuss. 1999, 113, in press.

G.C. Schatz, G. Wu, G. Lendvay, D.-C. Fang and L.B.
Harding,
Faraday Discuss. Chem. Soc., 1999, 113, in press.

A. Jacobs, H.R. Volpp and J. Wolfrum,
J. Chem. Phys., 1994, 100, 1936.

130



Science — Laserfer Science Facility - Chemistry

Vibrational Energy Transfer in Polyatomic Molecules: Energy Transfer in Collisions
of Highly Excited NCNO with He, Ar and N,
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Introduction

The transfer of energy in collisions involving polyatomic
molecules with large amounts of internal energy is a subject
intense interest at the present time and is much less we
understood than the vibrational relaxation of small molecules , oo
low states of excitation. The ultimate aim is to measure tt'g
distribution function P(E'|[E) which defines the distribution 03
final state energies E' following single collisions between tl"z\B
polyatomic molecule with internal energy E and the collisiol »
partner M. In practice, one currently has to be satisfied wi'2
measures of<AE>, the mean energy transferred from theg
polyatomic molecule, witkE>, the average internal energy of — om0
the ensemble of molecules. To compare with data we ha
obtained with 'large’ molecules such as toluene and pyrazir

we have chosen to study energy transfer in nitrosyl cyanid

NCNO.

. (a)

0ms

d

0003

.F....I....I....I....

u] 50 100 150 200
time [ ps

(b

The threshold for photodissociation of NCNO has bee 0.004
determined as 585.3 nm, whilst its visible absorption spectru
extends from about 550 to 850 fm.Thus by absorption of
photons at wavelengths > 585.3 nm, NCNO molecules can
prepared that have high amounts of internal energy but that .
stable with respect to dissociation. In our experiment, NCNE\B

was excited with photons from a dye laser generally tuned >

600 nm. Following radiationless processes, this scher 2
prepares NCNO molecules in the electronic ground state witt €  on02
well-defined amount of vibrational energy. The subsequel™ e
vibrational relaxation of NCNO was followed by observing b b e b 1
infrared fluorescence at ca. 2170 %moorresponding to the CN 0 a0 40 60 80
stretch fundamental vibration in the NCNO molecule. Th tirme [ ps

traces of infrared emission intensity with time were transformed

J.R. Barker and co-workefs. excited (a) at 600 nm in a 1% mixture in Ar at 100 Torr;
and (b) at 640 nm in a 2% mixture in He at 100 Torr.

a%ﬁ’ﬂo L
-

b units

0003

Experimental M ethod

NCNO was synthesised by standard methods and was used Tian amount of energy removed per collision, depends on
mixtures of 1 - 2% in one of the three gases He, Ar or N <E>, the _mean_lnternal energy of the NCNQO, it is necessary to
These mixtures were irradiated with the output from a pulsed© two things: (i) convert the first-order constants in terms'of s
dye laser. In most experiments, the laser was tuned to 600 nig @ constant in terms of (coIhsmrfs)and (ii) relate the relative
(ca. 420 crit below the threshold for photo-dissociation) intensities of emission to the energy content of the emitting
though some experiments were conducted at somewhat |0ngg}olecules. Thls.latter transfo.rmatlon was perfprmed using the
wavelengths. Infrared emission was observed using a liguid N*°rma! assumptich that the internal energy is statistically
cooled InSh detector The long wavelength cut-off and the usshared between the oscillators of the molecule at all significant
of a long wavelength pass filter ensured that the only emissioiternal energies. Figure 2 shows plots dfE2 against <E>
observed would be that associated with fundamental transitiorfer the three colliders that have been investigated, He, Ar and
in thev;, CN stretching, vibration. Two typical traces of this N.

emission are shown in Figure 1. There are two distinct ways in which the data which we have

measured for NCNO differs from the extensive data on energy
ransfer in aromatic molecules such as azulene, pyrazine and
oluene that has been obtained by Barker's group and ourselves.

Results and Discussion

Traces like those shown in Figure 1 exhibit a finite rise time an%
usually a slower decay. Although further work needs doing to
establish the origin of the rise, it is consistent with the notiorFirst, the collision efficiencies of He, Ar and With NCNO are

that, in small molecules like NCNO, the species excited by thall essentially the same, whereas for the aromatic species the
absorption of laser photons to states of predominantly Sefficiencies increase in the order He to Ar tg Nsecondly, the
character return to the gSelectronic ground-state by amounts of energy removed per collision are roughly two
collisionally assisted processes. The decaying portion of therders-of-magnitude smaller in the case of NCNO. In both
emission traces is interpreted as reflecting the collisionatespects, and not surprisingly, the present data is more akin to
relaxation of NCNO molecules that are vibrationally excited inthe results found for relaxation of NGCS, and SQ. One way

the electronic ground state as a result of collisions with thén which the data for NCNO differ from those molecules is that
dilutent gas. The first part of the analysis is to fit this part of thewe find a smooth variation o8> with <E>. In the triatomic
curve to a single exponential. In order to relate the derivednholecules that have been studied at high levels of excitation,
first-order constants to a function describing hoEs:, the  there is evidence that the collisional efficiency decreases when
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e internal energy falls below that of low-lying electronically Conclusions and Future Work
(cited states.
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Figure 2. Plots of mean energy removed versus mean
energy content: (a) deactivation by He, Ar and N, following
excitation at 600 nm; and (b) deactivation by He following
excitation at 600 nm and 640 nm
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The results reported here are preliminary and we hope to extend
our information on collisional energy transfer in NCNO aided
by future laser loans. As well as further studying relaxation at
high levels of excitation by the method described here, we shall,
in the near future, perform experiments to investigate
collisionally-induced dissociation from levels of excitation just
below the dissociation limit. In these experiments, one tunable
laser will excite NCNO molecules at wavelengths only slightly
longer than the threshold at 585.3 nm, and a second tunable
laser will interrogate the fragments, CN and NO, of
collisionally-induced dissociation.
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Introduction

Inter- and intra-molecular hydrogen-bonded interactions are a -

universal feature of biomolecular architectures, influencing FAH o
their electronic charge distributions, conformational landscape b
and supra-molecular structures. There is a subtle balance 5 | i
between intra-molecular and inter-molecular bonding, for ) Lt 'JLLJ
example between an amide group and neighbouring groups or | ~—t-ff ket s e Sty
peptide chain, or an amide group and neighbouring solver = o E
molecules, such as water. The free jet expansion coupled wit

LIF or R2PI detection and rotational band contour analysis o | |I

provides a powerful strategy for probing both conformational St ""-“-'—u'——-*—--
and supra-molecular structure. It becomes even more powerful | p=gz
when it is reinforced by ion-dip spectral ‘hole-burning’
experiments. Mass selected detection permits the identificatio | f=4 b w o "
of size-selected hydrated clusters (as well as their molecul: GI._

o

el )

[=

B T — }-

hosts) while the ‘hole-burning’ experiments enable their | n=2

spectral features to be separately isolated. Structuré | n=5 e

assignments can be achieved through analysis of the rotatior -t ol o
and/or vibrational band contours of the isolated features, aide R ——

crucially, by the predictions @b initio computation.

[

N-Phenyl Formamide Figure 1. One-colour R2PI spectra under clustering jet
conditions, probing mass channels FADH,": (a) n=0 (b) n=1

N-Phenyl formamide (formanilide) is one of the S|mplestég) n=2 (d) n=3 () n=4 () n=5.

aromatic amides and provides a model of the peptide bon
Previous work in this laboratofyand elsewhef& has shown
that both the cis and trans isomers are observed in the jet
expansion. We undertook a study of the hydrated clusters ¢

formanilide using LIF, R2PI and ion-dip spectral holeburning Dl £
techniques, aided by the loan of a tunable uv laser from th E
3) i A2PI
LSF. I.l _ )
; o) J ), Amo
"l' ? PERTTTrSTa— L *-L- et WA =L—— NP |
H""\. ___.-': . F""\. o :"-..\_Hw-..‘\_ hedabuming i, s el -‘\-'-i-r.1=."'-‘*-"'~-'.""-""‘f"'--l
N i M o probe an O [ =0
O prabe on E -J-.-..-.u.l'-!r-'h,,,,-hln'l'nﬂa--'qh"r-""'
ok frare |
» . probs on F AR popl T rrin
An R2PI spectrum of formanilide and associated water cluster
is shown in Figure 1. The cis and trans origins of the molecul
are labelled A and B. The R2PI spectra in the FA(H2®jass —
b LR b =i 1] SRl i, o ] by L b

channels, together with the hole-burning spectra shown il
Figures 2reveal the presence of five distinct hydrated clusters
of formanilide, labelled C-G. Under 1-colour ionisation
conditions, species D and F partially fragment into thé FA Figure 2. One-colour R2P!I spectra in the region of isomer ‘B’
mass channel (with efficiencies ofa. 25% and 60% under clustering jet conditions: uppesde: mass channel
respectively — although these percentages may be affected by BA(H,0)". Below are R2PI holeburning spectra, probing
photon excitation processes), suggesting their assignment to Idépletion of peaks ‘D’, ‘E’ and ‘F'.

water clusters. The band system labelled ‘C’, which appears in. = . )

both the FA(HO)" and FA(HO)," mass channels, is assigned Optimised structures of 1:1 water clusterscof and trans-

to a 1:2 hydrated cluster. Species E shows no signal in the raformanilide are shown in Figure 3, togther with their relative
or the FA(HO)," mass channels; if it were a 1:1 water cluster,8nergies, computed at the MP2/6-31G*//HF/6-31G* level. The

then it would appear not to fragment at all but given thePredicted band contours shown alongside have distinctive (and

fragmentation patterns of the other hydrated clusters, a mofe!Pful) differences which reflect changes in the TM alignments
likely assignment would be to a 1:2 water cluster that loses or@> Well as the rotational constants of the hydrated clusters.
water molecule with 100% efficiency. The latter assignment i=Xtrémely good agreement between the experimental contour D
supported by the change in the observed relative clustéind the thirdab initio’ contour in Figure 3, allows its

populations as the jet expansion conditions are varied and by

the rotational band contour analysis which follows.

WRAATILITINS. T
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i g .
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(127 7] - L] , . p i o
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| | a — FadFi 11 oA Bt LT i bl ﬂ'll-l
| Er‘ L {4 Figure 4. Lower trace: Fluorescence excitation contours of
D/ band E. Upper trace: Simulated contours based on ab initio data
[ " - L - E W for the structure shown alongside.
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Figure 3. Experimental band contours D and F together with ~ Figure 5. Upper trace: one-colour R2PI spectrain the region of
simulated rotational band contours for the FAQ{icomplexes ~ P€ak ‘C'in mass channel FA(B)". Below are simulated stick
shown alongside, on the basis of HF/6-31G* and CIS/6-31G* s_pectra of the progressions based lon comblnatlonslof the
abinitio data Te, = 2K, FWHH = 0.10 crif). Relative energies  vibrationsv; (29.3 cnt), v, (37.7 cm™) and v; (51.2 cm™).

in kJmol* at the MP2/6-31G*//HF/6-31G* level are given in Consideration of this data, together with the observed spectral
parentheses. shift (-482 cm-1), a partially saturated band contour, and ab
assignment to t-FA(H,0) 1, in which water is bound as a proton [nitio relative energies allows assignment to the structure shown
acceptor at the N-H site. Likewise, band F may be assigned 1§ Figure 5, with water molecules bridging between the proton

the cyclic hydratet-FA(H,0) 11, with a water proton donating donating NH site and the proton accepting Tt site over the ring.

to the carbonyl xygen. The assignments of bands D and F arelhe low frequency progressions are attributed to reorientation

also consistent with the observed spectral shifts. The red-shift @f the water dimer following changes in the t--HOH
peak ‘D' by 218 crt relative to the band origin of trans- interaction induced by the-1t* excitation. The two assigned
formanilide, implies an increase in the acidity of the NH 1:2 hydrates ofrans-formanilide follow the pattern observed in
hydrogen in the electronically excited, S, state. Hydration of the  the 1:1 clusters, with waters bound alternatively to the N-H site
acidic hydrogen in phenol and indole results in red-shifts of (cluster C) and the HCO site (cluster E). Both involve cyclic
353 em™ ¥ and 132 cm™.® On the other hand, the 113 cm™®  hydrogen-bonded structures, in which an extra ‘H-bond’ is
blue-shift of peak ‘F’, associated with the hydrate in which aformeq (HOH:Tijng in cluster C and pO---HCO in cluster E).
water molecule is bound at the HCO group, indicates that thegoperative effects are maximised in these structures eiute
carbonyl oxygen is aeaker proton acceptor in the, State: the  molecule acts as both proton donor and proton acceptor.

amide group shows adesser tendency towards charge

polarisation in $than in §. The increased acidity of the N-H All of the water features C-G have been assigned to clusters of
hydrogen on electronic excitation is attributed therefore, to athe trans-formanilide, leaving the question of why clusters of

inductive effect, transferring electronic charge to the ring rathethe cis-isomer have not been observed in R2PI scans down to
than the carbonyl group. 34480 crit. A cis conformation of the amide group alows

) . energetically favourable cyclic hydrogen-bonded structures
The 1:2 hydrates C and E may also be assigned by analysis fth one or two water molecules bridging between the NH and
their band contours and spectral shifts. The appearance @{ gtes. There is no reason why they should not be formed in
partially resolved sub-band structure in the fluorescencene jet expansion, and so the question becomes why are they not
excitation contour of band ‘E’, shown in the lower trace of getacted? One consideration is that intermolecul ar vibrations of
Figure 4, fits only one possible structure: the cyclic H-bondegne water molecule(s) may couple to the torsiona mode in
cluster shown. Band C exhibits complex vibrational structur&ormanilide, resulting in a broad Franck-Condon envelope of
which can be ascribed to progressions based upon three lojeakly allowed transitions, similar to that observed for cluster
frequency vibrational modes (29, 38 and 5I'smeeFigure5. ¢, A further possibility is that resonant 1-colour two photon
excitation which provides ca. 8.60 eV may barely be sufficient

to ionise the complexes.
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4-Phenylimidazole and 5-Phenylimidazole

The active site in protease enzymes such as chymotrypsi
involves the catalytic triad, serine-histidine-aspaftat&he

central residue includes the imidazole ring, thought to play
key role in providing a ‘proton relay’ path between the donor,
serine, and the acceptor, aspartate, which promotes char
separation and catalytic actiity The phenyl ring of

4-phenylimidazole (4-Pl) provides a suitable chromophore t

c}

. :

examine hydrogen bonding to the imidazole group, anc i k)
4-phenylimidazole is itself an enzyme inhibitor.
.'I||l llll'.
W"w"r.
A k k k k
-, 4000 4400 34500 50 35600
" x‘| Wevanumbers [ em
M
R

fchar . ' Figure7. (a) Mass-selected R2PI spectra of 4-PI (and 5-PI)
b = F 4 S . .. . . .

Figure 6 shows the R2PI spectrum, recorded in the 4-PI (and Beater clusters in the;S  origin region (m/z=162), (b) ion-dip

Pl) mass channel, when a sample of 4-phenyl imidazole wagole-burn spectra probing the peak at 34865.d()

heated and expanded through the pulsed nozzle. Also show@plargement of band system attributed to a 5-PI 1:1 water

are a series of ion-dip, hole-burn spectra, centred on the twejuster.

neighbouring features labelled "Al’ and ‘A2’ and on the o n,mper of additional features can be identified in the phenyl
|solgteq featu_re labelled "B', appearing to the blue. T_he I3’imidazo|e-l—130 mass channel displayed in Figure 7(a). The
region 1S ass‘lg‘nc_sd to 4‘P|’ Wh”? the low frequency_ \.".bron'chole-burn spectrum in Figure 7(b) shows that the set of peaks
progression ‘A’ is assigned (o its tautomer, 5-Rb initioc 6 ghifted from the band origin at 34,865 tare associated
calculations suggest that the two rings of 5-PI are twisted in th@is, one particular cluster. Several of the vibronic features
ground state, but co-planar in the excited state. Compellingaqeq ypon it occur at wave-numbers which closely match those

ﬁvildetr:ce _for the non-plang_rity OL systerrll AAsl prO\(/jideAdz byT:]heobserved in system B. This encourages their assignment to a 1:1
ole-burning spectra probing the peaks an ' e¥1ydrate of 4-Pl, rather than its tautomer. Analysis of the

dlsplayeqher evz.an (A2)or odd (A1) members only, Qf t.he main partially resolved band contour of the origin (not shown) allows
progression, b; the alternate features are missing. Thisjis ascignment to a cluster in which water is bound at the NH
behaviour can be understood if the low-lying torsional levels in gjio of the imidazole fing. The shift in the band origin, 203 cm

to the red of the origin band in the host molecule 4-PI, suggests

a considerable (and plausible) increase in the acidity of the NH
B proton in the electronically exciteigro™) state. Another band
system, shown in the inset of Figure 7(c), which is displaced ca.
200 cm'® to the red of the origin band of 5-PI, is tentatively
assigned to the corresponding hydrate of the tautomer. Further
details are reported in Reference 7.
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Figure 6. (a) Mass-selected R2PI spectra of 4-Pl sample in the

S, — § origin region (m/z=144), (b-d) ion-dip hole-burn spectra 4.
probing features ‘B’, ‘A1’ and ‘A2'.

the ground electronic state are split into symmetric and antis.
symmetric components by the co-planar barrier in the torsional
potential, while the upper electronic state has a planar (or near
planar) equilibrium geometry. Its torsional levels would then™
alternate between even (symmetric) and odd (antisymmetric)
and the even/odd hole-burn spectra would display either the
symmetric, ., or the antisymmetric, 2%, components of 7.
the upper state vibrational progression — but not both.
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Introduction contemporaneously with(t). Instead, data are averaged at

The partly-filled d-shells of the transition metals render theﬂxeoI delay times to build up an overall profil(t).

electronic spectroscopy of both the atoms and the diatomiﬁesults Analysis and Discussion
oxides and halides extremely complex. Hence, in simple gas

phase atomic reactions, many potential surfaces may HEO" the Mn target, LIF was found on thisafP; transition, but

accessible and interact. This complexity represents both With low signal intensity, confirming the suspected very low

challenge and an opportunity for reaction dynamicists. number qlensn_les in the atomic pulse. The peak signal was at
~50 ps, implying a beam temperature ~50,000 K. This is

Over the past decade, research at this laboratory has besignificantly less than the 80,000 K originally reported for this

directed towards the investigation of chemiluminescentsysten?, but is not inconsistent with most subsequent

reactions of Mn atoms with various oxygen- and halogenmeasurements using a less powerful Nd:YAG laser.

containing moleculé®. Laser ablation at 1064 nm has been _ _ _

employed to generate a pulsed atomic beam of wide velocitf€SPite an extensive search, no signal could be detected above

. 6 aye
range and containing several long-lived metastable sté@gs (a the scattered laser light on any of tf® 22°D; transitions.
2P, &D, ..) in additon to the ground state °g ~ ASsuming a statistical distribution among the J-levels, this
4 4 e . . . 6 . . .
Translational excitation functions(E;%) have been measured iMplies that the ;S ratio is<0.05 for this target and
by velocity-separation over a long flight path £ 282 mm), ablation plasma temperature.

followed by interaction with a standing pressure of reagent gagg, the MnQ target, the %8 LIF as a function of delay time is
(Er” = nominal collision energy in this configuration 2&¢1)>,  gisplayed in Figure 1. Overall, the signal was much enhanced,
where i = reduced mass ard= flight time). Recently, the and the time-profile much colder. The curve represents the
experiments have been extended to the determination of thsest fit to the data, assuming a Maxwell-Boltzmann number
dependence oB+° of the rotational alignment < P,(j’ k) > density distribution, and yielci]s : beam ltzmpaature 17ﬂ00h
_— . _ . 8) 600 K. This is consistent with the virtual disappearance of the
(j" = product rotation, k = reagent velocity vector)”. 2P,— &S emission, suggesting that the populations of all
Where chemiluminescence is strongly endothermic, its metastable states are drastically reduced. Again ‘B L4F
observation at low collision energies clearly indicates the could be found.

participation of excited Mn states in the beam. In other cases,

and at higher energies, however, it may be difficult to assign i
reagent species. The reaction Mn + Cl, is one such case in
point, since the fully ground state reaction is ~100 kJ mol™
exothermic, while the various emitting states (b1, ¢°z*, d°n,
es*, AM) have excitations ~141, 180, 241, 273 and
323 kJmol™. In al channels, enhanced chemiluminescence is
found at energies above the a®S threshold.

[/ E]

To determine whether or not ground state atoms are responsible,

a much ‘colder’ beam source is required. This is achieved i
the present work by the use of an Mni@rget instead of Mn.
Laser-induced fluorescence has been used to determine t ) _/II LI AHINEIBNI
- ' (TR
time-profile of the Mn pulse. For reasons of space, only the o 50 m 130 nn 230
MnCI*(c®z*) results are presented. s

LIF Signal {ark wnits)

Experimental

: . : . . i 1. Number density time-of-arrival profile of Mn pulses
The apparatus is essentially identical to that descrlbe(:i: Igure
previously?, with the addition of (i) the LAS2050 dye laser, 10T the MnQ target, by means of LIF on the’SaZP,
pumped at 355 nm by the GCR-170 Nd:YAG laser, and (ii)tranSItl_on. The solid curve shows th? bes_t f.'t to the data
long baffle-arms to the reaction chamber, to minimise scattere;??s‘:lscr;(;'r:<g a Maxwell-Boltzmann velocity distributiorl (-
light. Exalite 404 dye is used to tune the LAS2050 into the M- "’ )

as-2P; and 4Dyz°D, transitions at ~403 and 401-406 NM The chemiluminescence data for the solid Mn target were

respectively. transformed as befofeo cross sections(E1°) by the equation
With the solid Mn target, data are taken as before: light from o ()

the reaction zone is imaged via a beamsplitter onto separai@(E; ) =o(t) = T rt,

photomultipliers, preceded by appropriate filters so that one o(0)

;neet{gi?sriﬁethsegg?gm:ﬂgf ?‘igﬂc‘jivség'ﬁzl et\gzy:blte?Zn?i?seicrm where I'(t) is the joint exponential decay factor of the two
g g emitting ZP; states and the factorconvertsly(t) to flux. The

) o
on the Mn 2P, &S transition. Data are passed alternately t0q,a e analysed in terms of the multiple line of centres (MLC)
separate channels of a Thurlby digital storage adapter al proach?

averaged (ultimately) over several thousand laser shots.

In the MnQ case, the atomic metastable emission virtually o(E;) = Zak(l—l% ),k=0,1,2, ...

disappears, so onlyt) is averaged. The ‘beam’ signal now has T

to be probed by LIF, but the pulsed nature of the dye laser . o

prevents the whole time-profile  being  obtained Where each term only operates from its thresligld This is
more effectively employed in its yield function form:
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Y(E) = Ero(E;) = ZUK(ET -E) beam temperature is found to be 16,0600 K. The two
independent points of close agreement, between the initial
thresholds E;, and the beam temperaturg represent a

since it implies multilinear plots. The use{E:") = E;°0(E;")  significant justification of the current approach.

instead ofY(E+) gives rise to threshold curvature, but this can be

10 - . . -
exactly calculated. JE:
o
= ,__.Jl-\x
s il e,
il " .,
¥
£ T
£ =
L) o
£ <
=z -
= =
a
o - ) A AN AR
= o 100 i 0o diy 500
E." ! kJ mal”
0 B0 0 1000
E," / kd mol” Figure 3. ‘Modified’ vyield function for production of

MnCI*(c®s*) from Mn + Cb, obtained by laser ablation of a

solid MnQ, target. The sold line shows the best fit to the data

using the multiple line of centres approach and a Maxwell-
TheBoltzmann beam  velocity distribution, whose optimum
temperature is found to be ~16,600 K.

Figure 2. Yield function for production of MNCI*@&*) from
Mn + Cl,, obtained by laser ablation of a solid Mn target.

solid line shows the best fit to the data using the multiple line o
centres approach. The results indicate that chemiluminescence from ground state

Figure 2 shows the yield function data for the Mn(ﬁz(o atom reaction has a threshold ~120 kJ ‘ol The initial,

product channel. The data are rather noisy, but the best fit vl%ig L ‘hre§h°'d IS attributed to reaction OT the first
the MLC approach implies some 5 ternt (s outside the metastable state,’@; Given the low number density of the

range displayed). The derived initial threshdgl= 29 kJ mof, latter in both beams, its reaction probability above threshold

requires excited Mn atoms, and the negative fall-off abovdnust be_ qrders of ”.‘agf“t“de hlghe_r than that_of I.QB)(aano.t
~220 kJ mot can be attributed to a forward transition state shift"SU"P'SINg result in view Of the dn‘f_ere_n_t lonisation poten_tlals.
with increasing collision enerd®.  Such behaviour is Both species do however display significant excess barriers to
commonly followed by a leveling off in the yield function at chemiluminescence.

higher collision energy. The secondary rise at ~500 kJ ol  Figure 2 shows no evidence for a production threshold at
not inconsistent with that, but it does suggest the possibility 0£120 kJ mof, although it could be lost in the noise.
an additional unresolved contribution, perhaps from groundonetheless, comparison of thgvalues from Figures 2 and 3
state Mn atoms. indicate that any contribution of% reaction to Figure 2 must

For the MnQ target, excitation functions should in principle be pe small. .Th's indicates that }he secoqdary rise at ~500 kJ mol
s predominantly due to reaction of excited Mn atoms.

derived using the LIF-generated Mn number density’
distributionl, (t):
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Introduction Excision enzymes have proved useful tools for the
determination of both the yield and the nucleic acid base
specificity for 193 nm light induced DNA damage, since the
Site of nucleic acid base damage is revealed as a gap/ssb. This
study has been extended to identify whether nucleic acid base

o amage occurs at guanine when in a thymine/adenine rich
DNA, the scavengeable (indirect) effect. The advent of shor gion of a DNA fragment of known sequence. From these

wavelength ultraviolet lasers has enabled the study of the diregt’ jias the question arises as to whether the 193 nm light

ionisation processes without the interaction of the ionisatioq duced charge migration occurs by intra- and/or inter-
products of water. Photoionisation of agueous solutions Or{T]]oIecular processes

DNA with 193nm laser light results in the formation of a )
photoejected electron via a monophotonic prolesthe DNA  Experimental

radicals formed by photoionisation are proposed precursors dfo address the question of inter- and intra-strand hole
low vyields of single strand breaks (sdb)vhich we have migration, experiments using specific sequences have been
confirmed using Rayleigh light scattering experiméhts. initiated. The sequences have been synthesised and hybridised
Further, migration of the electron loss centres to guanine hass ds oligonucleotides and subcloned into a bacterial V&ctor.
been demonstrated thereby enriching the vyield of guanin@s these sequences contain guanine in A/T rich environments,
radicals. Radical product(s) formed at guanine are indeed theg. FGCGT; and ACGCA,

precursor(s) of strand breakage which occurs in yields of less

than 1% of the photoionisation eveffS) The yield of base 5'CGAA TTTTTTTGCGTTTTTTT AAGCGAAGCGATGCGT
modifications formed within plasmid DNA determined using 3'GCTT AAAAAAACGCAAAAAAA TTCGCTTCGCTACGCA
enzymes which are selective for different damage sites an

. . 4. comparison of the sequence-dependent yield of damage
create a snngle strand breakage at th? site of the_damage_are induced by 193 nm light can assist in the interpretation of inter-
and 20x higher for damages excised Bgcherichia coli

endonuclease 1] (Nth) and Escherichia coli and intrastrand charge migration. Since  the _sequence

) A . A,CGCA; contains a pyrimidine base between guanine and
formamldqpyr|m|Q|pe-DNA .glycosylla.se .(Fpg). resp_ectlv?%ly. adenines (see above), the possible inhibitory effect of the
(Fpg) excises oxidised purine modifications, including 8-oxo-

. . L pyrimidine may be assessed. The oligonucleotides were
7,8-dihydroguanine and 2,6-diamino-4-hydroxy-5- ;i e as double stranded oligonucl eotides with 193 nm light
formamldqpyrlmldlne (FapyGua), and it ac.id.ltlonallly haﬁéx and subsequently assessed for sequence specificity of ssh, Fpg
lyase activity that nicks DNA at apurinic/apyrimidic (AP oy ditive sites and alkali-labile sites by denaturing PAGE. With
sites)? Nth is known to excise oxidised pyrimidine damdges | ihe DNA fragments studied, the induction of ssb by the
and has a P-yase activity that nicks DNA at v qroxyi radical is random where sequence dependent effects
apurinic/apyrimidic (AP sites). can beignored.

Exposure of DNA to ionising radiation results in chemical
modifications caused by two different processes i) direc
ionisation of the DNA molecule, the direct effect, and ii)
damage from radical species produced in the vicinity of th

From segencing polyacrylamide gel electrophoresis undeReUItS

denaturing conditions, exposure of an aqueous, aerated solutidfie base sequence specificity of the enzyme sensitive sites

of a double stranded DNA fragment to 193nm light leads tdnduced by 193 nm light in the oligonucleotides containing
selective, non-random modification at guanine in the form off\GCGT; and A;CGCA; in the complementary strand was
frank ssb and base modifications, revealed by treatment witdetermined using Fpg. An agueous solution containing a
either Fpg, Nth or hot piperidine treatméntThere is a similar 5-3p_end labelled restriction cut fragment of double stranded
neighbouring base sequence dependence for Fpg and NBNA, of known sequence, was irradiated with 193nm light (for
sensitive damage as that previously reported for both hot alkationditions see Reference 2). The base specificities of prompt
labile damage and prompt ssb. Low yields of photoproductsssb (lane c), enzyme-induced ssb (lane a) and piperidine-labile
namely pyrimidine dimers are also revealed using the enzymgites (lane d) induced in DNA by 193nm light are shown in
T4 endonuclease V. The yields of base damage at pyrimidindggure 1. Lane b shows the Maxam Gilbert cleavage sequence
are very low even though these bases are ionised and would, for G/A.  Treatment of un-irradiate DNA with these proteins
the absence of charge migration, yield oxidised pyrimidinedoes not result in the formation of ssb. As shown previdusly,
damage which would be excised by Nth. Although irradiation193 nm irradiation of DNA results in prompt ssb exclusively at
of DNA with 193nm light causes photoionisation of all the the guanine moieties (lane c) but the distribution of ssb is not
nucleic acid bases, these results indicated that guanine is tHee same for all the guanines, reflecting an influence of local
predominant site for localisation of the oxidative damagestructure. Damage excised by Fpg protein yields a gap (single-
These finding8 are consistent with migration of the radical strand break) in the duplex (lane a) exclusively at guanine. The
cation to ‘target’ damage at guanine sites. The findings indicatemount of damage of guanine in the form of prompt ssb, hot
that a common precursor to the damage is involved reflectinglkali labile damage and Fpg excision damage is greatest for
the similarity in the sequence distribution of the damage. Theseeighbouring guanine residues. For instance in the DNA
results indicate that damage at guanine and the sequenttegment containing ACGCA; base sequence, 193nm light
dependent yields are a signaturedisect ionisation, which is a  produces ssb and Fpg sensitive sites at guanine as shown in the

major component of the Figure 1. Differences in the electrophoretic mobility of the
damaging effect of exposure of cellular systems to ionisingragments representing ssb or Fpg sites, reflect a damaged sugar
radiation. remnant associated with a $sh. Although photoionisation of

adenines will occur within this £GCA; region, damage at
these adenine residues above background was not observed.
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Figure 1. The base sequence specificity of prompt and
Fpg induced ssb in A7CGCA7 DNA fragment by 193 nm
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With the complementary strang@CGT, the excision occurs at
guanine with no apparent excision of base damage at thymine.
The extent of excision at the guanine sites is similar and does
not show any significant enhancement over the corresponding
sites in the non-A/T rich regions. Excision of the guanines in
the ;GCGT; by Fpg is not enhanced. It is suggested that the
yield of thymine radical cations in this region is so Jothat

any contribution to guanine damage from charge migration is
insignificant.

The Scheme summarises the data showing the damaged sites,
whereG is enhanced cleavage and G non-enhanced cleavage.

5....CGAATTTITTTG
3......GCTT AAAAAAAC

_COITTTTTT AAGC..
GCAAAAAAAITTCG.

Within the specifically synthesised insert, the boxed region
shows the sequences discussed for guanine damage by
photoionisation of the ds oligonucleotide fragment. Intrastrand
charge migration from the base radical cations to guanine
(lower strand) occurs with enhancement of the damage at the
guanine site. If transfer of the radical cation from the more

light;, Fpg sensitive sites (a), frank ssb (c) and piperidine-distal adenine residues to the nearer guanine within the flanking

labile sites (d) and Maxma Gilbert lane for A/G (b) and
hydroxyl radical induced ssb (e).

relative breakage

04 4>>>>>>>000>>»>>>>>440004+40004>000

Figure2. The relative yields of base lesions
visualised as Fpg ssb induced by 193 nm light.

sites occurs, they are suggested to transfer to more distal
guanines since the amount of damage is not enhanced at these
guanines. It is inferred that charge migration may occur over
severa base pairs involving hopping/tunnelling through the 1t
stacked bases.” This migration must compete with irreversible
hydration of the radical cations? and/or proton transfer to its
complementary base.”

In conclusion, these preliminary studies indicate that photo-
ionisation of DNA fragments results predominantly in a
sequence dependent intra--strand charge migration of the
redical cation of the nucleobases to the most easily oxidised
base, generally guanine, located within a few base pairs of the
initial site of ionisation.
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emission lines rather than a mylar tape, which would also

. . . _ produce higher energy oxygen lines. The attenuation of these
Ultrasoft x-rays provide a unique tool for investigating thecarbon x-rays through the helium, filter and mylar results in

ien;reacelIullaggtee%haglizgrsogf rtagicell(tion aaﬁctiiglrwl{l Thg]);oproggcte It(;]"\émission lines in the ~450 eV region dominating the carbon
irrac:%;adlxaterial These elerctrorsws rhave ngl defi:gd eunergi?‘ mana line. It is hoped to use a small amount of nitrogen to
: - - Sifter out these higher energy lines for future experiments.
and short tracks comparable in size to those of critical structures
in the cell, such as DNA, nucleosomes and chromatin fibersThese initial studies used pUC18 plasmid DNA (2686 base
They can therefore be used as a fine probe of the energy apdirs) irradiated in solution at two different scavenging
spatial requirements for specific types of radiation damage ancapacities determined by the concentration of Tris. Initially
so provide much needed data for understanding and modeling5% of the plasmid is in the supercoiled form. Relaxation to
the processes involved. Also, these tracks are similar to thgae open circular form will result from a DNA single strand
numerous secondary electrons and electron ‘track end$ireak (ssb), which can be produced either by the radiation
produced in the slowing down spectrum of more energetiénteraction directly with the DNA or indirectly by reaction with
electrons produced by most irradiations. Hence, they aran OH radical produced by the interaction of radiation with a
representative of this substantial component in any ionizingearby water molecule. The production of a DNA double strand
irradiation. break (dsb) will result in the linearisation of the plasmid. The
N . relative proportions of the different plasmid forms can be
;ragzrr_]é?gs';fn:gﬂrigd it;roﬁfp)é riiﬁtbﬁﬁmosre?ggfn?ggbﬁze ﬁgArlgetermined by gel electrophoresis due to their differing
obilities. At a scavenging capacity of 48 (0.66 nvl Tris)

aftenuation of th_ese low energy x-rays to produce the Sampg?‘:e indirect effect dominates and the production of ssb can be
dose rate required. The high intensity also allows greater

flexibility in the range of potential biological and chemical used as a probe of the yield of OH radicals escaping the

endpoints open to investigation. The carbon Lymeriine radiation track. The higher scavenging capacity (OM Tmis)

. . . . : I for DNA in a livi Il.
(367 eV) is of particular interest, with an attenuation throughCan be used as a model system for damage in a living ce

mammalian cells and water sample not too dissimilar to that ofn 8 pm thick plasmid sample was irradiated with x-ray pulses
the G (277 eV) and Cu(956 eV) produced by the MRC cold at 5 Hz for the low scavenger and 50 Hz for the high scavenger,
cathode source. In parallel with the redesign of the targefith a surface dose rate in the region of 0.2 Gy per shot.
chamber for these experiments, spectroscopy measurements

have also been made, since knowledge of the spectrum is ) )

important in determining the mean absorbed dose to an '®3 , 0-66mMMTrs Ex 0.2 MTris

iradiated sample. =] = % I\.'\\
53]

30 4

Introduction

Redesign of target chamber

The target chamber and tape drive mechanism has been
redesigned to maximize the x-ray flux by reducing the target to
sample distance from 30 cm to 5 cm through helium at
atmospheric pressure. The sample is positioned in the normal 14y e

direction to a moving target tape, which is struck &t % a ° “Charge (nc)” = * “Charge Q)" "

focused laser pulse. Samples, which consist of mammalian cells

or plasmid DNA solutions, are irradiated in glass-walled dishegigre 1. Dose dependence for single strand break induction.

(3 cm internal diameter) with a Op@n mylar base. Between the

target and dish is positioned a UV/light filter (Qun V on Results

0.5um CH) also spanning a circular area of 3 cm. A threeThe experimentally determined dose responses for single strand
position irradiation slide allows one sample to be changed whilereak induction at the two scavenging capacities are shown in
another is being irradiated. For dosimetry purposes the centr&igure 1. Absorbed dose is represented by charge collected on
position of the slide is occupied by a photodiode with gu9  monitor photodiode since more measurements are needed to
mylar dish base filter. This is cross calibrated before and afteaccurately determine the mean absorbed dose.

each exposure with a sewd monitor photodiode with identical

filters positioned at 45from the normal of the target tape. The Summary

monitor photodiode is used to determine when the required doskhe successful irradiation of both plasmid and mammalian cells
to the sample has been delivered. A second slide has also bgeilata not presented) demonstrates the feasibility of cellular
made which allows samples to be cooled. radiobiological and DNA biochemical experiments with the
new setup and the ability of achieving high dose rates. Work

Initial DNA studies using polypr opylene tar get still needs to be done to improve dosimetry and spectra quality.
Polypropylene tape was used as a target to produce carbon x-ray

20 4 20 4

% closed circulal
% closed circu

=
o
]
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KrF Laser Annealing of ZnS:Mn Thin Film Phosphors
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I ntroduction (~ 3.66 eV for ZnS), since at lower energy these films are
optically transparent. With KrF laser emission of 249 nm

Inorganic thin films of ZnS:Mn are of importance in the field of orresponding t- 4.98 eV, the optical absorption coefficient

flat screen display technology as the active light emitting laye . } .
in thin film electroluminescent displays (TFELs). Recently, theﬁas been deterrT)llned to be 3'33&(.]"@1 for crystalllne Zn§)

Displays Research Group at Nottingham Trent University hav@nd _3'_15)(16 cm” for polycrystalline ZnS:Mn - thin filmfé .
demonstrated the use of TFEL technology within a novel higri”ad'at'on of the samples was performed under 150 psi
resolution, miniature display device that utilises laterally 13.6 bars) of Ar pressure to prevent atmospheric contamination

transmitted light to produce high intensity emission at reflecting{’/anI either laser sublimation or ablation due to the low ZnS
microstructure®, as shown in Figure 1. Miniature flat screen VPOUr pressure at atmospheric pressure. The pressure cell in
displays based on this technology have sufficient luminencd/hich the wafer was mounted is attached to a motorised micro-
(>3000fL) to be suitable for portable head mounted displa;pos't'on'”g stage which facilitates irradiation of different areas

systems, where the projected display image is bright enough th? sample for c_omparative analysis of _relative laser power
permit viewing over ambient background illumination. ensity. PLA |rrad|at_|on was performed using th_e KrF laser of
the x-ray laboratory in the LSF. Energy densities of 100 -

Critical to the fabrication of the LETFEL, or any TFEL device 650mJcrif were obtained over an irradiating area of 3mm
is an annealing process to activate the dopant in the thin filrdiameter. Additional experimental information was obtained
phosphor. However, as demonstrated by the authors, thermf@r this study from ZnS:Mn samples that had previously been
annealing of the device also results in a modification of theannealed utilising the Titania high power KrF facility during
phosphor/dielectric inteate region, which is detrimental to the 97/98%.

electron transport properties within the device, limiting the

performance?. Hence, since 1997, the Displays Group hasCrystallinity analysis

been working with the CLF, under EPSRC Grant No.x.ray diffraction analyses were performed via collaboration
GR/K90074, to examine the feasibility of using pulsed lasefyith Laboratory PHASE, Strasbourg to investigate the
annealing (PLA) of the thin film phosphor, in order to achievecrystallinity of the films, before and after annealing, using
the dopant activation with minimal effect on the interfaceeflections from the Cu#, emission line (wavelength =
region. Following an initial period of investigation to determine0_15405981nm) into a Siemens D5000 diffractometer with front
the optimum experimental arrangeméntPLA irradiations Of. monochromator. The applied power of the x-ray tube was
ZnS:Mn  thin films have been demonstrated to providess ky x 25 mA, the angular step was 0.005 ° within the studied
enhancements in luminescenc and recently we have 5e g 68° range, and the quanta acquisition time was 5 seconds.
commenced PLA of LETFEL display devices, which area| giffraction lines characteristics were obtained by a

currently being fabricated into fuIIy_ working d_emonstrators.deconvomﬂon programme using the Lorentzian approximation.
The present report covers the experimental period 98/99, when

much of the work was concerned with a materials investigatiorResults

into the effect of PLA on ZnS:Mn thin film crystallinity. Figure 2 shows the measured XRD patterns of non-annealed

(NA), thermally annealed (700 °C) and pulsed laser annealed
samples at various power densities (10.76 MW/cm
1553  MWi/cmi, 20.99 MWi/cm, 22.04 MWI/cr,

l dectrode 24.27 MW/cr). (Due to the long deposition time, the as-grown
[ didectric sample is considered to be effectively annealed thermally at the
ZnSMn icro 200°C substrate temperature used during growth). The observed
- Mirror diffraction lines correspond to the crystal planes as indicated.
| defecirs The (111), (200), (220), and (311) lines correspond to the cubic
Si substrate phase and the (00.2), (10.1), (10.2), (11.0), (10.3), (11.2) and

(20.2) lines correspond to the hexagonal phase. For the as-
Figure 1. Schematic cross section of Laterally Emitting Thin  grown and thermally annealed ZnS:Mn structures, the lack of
Film Electroluminescent, LETFEL device, showing principle of diffraction from any hexagonal planes indicates a

reflected light emission. predominantly cubic structure (see Figures 2a and 2b).
Consequently, the observed diffraction peaks are all attributed
Experimental Details to the cubic forms i.e. (111), (220), and (311). Analysis of their

800 nm thick polycrystalline ZnS:Mn thin films were sputtered diffraction characteristics do not reveal significant grain growth
onto polished n-type single crystal (100) silicon wafers, from & reorientation which is in agreement with previous wrk

pressed powder ZnS:Mn target. The Mn concentration of thepp patterns of samples exposed to laser irradiation with
source material is 0.45 wt%. To examine the effect of pOStbpticaI power density greater than 10.76 MWAcexhibit
deposition annealing, the wafer was cleaved into twelvéyonounced cubic to hexagonal transformation via the
sections. This enables direct comparison of thermal and pUBeébpearance of the hexagonal (10.1), (10.2) and (10.3) ljses.
laser annealing of samples grown under the same conditions. rigyres 2d to 2g). In Figure 3, the diffraction characteristics of

Post-deposition thermal annealing was performed on four of théhe (10.1) plane are investigated. Between about ~ 16 M¥#V/cm
cleaved samples in vacuum (1¥10T) for 1 hour at and ~ 21 MW/crhy the peak intensity,d, is nearly constant
temperatures of 400C, 500°C, 600°C, and at a maximum of before increasing _rapldly beyond ~ 21 MW_chhlle _the full _
700°C. Limitation to 700 °C was due to thin film losses by Width at half maximum (FWHM) and atomic spacing remain
delamination at higher temperatures. To achieve efficientchanged within experimental errors. Finally, evidence of the
absorption of the laser irradiation in the thin film, it is necessary'yStalline quality improvement of the phosphor thin film is

to irradiate with photons of energy greater than the band gagearly recognised under  higher irradiation  power
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(> 22.02 MWicm), since a secondary diffraction line annealing temperature of 875 % which conforms to the

recognised at around 63.63 (Figure 2g), corresponds to the observed crystallographic modifications.

(20.2) plane.
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Figure 3. (10.1) diffraction line characteristics as a function of
incident laser power density.

The first hexagonal lines are detected for laser annealed
samples at power densities between 10.76 MW/@nd
15.43 MW/cni, which is below the simulated phase transition
threshold of 17 MW/cf However this simulated value was
determined using the optical and thermal parameters of single
crystal ZnS. For polycrystalline thin films, as studied here, we
would not expect such a sharp transition since the binding
energies between atoms are less well defined. Both as grown
and samples thermally annealed, up to 700exhibit the zinc
blende form. Using the novel pulse laser annealing technique, it
is suggested that allotropic transition from the cubic to
hexagonal phase occurs between 10.76 MW/cand
15.43 MW/cn, i.e. below the calculated transition threshold of
17 MW/cnt.

Analysis of the full width at half maximum of the diffraction
peaks indicates that crystallite size remains constant using both
annealing techniques. Considering the processing temperatures
and time factors involved, we infer that the pulsed laser
annealing processing time is insufficient to increase the
crystalline size and that allotropic transition occurs in the solid
state. It is concluded that the intensity increase of the hexagonal
closed packed plane reflections is due to enhanced in-depth
transformations. These transformations coincide  with
improvements in PL and indicated that an enhanced host
environment for the dopant ions results from the induced solid
state transformations.
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Introduction

GaN and its alloys are of considerable interest for

optoelectronic device applications in the blue and ultraviolet 60K

spectral regiorts and a detailed understanding of their optical
properties is important for designing and optimizing devices = |-** S
such as light emitting diodes and lasers. As in all direct, wide G | i«

band-gap semiconductors, the band-edge optical response o;f;
GaN is dominated by excitonic effects: the exciton binding -
energy is ~20 meV, and it has already been shown that exciton
play an important role in the optical reflection and absorption
spectra at low carrier density and low temperatiireHowever,

the situation at high carrier density and temperature is not so
clear. The Coulomb interaction between electrons and holes is
expected to become screened with increasing density, and
together with phase-space filling, this should lead to a bleaching 342 344 346 348 350 352
of the exciton resonance. However, excitonic gain has been Energy (eV)

reported for GaN at high excitation den8ityThis behaviour is
complicated by the fact that the emission spectrum of wid
band-gap materials tends to be dominated by bound excit
recombination, and is therefore highly dependent on samg
quality. Consequently, exciton dynamics are determined to
great extent by localization at impurities and defects, and on
in high quality material can intrinsic relaxation and radiative
recombination processes be studied.

4K

nsi

344 346 348 350 3
Energy (eV)

20ur1I9|JoYy

PL Int®

Figure 1. CW reflectance and photol uminescence spectra

of GaN at 4 K. The exciton resonances are labelled A and B

in the reflectance spectrum. Bound exciton peaksin the
luminescence are labelled |, and |,. The open circlesare a

fit to the reflectance data as discussed in the text. The inset

shows weak excitation PL spectra at different temperatures.

The curves are offset for clarity.

In this communication, we present a time-resolved pump-probec

study of high quality epitaxial overgrowth. In order to probe .

primarily the radiative exciton population, we resonantly excite™iguré 1 shows low-temperature photoluminescence (PL) and
excitons with a 250 fs laser pulse, resulting in an excitor{eﬂectmty spectra that exhlb!t characteristic  excitonic
population with wavevectory ~ 0. The sharp exciton behaviour. The CW PL was excited by a frequency douplqd
resonances in the reflectance spectrum bleach as the densityc@PPer vapour laser (255 nm), and the source for the reflectivity
photoexcited excitons increases, and the change in intensity Bi€asurements was a standard Xenon lamp. The reflectivity
the reflected light as a function of time is a measure ofjth@  SPectrum exhibits two sharp resonances at 3-49% ev Vand at
exciton dynamics. At 4 K the dominant excitonic relaxation3-501 eV, which correspond to the” - '™ (A) andl'7” - I'7
process is trapping at impurities and defects with 4B) excitons res_pec_tlveﬁz The calculated reflectivity spectrum
characteristic timer, ~16 ps. At much higher temperatures (hollow circles) is given by:

(>60 K) we observe the emergence of long-lived radiative 2 4na.w§.

recombination withz2, ~375ps. The longer lifetime agrees fw)=¢, +Zm

well with the predicted value for the radiative decay of = :

thermalised excitons at the polariton bottle-neck. whereg, = 5.35 is the high-frequency dielectric constagt,=

. 3.492 eV andwy; = 3.499 eV are the resonance energiaea4
Experiment 5 x 10% and 415 = 4 x 10* are the polarizabilities, anid,
The GaN sample studied here is a nominally undoped epilayef, = 1.5 meV are the effective linewidths of the A- and B-
grown by lateral epitaxial overgrowth, which is a two-stepeycitons. The latter values are considerably smaller than the

process involving both undoped and Mg-doped GaNjnewidths ~ 6 meV obtained from conventionally grown &aN
depositio?. A GaN layer is first grown by Metal Organic

Vapour Phase Epitaxy (MOVPE) under atmospheric pressuréhe PL spectrum, on the other hand, is dominated by shallow
on a (0001) AJO; substrate. A 30 A dielectric film of silicon neutral donor bound excitond; (and 1), and there is no
nitride is then deposited in-situ by reaction of silane ancevidence of recombination from deeper impurity ceftreShe
ammonia. Standard photolithographic techniques are then us#¢ak line labelled A at 3.49 eV, is assigned to the n = 1 free A-
to produce a periodic digital mask which exposes GaN stripegXciton state; its very low intensity relative to the bound states
of width 5pm and separation 4@m. The stripes are aligned in indicates that free excitons are localised on a timescale which is

the - direction.  Finally, these patterned layers areconsiderably faster than their recombination time. However,
[1010] y P y the inset in Figure 1 shows that the intensity|pfand I

ovelrgrown by ??‘N,lthe glrlowth being continued until therehis Hecreases with increasing temperature, whereas the free exciton
coalescence of the laterally grown areas, producing smooth aRde ity increases significantly, which indicates that the bound

optically flat GaN layers. It has been shown that the high defedl, ;iions are thermally ionized and feed the free A- and B-
density usually found in GaN films is significantly reduced oy itqn population. This thermal quenching of theand I,

using this novel growth technicftie peaks is even more rapid above 60 K, consistent with excitons
being only weakly bound to the neutral donors.
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It is apparent from the data presented in Figure 1 that timeo apply in the present case of resonant excitation: in this model
resolved photoluminescence will be of limited use in studyinghe band-gap renormalisation is exactly cancelled by the
free exciton dynamics. In practice only the bound excitons casimultaneous reduction of the exciton binding enBtgyt is

be clearly distinguished, and our streak camera measuremeratso noteworthy that the C-exciton, which arises from the spin-
reveal that the risetime of the A-signal<ds10 ps, the time split-off valence band, features quite strongly in the differential
resolution of the apparafi’s An alternative approach which reflectance at 3.52 eV, although it is not apparent in the CW
provides direct information on free exciton behaviour is time-spectrum (c.f. Figure 1).

resolved reflectance. Figure 3 shows the amplitude of the differential reflectance

The excitation source we used was an Optical Parametrigignal as a function of time at a temperature of 4 K for both A-
Oscillator (OPO) in conjunction with a frequency-doubled and B-excitons, which were obtained by fitting the spectra using
amplified Ti:sapphire laser (operating at 800 HinA fraction  Lorentzian line-shape functiol¥s The rise-time in each case is
of the frequency-doubled blue light was mixed with the residuafresolution limited indicating that the excitons are completely
red light in an OPO which was tuned to resonance with the Galdleached after a felundred femtoseconds. Thecddy of the
band gap at 355 nm (3.495 eV). The pulse duration was 250 fiifferential reflectance after the initial transient can be fitted
at a continuum generated in a water cell from the residugisolid line) using a single exponential with a decay tinmeypf
frequency-doubled  Ti:sapphire pulses. Group velocityl6 ps for both A- (hollow circles) and B-excitons (filled
dispersion in the water cell temporally broadened thecircles). This very small value for the effective lifetime suggests
continuum, resulting in a net time-resolution for the experimenthat excitons are trapped very rapidly into lower energy
of 800 fs. The reflected light was focused into a 0.5 mlocalised states, since the radiative lifetime of excitons is
spectrograph and detected using a liquid nitrogen cooled CCD.expected to be much longer. The value for the exciton lifetime

The time-resolved reflectance speciroscopy was performed 0at low temperatures agrees well with the risetime measured in
P Py P ihr time-resolved luminescence measurements, ahd 1,2,

the A- and B-exciton transitions with an average pump power o, nd with previously published PL d&#. This trapping time

0.1 mw. '.‘D’Oth pump anq probe beams were_focused onto the considerably longer than the sub-picosecond trapping times
sample with a polarization E! c. The spot diameter of the oynected for polar optical phonon emission: however, under the
focused pump beam on the sample was [Ir80 while that of  yresent experimental conditions of resonant excitation the
the probe beam was slightly smaller in order to optimizeyanping process which applies here will involve only acoustic
spatially homogeneity of the photoexcited exciton density. Thi$nonon emission considering that the optical phonon energy is
pump power corresponds to a maximum exciton density oL gg mey.

2.0 x 10 cm?, given that 83% of the incident light was

transmitted into the sample and assuming that every photofi\ increase in temperature to 60 K results in the appearance of
excites an electron-hole pair. a long-lived component in the differential reflectance data: as

shown in Figure 4 the decay is now clearly bi-exponential, with

1ok decay times of, ~ 16 ps and,~ 375 ps giving a good fit to the
: Laser _ pump off data. Comparison with the CW data presented in the inset to
08 —32 Ps 3 Figure 1, which show that a significant free exciton population
T ___ a5 pps Tg exists at 60 K in thermal equilibrium with the neutral donor
g| pumeen bound excitons, suggests that the longer decay component is
0.6F 2 due to intrinsic radiative recombination.
&
X o4r : T=800fs Discussion
S ' 346 348 350 In bulk semiconductors the radiativeecdy of free excitons
0.2f . : Energy (eV) requires scattering to the photonic region of the polariton
T ' dispersion branch, and thus the radiative lifetime is practically
0.0 determined by the time necessary to pass through the excitonic
polariton bottle-neck region. In the absence of defects this
0.2 relaxation process involves acoustic phonon scattering; because

of the flat dispersion, the energies involved are small and the
relaxation time can be extremely long. A theoretical analysis
Energy (eV) by Toyozaw® yields the following expression for the radiative
lifetime:

3.46 3.48 3.50 3.52 3.54

Figure 2. Differential reflectance spectra measured at P B
various time-delays at 4 K. The laser excitation spectrumis  Trad ™ 1/2(575/3)3/5{hZC?M 20‘1431)0 ’C 4(DA 1} JJS(DA !
shown as a dotted curve. The inset shows the measured
reflectance spectra with and withqutmp at a time-delay
of 800 fs.

whereM/vy is the mass per unit volume of the unit celis the
polarizability, L is the thickness of the excited layg), is the
energy of the A-exciton an@ is the deformation potential.
Results Using values of these parameters for GaN: 3014 %ghx 10°,

Figure 2 presents differential reflection spectra recorded &.1pm, 3.492 eV and 4 eV respectively (obtained from our fit
several different time-delays after the excitation pulse, showingn Figure 1) ant® we estimata,,y ~ 300 ps. This value is in
strong bleaching of the excitonic transitions. As can be seen iremarkably good agreement with the experimentally observed
the inset of Figure 2, the onset of bleaching occurs within théong-lived component.

800 fs time resolution of our system. The recovery of the .

excitonic reflectivity takes place on a slower timescale, and=onclusions

even after 35 ps there is a small residual bleaching. Ave have measured the lifetime of resonantly excited excitons
noteworthy feature of the measurements is that the energies By means of time-resolved reflectance spectroscopy. We
the A- and B-excitons are apparently unshifted even in thebserve strong time-dependent bleaching of the A- and B-
presence of this relatively strong photoexcitation. This result igxcitons. We have measured a lifetime of ~16 ps at low
consistent with theoretical predictions of excitonic transitions intemperatures, which is determined by trapping of excitons by
bulk semiconductors which include only exciton self-screeningacoustic phonon emission to defects and impurities. At higher
and no free carrier contribution, an approximation that is likeltemperatures we observe radiative recombination with a
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Figure 3. Time-dependence of the differential reflectance Figure 4. Time-dependence of the differential reflectance
signal at 4 K from A-excitons (hollow circles) and B- signal at 60 K from A-excitons (hollow circles) and B-
excitons (filled circles). The solid lines show the results of a excitons (filled circles). The solid lines show the resuilts of a
single exponential fit to the data (T =16 + 5 ps). double exponential fit to the data (1,=16x5 ps and

1,=375240 ps). The inset shows the B-exciton signal at 4 K
and 60 K, plotted on the same time axis for comparison.

lifetime of 375 ps, which is in good agreement with theoreticab. O H Nam, M D Bremser, T S Zheleva and R F Davis
predictions for GaN. It will be important to extend these  Appl. Phys. Lett., 71, 2638, (1997)

measurements to higher excitation densities to investigate t . .

process of stimula?ed emission, and to Iow-dimeﬂsiona - RDingle, D D Sell, S E Stokowski and M llegems
structures in which direct radiative recombination is permitted Phys. Rev. B, 4,1211, (1971)

due to spatial confinements. Furthermore, comparison 08. M Tchounkeu, O Briot, B Gil, J P Alexis & R-L Aulombard
measurements obtained using resonant and non-resonant J. Appl. Phys., 80 , 5352, (1996)

excitation should permit the influence of phase space filling and )
screening on exciton dynamics to be evaluated. S Hess, R A Taylor, J F Ryan, N J Cain, V Roberts and J

Roberts
The authors wish to thank the EPSRC and Drs. P. Matousek and phys. Stat. Sol. (b), 210, 465, (1998)

M. Towrie (Rutherford Appleton Laboratory) for their help in i
making available the OPO laser system used in thes&0-S Hess, R A Taylorand J F Ryan, unpublished

experiments. 11. M Towrie, A W Parker, W Shaikh and P Matousek
Meas. Sci. Technol., 9, 816, (1998)
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Introduction sample in the standard variable-stripe-length geoftefoy
measuring optical gain and loss. The laser was focused to a
50 um wide uniform stripe of variable length, and emission
from the edge of the sample was detected.

Recent reports of stimulated emission from &3ANepilayers
and InGaN quantum wefl§ have shown that there is an
appreciable redshift of the stimulated emission relative to the
low-density photolumlnescence (PL) spectrum. Further work byn the second experiment, a Ofn thick epilayer of GaN
Schmidtet al.” has indicated the presence of Iarge optical nongrown by MOCVD on an AIN buffer layer on sapphire was
linearities in GaN under nanosecond excitation in the region ofised (sample 2). This sample was thin enough to enable
the band-edge, including induced absorption below the bandransient absorption experiments to be undertaken with sub-
gap at high excitation densities. These results have a diregicosecond time resolution, using a pump and probe geometry.
bearing on the nature of the stimulated emission process ifnn amplified mode-locked Ti:sapphire laser was frequency
GaN, particularly with respect to the role of excitons versusripled to 266 nm and used as a pump beam. The probe beam
electron-hole plasma emission. In this paper we present thgas a white-light continuum generated in a water cell from
results of experiments on thin films of GaN intended tofrequency doubled Ti:sapphire pulses. The net time resolution
investigate the optically pumped gain and the time-resolvedf the system was 800 fs. The transmitted continuum was
transient absorption at high excitation densities. dispersed using a 0.5 m spectrograph and detected using a CCD
camera.
Experiment
The first experiment investigated auéh thick epilayer of GaN  Results
grown by atmospheric pressure MOCVD on a (0001) sapphir&he low-temperature reflectivity spectrum of sample 1 is shown
substrate with a 100A AIN buffer (sample 1). A pulsed XeClin Figure 1, together with the PL spectrum obtained using weak
excimer laser operating at 308 nm was used to excite thisxcitation. The former shows the expected three excitonic

3
8 75K
>
@
c
2 50K
o
A —
(@) B 23K
C 3.46 3.48 3.50

Energy (eV)

Log Reflectivity (a.u.)
(‘n'e) AlIsualu| 8ouadsaulwn|oloyd

| L (b) | |

3.40 3.42 3.44 3.46 3.48 3.50 3.52 3.54

Energy (eV)

Figure 1. (a) Reflectivity spectrum of a2 pm thick GaN epilayer. The three exciton resonances are |abelled
A, B and C. (b) PL spectrum measured at 8 K and low excitation density, showing a strong donor bound
exciton line D°X. The inset shows weak excitation PL spectra at different temperatures. The curves are offset
for clarity.
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Figure 2. (a) Edge emission spectra from sample 1 for
different stripe lengths and a carrier density of B
cni®, (b) corresponding measured gain spectra for three

different carrier densities (T = 8 K). 335 340 345 350 355 3.60 3.65
resonances indicated by dotted lines and labelled A, B and C. Energy (eV)
The transition energies are 3.475, 3.481 and 3.499 eV, Figure 3. () Absorption spectra from sample 2 at
respectively. The oscillations in the low-energy region of the .0/ time delays. (b) Differential transmission spectra
Ireflectivi:ly spectrum are due t(;) interfergnge e;fects in thledGaN from sample 2 at 4 K for various time delafter
ayer. The PL spectrum is dominated by the neutral-donor ot ;
bound exciton (BX). Three additional lines labelled A, B and excitation. The pump energy is 4.67 V.
A, appear at 3.473, 3.479 and 3.490 eV, which can be assign ; ; ; ) ;
to then = 1 states of the free A and B exciton andrthe2 state Eggzrgztélfcture with high optical confinem@éntas might be
of the free A exciton, respectively. The inset in Figure 1 shows
that the intensity of the T peak decreases with increasing Figure 3(b) shows normalized differential transmission spectra
temperature, giving a binding energy of 5 meV. By measuringaken at 4 K for sample 2, using the femtosecond pump-probe
the temperature dependence of the total PL intensity it wasystem described above. One prominent feature that is
possible to calculate the exciton binding energy in sample 1 tommediately obvious is the large induced absorption seen below
be 25+ 2 me\?. the exciton energy, extending as far as 3.35 eV, 400 fs after
_ . . ! excitation. This is nearly 180 meV below the band-edge. The
Spectra at 8K for an excitation |ntens(|)ty °3f 9.5 MWEM featyre recovers quickly, and has disappeared completely by
(corresponding to a carrier density ORZQZ cm”) are shown 7.6 ps after excitation, leaving fully-bleached A and B exciton
in Figure 2(a). The emission spectrum is a broad asymmetrigansitions, together with some induced transmission above the
band, redshifted with respect to the low-excitation PL spectrurjand-edge due to free-carrier effects. As the laser pump energy
(shown as a dotted curve). This is consistent with strong selfs 4.64 eV, the absorption length is very short. This implies that
absorption and high internal losses, consistent with trapping gfe sample is excited non-uniformly, and that a dense, rapidly
non-radiative centres. For short stripe lengths the intensitgxpanding electrorhole plasma is produced. The measured
increases _sub-linearly with increasing stripe length, whf_sreas fQFansmission spectrum above the band-gap is thus complex and
longer stripe lengths we observe the onset of stimulategifficult to interpret, and further experiments with pump
emission in the low-energy tail of the emission band. Ga"’lanergies near the band-edge have been undeftaken
spectra fc_>r various_ carrier densities are pr_esented in Fi_gu_re Z(FNonetheIess, any shift of the band-edge to lower energies due to
The carrier density at the onset of stimulated emission ighe presence of an electron-hole plasma will be immediately
estimated to be ~ & 10 cm®. On doubling the excitation apparent due to the rapid increase in the absorption in regions
density the gain spectrum broadens and the measured maximyiere previously the transmission was high. As can be seen
net modal gain increases from 17 to 148crithis is in  clearly in Figure 3(a), which shows the measured absorption
agreement with recent results for epitaxial GaN fifhsAt  gpectra for the excited GaN epilayer as a function of time, the
lower carrier densities, in the low-energy region of the gairprigin of the induced absorption is band-gap renormalization
spectrum where band-to-band absorption is negligible, the nefye to the presence of a high density of photoexcited carriers in
modal optical gain approaches an energy- and densitthe band®. The estimated initial carrier density isxa0° cm®.
independent value of ~ -80 cinwhich is a measure of the Thjs density is comparable to that at which stimulated emission

optical los$. This is much greater than the value reported byis seen in sample 1, and the shift is consistent with that expected
Frankowsky et al. of ~ -10 chfor an InGaN/GaN for such carrier densitidd
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Introduction

High density silicon chips are manufactured by projecting ar
image of their circuitry through a mask onto the silicon wafer
The masks consist of a quartz substrate coated with a chromiu
layer which is selectively etched to produce the desired patter
One difficulty is to produce linewidths much narrower than
1 pm. Although the chip maker can project the image through i
stepper system and thereby reduce it by a factor of 5, thi
imposes an ultimate limit in the linewidth of ~0/2m
achievable on the chip. To produce next-generation integrate
circuits the industry must undergo a complete paradigm shifi
No less than five possible replacements have been propose
succeed optical lithography which include: extreme ultraviolet,
SCALPEL, projection ion beam lithography, X-ray lithography
and electron beam direct write. The main problem preventine.
the implementation of these techniques is that of masl
fabrication, which involves a series of complex processing

steps, often onto fragile membrane-type substrates. . .
Figure 1. SEM image of absorber pattern produced from the

At the University of Dundee we have investigated a newelectron beam irradiation of cyclooctadiene platinum chloride
method for the production of X-ray masRs This involves the  (scale bar representg.in).

use of a newly synthesised range of organometallic compounds ) ) ) .

which decompose under the influence of electron bearl/Sing scanning electron microscopy the linewidths of the metal
irradiation, leaving behind a metallic residue. Since electroPatterns were found to be better than 250 nm. Figure 1 clearly
beams can be focused down to <Quh, this opens up an shows the excellent potential of the electron beam irradiation of
entirely new method of producing masks. The main aim of th€rganometallic compounds to produce high resolution patterns.
experiments performed at the Lasers for Science Facility was t§°Me vidence of proximity effect is observed in Figure 1. The
investigate the potential of organometallic compounds tgounding pf‘f of corners on rectangular f(_aatures_ and the rounding
produce X-ray masks. This report describes experimentgﬁ at the intersection between perpendicular lines are all caused

performed using the soft X-ray source at the Rutherford®y Proximity effects.

Appleton  Laboratory with X-ray masks produced from The soft X-ray source at Rutherford Appleton Laboratory uses a
organometallic compounds. system of excimer lasers which produce trains of picosecond
Experimental pulses. These are focused down to qurhOspot onto a moving
tape target material. This results in the ablation of material
The X-ray mask blanks were supplied by Fastec Ltd, angyhich is heated to typically 1&, which in turn results in the
consisted of a 7.5 mm square of silicon with a 1 mm squarghermal generation of X-rays. Two types of targets were
silicon nitride membrane of 100 nm thickness. Since the masksommonly used for X-ray lithography: Mylar and copper.
were going to be patterned by electron beam lithography, it wagopper is used to produce 1.2 nm X-rays (€uand Mylar is
necessary to deposit an anti-static coating on top of thgsed to produce carbon 3.67 nm X-rays ¢KIt was found to
insulating  silicon nitride. ~ For this reason chromium waspe advantageous to use carbon X-rays for pattern transfer. The
deposited to a thickness of 10 nm by sputtering. reason for this is that the absorption of platinum and gold at
The organometallic compounds used were cyclooctadiend-67 Nm is greater by a factor of about ten than the absorption at
platinum chloride, triphenylphosphine gold chloride and1-2 nm whereas the absorption of the membrane differs only by
triphenylphosphine platinum fluoride. Owing to the inherent? factor of two. This results in an improvement in contrast of
fragility of the substrates, it was decided that thermaf@PProximately 4 to 5 times. Figure 2 shows a photograph of the
evaporation provided the best means of thin film production. [80ft X-ray source at the Rutherford Appleton Laboratory.

was found that the organometallic compounds evaporateQegative resist (AZPN114) was used which was deposited onto
readily to form uniform films of thicknesses ranging from 0.1 t0 gjjicon wafers by spin coating to a thickness of 500 nm. The

2.5um. resist was held 28m from the mask using a Mylar spacer.

The masks were then patterned in the electron beam patteffi@y €xposure was performed in helium at 20 Torr. This is
generator at an accelerating voltage of 20 kV, a beam current Bfcessary since air would absorb a significant proportion of the
18 pA with a typical dose of 8 mCchand a beam step-size of |0W energy X-rays. The resist was exposed to X-rays with
25 nm. Typical exposures took less than 40 minutes tgloses at the sample ranging from 1.3-10 nilcriFollowing
complete. A series of patterns were produced such that tHRposure, the resist was post-baked at “ID3or five minutes
best resolution could be achieved. Figure 1 shows a scannir®gid developed in AZ 518MIF developer for fifteen seconds.
electron microscope image of a pattern produced using

cyclooctadiene platinum chloride.
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Figure 2. Photograph of soft X-ray source used at the
Rutherford Appleton Laboratory.

Results and Discussion

One concern is that the resist does not appear to be developed
through to the silicon surface. This could be a result of three
factors: over-exposure, under-development or an insufficient
absorber thickness. Since the development and exposure
parameters are standard, this effect must be a result of
insufficient absorber thickness. To circumvent this problem
thicker layers of organometallic must be used to increase the
thickness of the deposit. This would lead to loss of resolution
owing to the forward scattering of the incident electrons. A
move to higher accelerating voltages such as those possible
with the scanning transmission electron microscope would
lessen the effect of these forward scattered electrons. An
accelerating voltage af00 kV should, in theory, permit the
exposure of thicker organometallic layers with less scattering.
For this reason we are currently in the process of modifying a
scanning transmission electron microscope for electron beam
lithography. One disadvantage with using more energetic
electrons is that the organometallic is less sensitive. Another
option is to use organometallic compounds containing a higher
percentage of metal.

Summary

In summary, we have demonstrated the ability to produce X-ray
masks with linewidths of the order 250 nm. These have been
used in conjunction with the soft X-ray source at the Rutherford
Appleton Laboratory for X-ray lithography. Our method of
mask fabrication has significant advantages over current
methods particularly in the reduced number of processing steps
needed.
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Following the exposure and development of the resist, the

patterns were found to be transferred faithfully from the maskR

A typical pattern transfer is shown in Figure 3.

Figure3. SEM image of a typical resist transfer, (scale bar
represents 1Qm).
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is shown in Figure 1, and a schematic diagram of the set-up is
iven in Figure 2. In common with all high-resolution x-ray
icroscopes, a zone plate is used to form the x-ray probe.
Fhose used, made in-house, have tungsten zones on 50 nm thick
%i3N4 substrates. The diameter is 93 um with an outermost zone
Width of 103 nm, giving a focal length of 2.842 mm for 3.37 nm

Introduction

The laboratory scanning x-ray microscope has been installed

a dedicated target chamber in the LSF x-ray laboratory, and h
been used to obtain preliminary images. All components of th
microscope have performed well, although some upgrading i

needed in order to produce a user-friendly facility. However -rays. Larger zone plates with finer outer zones can be made

two _s.lgnlflcant problems remain which degra(_je the _quallty (.)routinely, but were not necessary for the work carried out so far.
the images. These are vibration and electrical noise; majox

zone plate ensure that only first-order focused x-rays reach the
: specimen. The zone plate is mounted on a two-axis translator
The microscope ) ) 45cm from the ~25umdiameter sourc®, giving a

A photograph of the microscope installed on the target Chamb%femagnification of ~150 and a focal spot size of ~0.2 um.

Specimens are mounted on a three-axis translation stage driven
by motors with 1 um step sizes. Two of the axes are used to
position the specimen transverse to the x-ray beam and the third
for focusing. A CCD camera (lower centre in Figure 1, in its
retracted position to the right of the detector) withx®0
objective lens is mounted on a stage collinear to the focusing
stage within 1um over a range of 10cm. This allows the
positioning of all the components both longitudinally and
transversely by first viewing the chamber exit window
(500x500 um  SiN4, 100nm thick coated with 40nm of
aluminium). Secondly, the camera is moved downstream the
correct distance to view the zone plate so that it can be
positioned over the centre of the exit window. Thirdly, the
camera is moved the correct distance downstream to view the
OSA which is positioned over the centre of the zone plate.
Finally, the camera is moved the correct distance downstream to

Figure 1. The x-ray microscope installed on the target chamber View the specimen (at the x-ray focus) which is positioned to an
area of interest. This procedure allows positioning of all

LB: laser beam

~10% torr

F1,F2: feedthrough

FL: focusing lens G: gas inlet

TD: target drive &W: chamber exit

D: reference x-ray ZP:zone plate

He: helium  OSA: order-selecting
EM: x-ray detector S: specimen

CE: to counting DW: detector entrance

C: alignment camera

Figure 2. Schematic Diagram of the X-Ray Microscope. The inset is roughly to scale, with different vertical and horizontal

scales.
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components to within a few micrometres; this is sufficientlyentrance window. The first dynode was coated with 100 nm of
accurate for all except the OSA which has to be moved to itsaesium iodide which acted as a photoemitter and thedgy
final position by using the x-ray signal as described later. chain then provided amplification of the photoelectron signal.

F Il established Shehin t ¢ ¢ din th The detector was testen the X1A synchrotron beamline at
or well established reasohsihin tape targets are used In the ., prqokhaven National Laboratory, USA, and at the LSF x-
LSF x-ray source. These give less debris than rotating soli

linders and can easilv be driven to bresent a fresh surface &Y source prior to its installation on the x-ray microscope. In
cylinders and can easlly riven 1o present a fresh surtac Both cases the dynode voltage was kV.
the laser beam every pulse. Alternatives, such as liquid-drop or
gas-puff targets, are much more expensive to implement arithe synchrotron tests showed the linearity of the detector for
provide a smaller range of materials. Also, because theount rates approaching 1MHz. The data were obtained by
microscope was based on source rather than specimen, tbemparing the signals with air and helium between the exit slit
target drive had to incorporate suitable motions for this, whickand detector for different slit widths. The LSF tests were
would have been very difficult with a liquid-drop or gas-puff compared with the signal from the reference diode (inside the
system. The main criteria used in the design were target chamber, and therefore shielded) with that from the EM
1 The tape size and driving speed must be such that ta deetector. Charge pulses from both the EM and the diode were

) P . g spee . Rheasured and stored via a Lecroy 2249A module, a CAMAC
changes are infrequent, allowing large images to be . - ;

; ; crate and a PC. These results show a non-linearity at high count

acquired. Thus 12mm wide tape was used to allow man

more “tracks” (by moving the tape up or down relative tc)}[ates (the peak count rate for the LSF source is much greater

- an the average for the synchrotron). This is almost certainly
igtraglstsderri\f)eeam) than for the 4mm tape on the original I“Q"'Tahue to inter-dynode voltage drop at higher charge pulse levels.

For initial imaging with the microscope this non-linearity is not
2. Accuracy of movement. Thd=249nm laser beam is t00 important, as count rates are much lower than in the tests.

focused onto the tape surface using a 9cm focal lenglf, oo acquisition and display and computer control of the
aspheric lens. The laser beam is>d 2m and so the depth  ierosc0pe (including all stage movements) are carried out
of focus is +10um, but a plasma can be formed with thesing a PC with software developed using the commercial
required emission parameters over a larger range of focUgackage IDL. Because of some problems with IDL drivers for
Experimentally, the water-window x-ray emission was\yindows NT, alternative control software was written in
constant over a few hundred micrometres, and so th.e 'eflﬁBASIC, which proved just as efficient though slightly
was positioned at the centre of this range. Scanning ig mbersome. Image data, consisting of reference diode and EM
achieved by moving the lens and the target surfaCgetector output, was read into the PC via the Lecroy 2249A
together in two orthogonal directions. This movement iSpodule and CAMAC crate. The EM data is normalised by the

demagnifed on the specimen by the zone plate and, for 8@ference diode data to remove effects of fluctuating plasma
image resolution of ~0.2 um, minimum target step sizes °6utput.

~15um (Shannon sampling) are needed. The motors used
could be stepped at 1 um (or less with the microsteppindrinal alignment of the OSA, to ensure that the unwanted
option). diffraction orders are fully removed, has to be carried out using
the x-ray beam. First, the OSA is moved across the x-ray beam,
3. The movement of the tape surface along the beamyth horizontally and vertically, while monitoring the detector
direction clearly has to be significantly less than 15um ingignal and the points at which the signal drops to zero are noted.
order to prevent blurring. By shining a HeNe laser beamrpe OsA is then positioned in the centre of the range. Second, a
across the edge of the surface and magnifying with &innole is scanned across the beam downstream of the focus
microscope objective the movement could be monitoredyhich, if the OSA is correctly aligned, should give a
for the original LSF tape drive, the surface was observed t@naracteristic symmetric donut image. Misalignment of the
oscillate with an amplitude of ~10um with some lessgga will allow zero (and >1) order diffracted radiation to reach
regular movements of up to 50 um. With the target driveihe getector, giving an asymmetric image. Focusing is carried
built for _the x-ray microscope no oscillations could be gt by scanning an edge across the beam and fitting the
seen, which meant that the amplitude was much less thagyiation in detector signal to a normal distribution; the smallest

Tpm. FWHM defines the focus and also gives a measure of the

The laser-plasma x-ray source presents a challenge for accurdgolution. An example is shown in Figure 3.
detection of the numbers of photonseiach pulse, since they
arrive in very short bursts. Ideally, a detector should produce an
output signal which is consistently proportional to the number
of incident photons. Several phenomena prevent this from being
the case: photon energy conversion statistics, gain statistics,
noise and non-linear effects. If a detector is subject to
insignificant noise, whether internal or external, and is linear
over the range of operation, then the deviation from
proportionality of the output is determined primarily by the
Poisson variation in the number of particles generated by the
incident photons. Since the LSF x-ray laboratory is noisy
electromagnetically, the detector has to be shielded. It did not
prove possible to achieve this with a windowless photodiode
while at the same time cooling it to reduce the internal (thermal)
noise. Although we are confident that, given time, this problem , , , ,
can be overcome, it was decided that it would be prudent to
develop an alternative detector. 0

4

distance [um]

Photomultiplier tubes have the desired properties as they use

focused dynode systems which provide linear gain over several

decades of niput level. An Electron Tubes Ltd 129EM Figure 3. Result of an edge scan across the beam. The data for
photoelectron multiplier tube was removed from its glassthisexample were taken when vibrations were high (rms
housing and @lced in a vacuum chamber with a silicon nitride ~0.6 um). The fit indicates a resolution of ~0.75 pum.
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Perfor mance of the microscope Under favourable circumstances, the noise amplitude could be
The known parameters of the x-ray source and zone plat€duced to ~2mV which, if reproducible, would have been
arrangement indicate a theoretical resolution of ~0.2pmacceptable. However, despite attempts to achievedapible
However, vibration monitoring indicated rms amplitudes ofhcise and to limit its effects, the amplitude varied in an
several micrometres, mainly due to vacuum pumps. By carefufnpredictable way.

isolat_ion of all critical microscope components using cork p_adsDespite the vibration and noise problems, images have been
amplitudes could be reduced to ~0.1um, although at timegptained, albeit at poorer resolution than would otherwise have
values as high as ~0.6 um were recorded, especially during thg.en achievable. An example is shown in Figure 5.

late evening. This indicates that, at best, vibration need not be a

major problem (although it will be when the microscope iSConclusions and future work
reconfigured to allow better resolution capabilities), but that thi

) SThe microscope performance has clearly been severel
could not be relied upon. e P y y

compromised by the effects of vibrations and electrical noise.
The other major problem in the use of the microscope wadhe characterisation of these and the reduction of their
electromagnetic noise. The extent of this is shown in Figure 4jegrading effects will be essential in order to allow the
which is a typical EM detector output pulse. Here, the pulsglevelopment of the microscope as a user facility.
height is ~300 mV and the noise has an amplitude of ~50 mV.
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Figure 4. An output pulse from the EM detector.

Figure5. A low resolution image of myofibrils on an em finder
grid. The figure "6" is a location mark on the grid. A cluster of
myofibrils can be seeat upper centre (A), with a less dense
cluster extendia downward9B). The scale bar is 1im.
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Introduction Sample set B. Silicon thin films with thickness' of 200 and
. . . 400 nm were investigated. The growth temperature of°@0
Current silicon solar cell manufacturing costs are kept high due " .

. . . was kept constant for all depositions as was the microwave
to the use of expensive crystalline silicon substrates. The

0 i wer at 330 W. The plasma pressure was confined to the
substrates account for around 50% of the cost of production a'JrP nge 3.5 - 3.7 mTorr. The silane to hydrogen ratio of the
inhibit the development of photovoltaic product lines.

Therefore low cost alternatives need to be used. An obvio depositions was k_e pt constant at 30:1'. The gases were mixed as
choice is glass and this has been the choice of .many researboo of H flowing through the cavity for _plasma gas, and
. s ) Atdeem of SiH and 28 sccm of Hflowing in the process
groups in this field. However glass constrains the processing,
temperatures in thin film crystalline silicon growth limiting
traditional high temperature (>60C) approaches and so other This set of deposition parameters gave rise to microcrystalline
techniques are required to attain the required crystallinity o§ilicon thin films. These films were deposited on two
material on an amorphous substrate. substrates. One set on $i€bated (100) Si, and one set on
Corning Glass 7059. Standard substrate preparations were
ﬁerformed before deposition to ensure high cleanliness during

;:rystalltlne S}'"COH fro_m an’;prphou?_3|llfgr|13flgms |§s ﬂ_]llﬂ.f'lm the process for both sets of samples. Film thickness' were
ransistors for use in active matrix ispldys This 1 0asured by a Dektak Profilometer.

approach could, in principle, be extended to large area
crystallisation for solar cells and is the motivation for this work. gycimer L aser Crystallisation

amber for process gases.

Excimer laser crystallisation (ELC) has been used to produc

Thin Film Growth Sample set A. The deposited silicon films were irradiated by

. - . . , KrF excimer laser uv radiation at 248 nm wavelength. Each
Sample set A, Silicon thin films with thickness’ of 50, 100 and identical film was subjected to three irradiation regimes: i) 1

200 nm were grown under varying conditions using electrorghot @ ~230 mJchy ii) 2 shots @ ~120 mIchand iii) 3 shots

cyclotron resonance plasma enhanced chemical Vapous 150 micré. The sam
. . ~ . ples were kept at room temperature
deposition (ECR PECVD). A schematic of the ECR PECVDand were irradiated under a single atmosphere of Ar gas.

reactor is given in Figurel. The growth temperatur@7&°C

was kept constant for all depositions as was the microwav8ample set B. A matrix of irradiation conditions was devised

power at 500 W. The plasma pressure was confined to thend the samples were irradiated under four fluences;

range 5 - 5.5 mTorr while the silane to hydrogen ratio of the320 mJcrif, 520 mJcrf, 750 mJenif & 1 Jcmi?. Each fluence

depositions were varied giving rise to a series amorphous filmsvas repeated with a varying number of shots per irradiation
area, ranging from 1 to 128. The samples were kept at room

temperature and were irradiated under a single atmosphere of
E Ar gas.
] «— Cavity gas'
() Os =7
Magnets
Chamber gas'
(SiH,, Ar) 2
6 8
1
Load-lock :
oad-
Process Chamber
Chambe I:l l—ig—]
S )
Exhaust to turbo-pump Figure 2. ELC experiment schematic.

A schematic of the ELC set-up is shown in Figure 2. The
Figure 1. ECR PECVD Reactor schematic. numbered components are as follows: 1. Sample chamber and
stepper motor rig; 2. 8% Beam splitters; 3. CCD camera;
4. PC; 5. Gentec detector; 6. Attenuation plates; 7. Laser
energy detector; 8. Mirror; 9. Laser output.

Each set of process parameters was repeated twice to depasit . .
nominally identical films on two substrates. One set on, SiOO]Sne laser used was a Lambda Physik LPX-200 KrF excimer.

coated (100) Si, and one set on Corning Glass 7059. Targeting was achlev_ed using a Spectra I_Dhysms Inc. 10 mwW
He-Ne laser set co-linearly with KrF excimer laser. Pulse

In addition depositions were also performed with Ar gasfluence was controlled with the use of Hoya Corporation 8%
introduced into the deposition chamber. Some films were alsattenuation plates allowing for minimal changes in experimental
deposited on Pd coated CG7059 and Cr coated CG7059. Tketup from shot to shot. The shot powers were calibrated and
metal coatings were produced by vacuum evaporation. measured by Gentec ED-500 and ED-200 laser energy
detectors, respectively, feeding an automated laser energy

The gas ratios used were $iH,, 1:10, 2:10, 3:10 and 4:10.
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2400 4

meter. Beam profile images were also captured using a Pulnix s
TM765 CCD chip with 248nm filter connected to image capture ] -
equipment. =

2100

2000 4

Microscopy of Irradiated Films

Light microscopy of the irradiated regions showed apparent
damage effects on most of sample set A and some of sample set
B. Scanning Electron Microscopy reveals possible
solidification processes as the images show a network of o

solidified material. 1 2 4 8 16 32 o 128
Shot Number

1900 4

1800 o

1700 4

Raman peak intensity (a.u.)

1600 o -

Micro-Raman Spectr oscopy

Raman spectroscopy of the samples reveals substantial Figure5. Raman peak position as a function of shot
qualitative improvement of film crystallinity on all samples. number.

Amorphous and crystalline silicon are characterised by a wide . . o o .
feature centred at 480 dmand a narrow peak at 520 ém A consistent improvement in film crystallinity as determined by

respectively. The Raman spectroscopy was performed using &&man spectroscopy was obtained by laser annealing on all

Renishaw Raman Model 1000 Microscope operating with Agamples with the exception of the silicon films deposited on
ion 488 nm laser radiation. evaporated metal interlayers. The lack of improvement in these

cases may be due to a number of factors. The metal films will

act as a heatsink changing the thermal response of the system.

Silicide phases will also form within the material and may occur
8007 inhomogeneously in the film.

The films tended to show surface damage effects at high shot
6007 fluences, which is to be expected with the film being
completely melted and thermal coupling with the substrate
occurring. High shot numbers also caused damage in some
cases. Figure 5 shows a steady increase in peak intensity of a
200nm film from sample set B irradiated by 500 nijomntil

200+ the application of 128 shots when surface damage is apparent
‘ and the corresponding Raman spectra degrades.

40000 ‘

30000

<

200004 H 4007

Intensity (a.u.)

10000

Intensity (a.u.)

] Electron Recoil Detection Analysis (ERDA)

2000 300 400 500 600 200, 300 400500 600 ERDA was performed on the crystallised films and showed
substantial dehydrogenation of the irradiated areas compared to
the pre-irradiated profiles. This confirms a proposal to use low

Figure 3. Post and pre-annealed Raman spectra. fluence irradiations prior to the main annealing irradiation to
dehydrogenate the film, potentially removing the time
consuming process step of furnace anneling

Figure 3 shows the effects of laser annealing on a 50nm film

from sample set A. The spectra were recorded under identichuture Work

circumstances and so a radical increase in intensity is appareTite final film quality has been hampered by a small number of

as well as a shift from the amorphous phase to the crystallingystematic problems, all of which can be eliminated. The films

phase. The post laser anneal spectrum is centred on 547 critradiated at high fluence and high shot numbers showed
indicating a tensile stress in the film. The shift also indicatesegions of damage consistent with non-uniformities in the
that the 520 ch peak from the substrate is not interfering with incident beam profile. This will be resolved with the use of
the spectrum. beam homogenising optics. The films often display surface
features consistent with material loss. In some cases this may
be due to ablative action localised in small regions
corresponding to high fluence areas of the incident beam, but in
general it is caused by explosive hydrogen release from the film

514 . during melting. This could be tackled with the use of a zero

. hydrogen film deposition technique, such as sputtering or the

use of a dehydrogenation step after deposition by ECR PECVD.

Raman Shift (cm™) Raman shift (cm™)

515 4

513
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Introduction Results and discussion

In order to characterise the CLF soft X-ray laser-plasma sourde Figure 1 the copper spectrum obtained over the whole
for radiobiology experiments to be performed by the Radiatiorspectral range inspected is shown. In Figure 1(a) we can
and Genome Stability Unit of the Medical Research Council, abserve the continuum hard X-ray tail, measured with a PET
series of spectroscopic measurements has been carried out @gstal d=8.74 A). By comparing this experimental data with
the X-ray source itself. the exponential slope of the bremsstrahlung emission, an
The characterisation was directed to choose materials to be usel ctron temperature of 320 ev has_ been e_stlmatt_ed for our
. - .~ -~ —>plasma. In Figure 1(b) the spectral region obtained with a Beryl
as laser targets giving the most efficient energy emission i rystal @d=16 A) is shown, whereas in Figure 1(c) and 1(d) we

selected X-ray regions in the range 0.2-2 keV with the h It qi KAP 26.6 A
narrowest bandwidth possible, to be further filtered in futur riszr;ftfér:n;ezl:]glgeg/eir:] bgrc?er to cg)i’fe%:( tﬁes sgégtsrg:j ?a:nge

experiments by means of X-ray optics or grazing inCidenCE'f'nspected up to 20 A. In the last three figures there is a

mirrors. wavelength overlapping, so that the whole range between 7 and
20 A has been covered. In Figure 1(e) the spectrum obtained

Experimental set-up ) ) with the TG spectrometer is shown.
The soft X-ray laser-plasma source has been described in detail

elsewher&?. The source was used in the 8-pulse configurationFigure 2 shows the steel spectrum taken with the PET crystal,
each pulsdasting approximately 5 ps and with a pulse to pulseFigure (2a), Beryl crystal, Figure 2(b), KAP crystal, Figure 2(c)
time separation of 2 n§he laser irradiance was approximately and TG spectrometer, Figure 2 (d).

5 -2 : ; ;
10 wen”, Thet m?te-r‘lgls useld as .Iaser tF?rg.ets n tQ'SMStludYn Figure 3(a) we show the aluminium spectrum measured with
were Ccopper, Stee ( iron), aluminium, titanium an Mylarye peT crystal. In Figure 3(b) the aluminium spectrum in the
(~carbon). Different kinds of spectrometers were used in Ordelregion between 6.6 and 8.6 A is presented, as obtained with the
to rgcordh E]}I large spectralll ragge. A cryste}l spectrometer Waéeryl crystal. The L line is quite visible at 7.17 A, whereas
used with flat PET, Beryl and KAP crystals. A transmission " o ' '
e, and Hg lines are clearly visible at 7.76 A and 6.64 A,

grating (TG) spectrometer was employed in order to recor . . ’ .
spectra at higher wavelengths. The spectrometers were set at'gipectively. On the right side of the Hine a number of

angle with the source normal, 45° for the TG and 60° for the@tellite lines are also present. From the experimentélel,
crystal spectrometer. Both spectrometers were filtered to cdin€ intensity ratio, by comparison with theoretical simulations

UV and visible radiation. The TG spectrometer was equippe@’ the sanée quantity plotted as a function of the electron
with 0.1 um of Al, while the crystal spectrometer had different {eMPerature, a value of 320 eV has been found for the electron

filters depending on the spectral region under examination. wigmperature, in very good agreement with the value above
mentioned for a copper target. In Figure 3(c) the spectrum

used 10pm of Be or 1.5 or 3um of Al. The laser-plasma . . .
interaction chamber was filled with He gas at atmosphericObtalned with the TG spectrometer is shown.
pressure, in order to attenuate the debris flux from the plasma Figure 4 the Mylar spectrum is reported. Figure 4(a) shows
source. the KAP crystal data, with the oxygers, LL, and Lslines

) clearly visible at 16.006, 15.176 and 14.821 A, respectively.
Materials and methods Figure 4(b) shows the TG spectrum.
The spectra were recorded on Kodak DEF (Direct Exposur
Film). The film was developed according to published
procedure® making use of D19 developer and FX-40 fixer. The
data were digitised using a Joyce-Loebl densitometer mod. M

Il C, with a scanning spatial resolution of 4@m. The |n Table 1 we report a summary of the maximum photon
experimental data were deconvolved by taking account of thaumber emission from several targets. A wavelength range is
film sensitivity, the crystal reflectivity or TG transmission, the given for the spectral regions considered over which various
different light paths in He for the crystal spectrometer, the filteflines are emitted with an approximate bandwidth (full width)
transmission, the solid angle of emission as seen by thir each interval. To be noted is the extremely narrow
spectrometers and the number of laser shots. This gave spedyandwidth in the case of aluminium, due to the small number of
in units of photons/sr/A/shot emitted from the source. intense isolated lines, see Figure 3(b).

lefigure 5 shows the titanium spectrum taken with the PET
crystal, Figure 5(a), Beryl crystal, Figure 5(b), KAP crystal
[cigure 5(c), and TG spectrometer, Figure 5(d).

It was possible to identify a great number of spectral lines b%onclusions

comparing experimental data to reference tables found in the . . o
literaturé™®. This was very useful to calibrate the wavelengthWe have described the spectroscopic characterisation of the soft

scale in the spectra with some accuracy. X-ray laser-plasma source operating in the X-ray and UV
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laboratory of the Central Laser Facility. The study of several
) targets has been carried out making use of a crystal
a

1.50E+10

spectrometer equipped with PET, Beryl and KAP crystals, and a
transmission grating spectrometer. Spectra covering the whole
region between 5 and 50 A were obtained, and using two
different methods it was possible to measure the plasma
electron temperature (~320 eV). A first evaluation of the

absolute value of emission and its approximate spectral width
from the several targets in the maximum output region has been

1 given.

1.00E+10

5.00E+09
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Figure 1. Copper spectra obtained with &) PET crystal, b) Beryl 10 20 30 40
crystal, ¢) and d) KAP crystal, €) TG spectrometer. Vertica A R)

scaleisin units of photong/sr/A/shot.
Figure 2. Steel spectrum obtained with a) PET crystdl, b) Beryl
crystal, ) KAP crystal, d) TG spectrometer. Vertical scaleisin
units of photons/sr/A/shot.
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Figure 3. Aluminium spectrum obtained with a) PET crystal, d)
b) Beryl crystal, c) TG spectrometer. Vertical scaleisin units of
photong/sr/A/shot. 1.00E+10 +
2.00E+11 5.00E+09 4
a)
1.00E+11 + 10 20 30 40
AR
Figure 5. Titanium spectrum obtained with a) PET crystd,
t t t R b) Beryl crystal, ¢) KAP crystal, d) TG spectrometer. Vertical
11.8 13.2 14.6 16 17.4 scaleisin units of photong/sr/A/shot.
1.50E+10 + :
b) Target Spectral Maximum flux AN
region (A) | (Photons/sr/A/shot) ()
1.00E+10 +
Copper 10-12 Yo 20
5.00E+09 1+ Steel 16.5-18.5 240 10
Aluminium 7.75-7.9 1.6-10 2
f t t Mylar 14.8-16 1.8-10 10
10 20 30 40 50 —
Titanium 15.8-17.5 310 10

A ()

Figure 4. Mylar spectrum obtained with @) KAP crystal, b) TG
spectrometer. Vertical scaleisin units of photong/sr/A/shot.

Table 1. Summary of the energy emission from the several
targets.
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Introduction 10K, 850nm

0.045-
Measurements of photo-excited carrier relaxation in High Tc 0.041 = & 0os0 /
materials provide a technique with which to investigate the o-mw  E |°® .
fundamental quasiparticle interaction in the superconducting 0937 Asw oots| | T
and quasi-metallic phases. Many measurements have been 00008

2 4 6 8 10 12
Pump Power (mW)

reported at low excitation powerd on a range of highT £ 0.024

materials but little work has been carried out at high densities 5 :t:\n

where the photo-excited population can significantly disrupt the  0.01- A
superconducting condensate. Further almost all measurements e

have only studied the quasiparticle response at a few discrete 0.00- S —

wavelengths making interpretation of the probe interaction : : : : :

rather uncertain. In order to address these issues we have 0 10 20 30 40

carried out measurements using the RAL Ultrafast Time Delay (ps)

Spectroscopy facility in order to better understand the probe

interaction and the dynamics at high intensities. Figure 2. Ultrafast reflectance signals as a function of pump

) power. Inset: Peak signal versus power.
Experimental _ . . _ )
The measurements were carried out 0gSBCaCuyOg thin C_hanges in the relaxation times which are apparent in the
films. The optical arrangement is detailed in Figure 1. Pum&'gnalfS of Figure 2 may relate to a nu_r_nbe_r of possmle_ Sources
pulses at 400nm were used to excite the sample while the proHéCIUd'ng hOt. p_honon effects and modifications to quasiparticle
was a white light continuum generated using a flowing egCOIscatterlng arising from the loss of the condensed phase. To our

cell. The continuum was filtered using a range of interferenc§nowledge this behavior is the first observation of saturation
filters to produce a range of discrete probe energies. The pro ghawor in any high Jfmaterial.

beam was monitored using a pair of photodiodes coupled to gigure 3 shows the spectral dependence of the room
lock-in amplifier, which used a differential input configuration temperature signals, accumulated using interference filters to
to maximize sensitivity. The pump beam was chopped at ~80Hgelect a probe wavelength from the continuum.

to obtain only the pump induced modulation to the sample

reflectivity. Time (ps)

-10 0 10 20 30 40

' ' ' . 203K
0.10] rreg—————148 ¥
690
0.08] ~—=H
i 720
0.064 —
x 756
Probe (800nrm) Confinuum Sariple in 0.04
P a4 850
Giycol cel Fier 0.024
900
0.00-
Figure 1. Experimental apparatus used in ultrafast reflection : : : : :
experiments.
Results 0.025- 1
Figure 2 sho_vvs the photo-induced refle_ctlon signals recor_ded at 0.0201 —o— peak signal I} |
probe energies of 1.46eV at the maximum of the continuum ™ o long lived
probe spectrum. In the inset to Figure 2 we show the pump &
intensity dependence of the low temperature (10K) dynamics of & 0.0157 i
BSCCO. Py
& 0.010 :
To date all measurements at low intensities in Oxford and
elsewhere have shown a near linear density dependence with no  0.005 .
indication of the expected saturation of the signals with
increasing photoexcitatidhn 0.000

500 600 700 800 900

The very clear phase transition point in the data at ~ 5mwW Probe wavelength (nm)

where the time evolution of the signal also changes dramatically

is a very good indication of the saturation density which arises

due to thetotal collapse of the superconducting condensate.  Figyre 3. Top) Signals at a variety of probe wavelengths.
Bottom) Peak signal spectrum.
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In the strongest region of the continuum we found evidenc®eferences

suggesting that the threshold density of Figure 1 varies with
probe wavelength.

While these signals do not in themselves make a clear picture of
the probe mechanism in BSCCO they do indicate the value of
improving the detection performance and hence the width of the
spectral coverage. Using filters we were able to detect signals at
600nm and shorter wavelengths but a complete spectral
dependence will require significantly better performance. Early
indications are that there is a sign change in the photo-induced
signal near 500nm.

While the spectrum extracted in the lower portion of Figure 3
should be treated with some care, the general shape seems to
reflect the origin of both the peak and longer lived signals being
stronger at longer wavelengths which would be commensurate
with a Drude dominated response. Further work will explore
this spectrum in more detail and to both shorter and longer
wavelengths in order to better identify the probe interaction.

161
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Introduction case, the workpiece material used was a nickel-based super
alloy C263, with a thickness of 3 mm. In the experimental set-

Laser percussion drilling is a process that is of great interestetg)%j in Figure 1, a photodiode was positioned to detect a laser

the aerospace industry. The speed of the drilling action mak
it a prime candidate for drilling such components as combustio
chambers which have between 40,000 to 50,000 Holedther
components such as turbine and guide vanes contain few
holes, typically 50 to 200, but given the total numbers o
components involved, percussion drilling still has the potentia
to provide significant cost-benefit. In a previous study usingDrilling events were recorded both with, and without, an assist
experimental design techniques we found that the dominargas in order that its effect on the process could be observed. In
factors affecting the process are focal position, gas pressurpractice, an assist gasakwvays used with this process in order
pulse shape and pulse energy. A high speed camera filming &t prevent the high velocity melt which is ejected from the hole
speeds of 40,500 frames per second was therefore used dontaminating the optics. In addition, it is thought to aid the
capture the drilling event with these factors set at differenfinal hole development, blowing ejecta through the hole and if

Ise and trigger the high speed camera. For this purpose a low
ower triggering pulse was programmed into the laser to occur
10 ms before the main drilling pulse. In this way it was ensured
at the complete drilling event was captured by the high speed
famera.

levels. oxygen is used, to supply energy from an exothermic reaction.
_ In lasercutting with oxygen it has been calculated that the laser
Experimental set-up contributes only 40 % of the energy to the cutting zone the

The Kodak EktaPro HS 4540 camera system with a maximurfeémaining 60 % of the thermal input supplied by the exothermic
frame rate of 40,500 frames per second (f.p.s) was used in ofieactio . However, with drilling, any change in processing
of two positions. The first was with the camera normal to thefficiency is much less dramatic, presumably since most of the
workpiece surface, viewing the drilling event on axis and thematerial is removed from thtep of the hole and so is opposed
second position was with the camera viewing orthogonal to they the gas flow.

drilling laser. Both are shown schematically in Figure 1. The ) )

drilling events were captured using the two highest frame rate§tesults and Discussion

40,500 an_d 27,000 f.p.s. .The target area was iIIuminated_witbri”ing M echanism

an argon ion laser operating at 514 nm. An interference filter. . S . . . .
FWHM 10+ 2 nm was used to discriminate the scattered argoThe material ejection mechanism involved in percussion

. o . - Hrilling has three distinct stages, see Figure 2. The first
laser light from the plasma radiation emitted by the OIrIIIInginvolves material being ejected as a plasma and a liquid conical

rocess. ; . ” .
P sheet. This melt cone will continue to be ejected after the
plasma has disappeared. The second stage involves material
Camera Photodiode E being ejected in a column like structure in a random direction
- for Camera from the hole. In the third stage of hole development ‘droplets’
Position One ! .
Trigger / of melt can be seen leaving the hole.
—1
— Lens
Turning
Mirror Nd-YAG Particle Ejection
Laser Laser Plasma Plume Hole Oﬁ/
Beam ) ] 2 \;O
Lensl_l——— ¢ ; ;Random Ejection 0] Hole

Liquid Melt Sheet

Cover Slide
\ Position Two
Camera
Gas ; Nozzle
Inlet
——/ Plasma i i .
I: Figure 2. Material removal mechanisms.

[ ] Plasma For mation

Work piece A simple square shaped laser drilling pulse of width 1 ms was

used to determine the times for the laser to generate a plasma
plume. With the high speed camera viewing on-axis, the hole
Figure 1. Schematic diagram of the experimental arrangement. d€velopment appears as shown in Figure 3. The plasma growth
and contraction through the process can be clearly seen.

The laser used for drilling in this experiment was a Lumonics . ) .

704 TR which has a beam quality?Mf 24, for laser pulse The time period between the pre-programmed trigger pulse and
lengths from 0.3 - 1.0 ms, and peak powers from 4 - 33 kW. Ahe appearance of the plasma plume was recorded as a function
x2 beam expanding telescope inside the laser head provides 8hPUISE energy, both with oxygen-assist at 2.8 bar, and no assist
output beam diameter of 18 mm. A 120 mm focal Iengthgas’ observations show that the time for the plasma plume to
achromatic doublet lens was used to focus this onto th@PPear is dependent on pulse energy, but not assist gas. The

workpiece, giving a focus spot diameter 260um. In each Llrynze)z .taken to reach the vaporisation temperatyrest given

CLF Annual Report 1998/99 162



Time (Us)

Science — Laseffer Science Facility - Physics

c 2 In Figure 5 the plasma lifetime is plotted. It is clear that this
t = %@ g P Q (T _ T) increases with pulse energy if an oxygen assist gas is used,
v F? v 0 approaching a maximum of 1 ms (the pulse length) if the energy
is in excess of 10 J. With no assist, however, even a low pulse
where k is the thermal conductivity, ,Tis the vaporisation energy gives a plasma lifetime of close to the 1 ms pulse length.
temperature, J is initial temperature, F is the laser flux This may be explained by the pressure of the assist gas
density,p is density, and ¢ is heat capacity per unit mass. Theslowing away’ the plasma. The average lifetime for the
time for a laser pulse with an energy of 3.7 J to readB t plasma plume with no assist gas was 0.92 ms with a standard
10.5 ps, using the above formula the time for a pulse with adeviation (s.d) of 0.1 ms.
range of energies from 3.7 to 33 J has been plotted in Figure 4.

Plasma Lifetimes for Single 1 ms Pulse
12

11
Lotz Assist Gas Oxygen
1
T 2.8 bar
2 Pl
£ 0.9
o |
£ o
,. T
08 7 ‘
K No Assist Gas
0.7
0.6 —
0 5 10 15 20 25 30 35
Energy (J)

Figure 5. Plasma lifetime for a single 1 ms laser pulse.

It is hard to accurately determine the size of the plasma because
its boundary is difficult to see against the expelled melt sheet,
however, it is roughly proportional to the pulse energy. Two
examples are shown in Figure 6, for different pulse energies.
The use of oxygen as an assist gas had no effect on the size of
the plasma plume from which the authors concluded that the
size of the interaction zone remains roughly constant.

Figure 3. Hole development from initial plasma formation to
the stable hole for a simple square 1 ms pulse,(a) 0.11ms,
(b) 0.22 ms, (c) 0.26 ms, (d) 0.48 ms, (e) 0.74 ms, (f) 58 ms,
after the start of the pulse.

Figure 6. Images of the plasma plume at its maximum size for
7.3 and 18 J pulses.

Time for a laser pulse to couple in to the workpiece

(Sealed) Mélt gection

12 r (1) Conical gection

Whilst the plasma is present, liquid melt is expelled in a conical
shape from the hole, but this particular ejection mechanism
continues for some time after the laser pulse ends and the
plasma disappears. We believe that it is during this conical
ejection process that the majority of the material is removed.
The duration of this process shows no clear dependence on the
r laser pulse energy as shown in Figure 7. The average time for
4r this type of ejection is 1.7 ms with a standard deviation of

k % 0.5 ms. When an assist gas of oxygen was used this did not
2r effect this average time.

10 [ !

AR NRRTS ARV APRVEETIN RFRVRTID: SRR R The independence of this liquid melt eject time and the pulse
0 5 10 15 20 25 30 35 energy may be understood when it is realised that greater the
pulse energy, the larger the hole that is drillede material is
simply removed at a faster rate. The conical shape may result

Energy (J)

Figure 4. The time taken for laser pulse to reaeporisation
temperature (tv).
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Hole Activity Lifetimes for Single 1 ms Pulse

35

. No Assist Gas
Assist Gas Oxygen

25 2.8 bar

: |
K .
1.5 }‘E’ i‘. \‘E

0 5 10 15 20 25 30 35

Time (ms)

Energy (J)
Figure 7. Hole activity lifetime for a single 1 ms pulse.

from a combination of recoil pressure and capillary action,
causing the melt to flow up the sides of the hole. Indeed, t
camera clearly shows the melt oscillating at the bottom of t
hole, see Figure 8.

The velocity of the melt within this conical sheet was estimatg
from the high speed filming to be in the range 30 - 34 fos
the first drilling pulse, and 17 - 27 thdor the second pulse.
The reason for the difference maybe due to the gas fld
impinging on top of the hole. In the first drilling shot material €
can escape at a large angle to the gas flow. As the hole

becomes deeper the material is restricted by the hole walls a'ﬁgure& Images showing oscillation of liquid inside the hole,

the material can only escape directly against the gas flow. | 0.704 ms, (b) 0.741 ms, (c) 0.815 ms, (d) 0.926 ms
this case the gas pressure was 4 bar. Observations show that EE}l:O ms an’d ) 1'_07 ms :'jlfter the start ,of the.laser pljlse.

velocity of the liquid melt ejected normal to the workpiece
surface is reduced by 50% when the gas pressure is increasqd
form one to six barwWhen the gas pressure is in the region of
5-6 bar and above, the liquid melt is clearly deflected from the
nozzle exit.

(2) Random Ejection

After ~ 1.7 ms (with both the first and second pulse), the
conical ejection process breaks down, and instead the me
ejection becomes much more directional, although the actual
direction is random from pulse-to-pulse. The expelled material
leaves the hole in a ribbon like structure.

(3) Particle Ejection
The last stage in hole development is when liquid droplets aré
ejected from the hole.

However, this particular ejection mechanism was only observed
when an oxygen assist gas (2.8 bar) was used with sufficient c
pulse energy (16 J). These droplets move relatively slowly
compared with the liquid cone, with velocities in the range

9-17 m&, and appear to come from deep within the hole, se€igure9. Images of particle ejection at 2.8 bar, 16 J, (a) 9.3 ms,
Figure 9. (b) 10.04 ms, (c) 10.23 ms after the end of the laser pulse.

This type of material ejection shows no dependence on theulse Shaping
energy of the drilling pulse. The oxygen reqpirement SU99eSHhe authors have previously undertaken a detailed study of
that the _mechaljlsm for partlcl_e ejection is f_ue_lled by a ercussion drilling involving factorial designed experiments.
exothermic reaction. However, if the pressure is increased ®his demonstrated the importance of pulse shaping in the
~ 5 bar, this particle emission appears to be suppressed, whigl,ction of high quality holes. The high speed camera was
may explain why better hole quality is obtained at lower gagherefore used to study the processes involved with different
pressures. pulse shapes in more detail. Four different shapes were used,
and these are summarised in Table 1. The shapes are very
different but in respect of energy and mean power they are very
similar. The shapes were filmed at two different values of gas
pressure, 1.2 and 6.0 bar. Two different focal positions were
also used, + 1.0 mm and + 2.5 mm relative to the workpiece
surface.
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Time (ms)

Pulse Pulse Pulse Pulse
Shape 1 | Shape2 | Shape 3 | Shape 4
Two Two Ramp Ramp Up
Pulses Pulses Down
Low peak| High peak
power power
Energy J 4.3 3.9 3.9 4.0
Mean 131 144 152 144
Power W
Lamp 28-2.9 29-3.0 29-3.0 2.6-2.1
power
KW
Rep Rate| 30 37 39 36
Hz
Pulse 19 37 32and 20| 17 and 2
Height %
Pulse 1.0 0.3 Both 0.5 Both 0.5
Width ms
Gap ms 0.6 0.6 M i

Tablel. Parameters for each different pulse shape.

The camera was used to film the drilling events on-axis.
Plasma formation was observed with pulse shapes 2, 3 and 4,
having peak powers of 6.5, 4.0 and 4.0 kW respectively. Pulse
1, however, with its low peak power of 2 kW, did not produce a

Science — Laseffer Science Facility - Physics

the number of shots to breakthrough was three for pulse shapes
1, 2 and 3, but pulse shape 4 breaks through on the second shot,
corresponding to the highest drilling velocity. This maybe due
to the initial heating of the material by the leading part of the
pulse, which then allows for more efficient drilling by the
second part. Pulse 4 also came out favourably in the factorial
experimental design study which confirmed this pulse shape as
best in terms of taper, hole roundness and hole variation. At the
focal position of + 2.5 mm all pulses broke through on the third
shot. The decrease in drilling efficiency for pulse shape 4 can
possibly be explained by the increased plasma interaction
discussed above, anite versa for pulse shapes 1, 2 and 3.

Hole Activity
Pulse Shape / focal Postion
35 —
st
A < focal position +2.5mm
2.
7 e
AN
(0] [
g 2p-
[ + b JR E—
15 |
L ! IA ,,,,,,,,,,,,,,,
1} RN G- =
r @, focal position +1.0 mm
05 L I I I
Pulse Type Pulse Type Pulse Type Pulse Type
1 2 3 4

plasma. The lifetime of the plasma plume is plotted for the two
different focal positions as a function of pulse shape inFigyre 11. Liquid melt ejection time as a function of pulse

Figure 10.

[

Plasma Lifetime
Pulse Shape / focal position

09 F

o
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|
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Pulse Type
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Figure 10. Plasma lifetime as a function of pulse shape.

shape and focal position.

From the on-axis high speed film, the basic drilling mechanism
with each of the pulse shapes 1 -3 appears almost identical,
being similar to the mechanism with the single square pulse
discussed earlier in detail (Figure 3). Pulse shape 4, however,
has a visibly different drilling mechanism. The initial coupling
of the pulse into the surface appears to be more controlled than
with the other pulse types. In the first half of the pulse (the
‘pre-heat phase’), the growth of the hole is very uniform, and no
plasma forms. It is in the second half of the pulse that most
material is removed, however, during which time a plasma is
excited.

One problem that all of the pulse shapes suffer from, however,
is that the material is not expelled in a uniform cone in the melt
ejection part of hole development. The melt is instead ejected
in one particular random direction, which is thought to affect
the hole roundness. This may be due to instabilities in the gas
flow, but there may be some contribution from a non-uniform
energy distribution of the laser beam.

The lifetime for pulse shape 2 is the combined time for each

part of the pulse. For pulse shapes 2 and 3 the + 1 mm foce

Ionclusi ons

position produced more plasma than the + 2.5 mm. This is
likely to result from the higher power density at the surface withThe laser percussion drilling mechanism in Nickel alloys with
the focus at + 1 mm. Pulse 4, however, showed the opposimulse energies of up to 30J in 1 ms has been studied in this

effect, which may be due to the higher intensity at the end of thexperiment.

The process has been shown to consist of three

pulse interacting with the vaporised material above the holestages:

The gas pressure setting did not alter the plasma lifetime for

either of the focal settings.

The liquid melt ejection times are plotted as a function of pulse

1) Initial coupling of the laser into the surface, breaking
down its reflectivity, and giving rise to a plasma plume
above the workpiece. This takes ~1 tous0depending
on pulse energy.

shape in Figure 11, for the two different focal positions. Pulse . . R .
types 2, 3 and 4, though very different in shape have2) Majority material removal: while the plasma plume is

approximately the same melt ejection time. Pulse shape 1,
however, having a low peak power and longer interaction time
with the material has the longest melt time for both focal

positions. From the video it is also possible to determine the
breakthrough of the laser pulse. At the focal position of +1 mm

165

present, the material is generally removed as a liquid in
a well-defined ‘cone’, driven by the vapour pressure
inside the hole. The plasma lifetime is typically the
same as the pulse length, but this removal process
continues for ~ 0.5 ms after the plasma has disappeared.
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3) Continued hole development. The material removalAcknowledgements
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Laser engineering for manufacturing applications: phase 3, stream A, ‘precision
laser drilling’

D P Hand, W SO Rodden, J D C Jones
Heriot-Watt University, Department of Physics, Riccarton, Edinburgh EH14 4AS

Main contact email address: D.P.Hand@hw.ac.uk

normal to workpiece surface). Filming was also attempted from

Introduction
A ¢ of the | i L Enai in for Manufacturi the rear, but very little could be seen, as most of the material is
s part of the long term Laser Engineering for Manufacturing., .. v« from the front of the hole.

Applications (LEMA) programme, funded by EPSRC, we are

researching into the Precision Laser Drilling process; inFilming from the near normal angle was found to produce poor

particular how the efficient (in terms of cost per hole) Nd:YAGimages due to the low level on contrast between the ejected

single-shot drilling process can be improved in terms of itamaterial and the metallic workpiece behind it. Filming from the

reliability and repeatability. If sufficient improvements can beside at a shallow angle, in which the workpiece is only visible

achieved, then the process has significant potential in afrom the side rather than behind the ejecta, was found to be

aerospace application; the generation of large arrays of smathore satisfactory.

(50um diameter) holes in the 1 mm thick titanium and

aluminium used in the leading edges of aircraft wings and tailResults

fins. These hole arrays will have the effect of reducingexample results are shown in Figure 2, filmed at

turbulence around the wing, leading to potential fuel savings 0f7,000 frames/s, illustrating the process by which material is

at least 7%. At present, methods for doing this by percussiofemoved from the hole by a liquid ejection process. It can be

drilling using excimer lasers are available, but this is a slow angdeen that the molten metal is initially ejected as an

hence relatively costly process. approximately conical spray of small particles with a later,

considerably larger particle of melt being expelled in the final

however, we need to better understand its dynamics. This Césﬁages of the Qr|ll|ng pulse. . This flnal large piece of .melt,
unlike the earlier small particles which were ejected in an

be partly achieved by the use of single-point optical roximately symmetrical manner, was found to be expelled in
measurements, but in order to obtain a more complete pictureggrgndom dir()e/cti{)n ’ P

full-field imaging technique is essential. The process is
however too fast for standard digital cameras, with holes bei
formed in less than 10@s. We therefore applied to the EPSR(
Engineering Loan Pool to borrow a high-speed camera (Kod
Ektapro HS Motion Analyzer Model 4540, which operates at
to 40,500 frames per second). In order to reduce the glare
to plasma generation, however, it was essential to use an inte L
narrow-band illumination light source, together with
corresponding narrow-band filter in front of the camera. Tt
most convenient light source to use was an Argon ion laser, ¢
so in conjunction we obtained a Spectra-Physics 2025- -
(CWL1) laser from the Central Laser Facility.

In order to improve the single-shot Nd:YAG drilling process,

Froma Saparaticn 37 microssconds

1]

Experimental

A schematic diagram of the experimental arrangement is sho F -

in Figure 1. Light from the Argon-ion laser was coupled into -
large core multimode optical fibre. This fibre was used both
guide the light to the region where illumination was require

— e
—
e e L

and to diffuse the light to some extent, thereby reducing t s .
laser speckle. The camera viewed the process from t ! I
different angles, using either mirror A on its own (shallow ang
to the workpiece surface), or both A and B together (ne I

Mirror B — e e

Ejecta

Laser Beam I
High Speed Camera / * Figure 2. Melt gection filmed at 27,000 framess.

Figure 3 shows a sequence filmed at 13,500 frames/s without
the narrow bandpass interference filter. The very bright light

Mirror A

Filter from the plasma generated during the drilling is clearly visible

and completely obscures the melt ejected during this stage of

Fibre with Illumination the process (cf Figure 4). However, in the final stages of the
from Ar lon Laser drilling pulse, as the light from the plasma diminishes, it is

possible to identify the ejection of the large, randomly directed

Figure 1. Schematic of experimental arrangement. particle of melt discussed above (frames 6-9).
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Frafra Separatioe T e iosscinds

Figure 3. Sequence filmed at 13,500 frames/s without
interference filter.
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Figure 4. Melt ejection at various stages of the drilling
pulse.

CLF Annual Report 1998/99

Figure 4, meanwhile, illustrates the melt ejection that occurs at
different stages of the drilling pulse. By measuring the

positions of the ejected particles in successive frames it was
possible to estimate the ejection velocities to be within the 6 to
14 ms' range. A rough error estimate based on the

uncertainties in the angles of ejected material would suggest
possible errors as large as 30%.

Summary and Conclusion

High speed filming of the laser drilling process has allowed two
significant results to be obtained. Firstly, two distinct ejection
processes occur. An initial approximately conical ejection of
small particles followed, at the end of the pulse, by the
expulsion of a larger particle in a random direction. Secondly,
the ejection velocities of the melt were estimated to be in the
6-14ms'range.
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Observation of Ultrafast Demagnetisation in a Nickel Foil

J Wu, R Wilks, R J Hicken
School of Physics, University of Exeter, Socker Road, Exeter EX4 4QL.

Main contact email address: R.J.Hicken@exeter.ac.uk

Introduction
Recent observations of optically nduced ultrafast A\ T

demagnetisation in magnetic metas have caused great A}
excitement in the Magnetism community. The principles tha )
govern spin dynamics on femto and picosecond time scales & Intensity
not yet fully understood and there is the promise of Stabiliser
technological applications in which magnetic components ar

switched on and off by direct optical excitation. Nickel was

considered to be an ideal candidate for such studies because Ti‘Sa ¢

Curie temperature is the lowest of the ferromagnetic 3¢ )

transition metals. In previous pump-probe studies of Nickel Laser Delay

optical excitation was performed with micro-joule pulses at
repetition rates of less than 100 kHz. In this report we descrik
the experimental procedures that must be used when workir
with nano-joule pulses at a repetition rate of 82 MHz. We
demonstrate that ultra-fast demagnetisation may be observed I
a Nickel foil under such conditions.

Line
Reflectivity Rotation

Experimental method

A schematic of the optical pump-probe apparatus is shown i
Figure 1. The light source was a mode-locked Ti:sapphir:
laser. The optical pulses had a width of the order of 100 fs and
repetition rate of 82 MHz. The bandwidth of the pulses wa:
monitored continuously with a spectrum analyser. Each puls
was split into two parts and the path length of the more intens
pump pulse was varied by reflecting the beam from a corne
cube mounted on a stepper motor driven translation stage. T!
probe beam was intensity stabilised and both beams we
passed through Glan-Taylor polarisers before being focused ai
overlapped on the surface of the sample. Earlier reports ha
suggested that a pump fluence of the order of 1-10 rRJ&m
required in order to observe a significant demagnetisation effect

in Nickel. This implies a spot size of the order of 100 for Figure 1. Schematic of the experimental apparatus.
the 1uJ pulses used in earlier reports, but a spot size of just
10um for the 10 nJ pulses used in this study. remember that the two beams were obliquely incident upon the

In principle one may focus and overlap the pump and prob@inh("e'

beams using a single lens. However, the focal length must bghen studying processes that occur on time scales of
short if the beam divergence, of less than 0.6 mrad, is not tgpproximately 1 ps it is necessary to know precisely at which
limit the spot size. It is then difficult to separate the two beamsgosition of the translation stage the optical path lengths of the
and to obtain a large angle of incidence, as is required if thgump and probe beams are equal. To determine this position
sample is to be probed by means of the longitudinal Magnet@e placed a thi3-BBO crystal, cut for non-collinear doubling,
Optical Kerr Effect. We therefore chose to focus pump andy the sample position and monitored the intensity of the
probe beams with separate lenses. Both beams were expandgguency doubled beam as the translation stage was scanned.
by a factor of 10 to reduce the beam divergence and thefne results of such a measurement are shown in Figure 2(a).
focused with achromatic lenses of focal length 16 cm that werggherence effects are also observed when there is temporal
chosen for their reduced level of aberration. All studies Wergyerlap between the pump and probe pulses at the surface of an
p_erformed at awz_alvelength of 800 nm. The focuseq spots Weghaque sample. Light is diffusely scattered from the pump
viewed from a distance of greater than 16 cm with a CChheam into the probe beam path, leading to interference in the
camera fitted with a zoom lens that gave a magnification factof,easured probe beam intensity. Figure 2(b) shows the
of approximately x100. The focus and position of the beamgariation in intensity observed for a Ni(1000A)/Cu sample
were adjusted by moving the final lenses on XYZ stages. Wgnen poth pump and probe beams were p-polarised. The
found that the initial focusing and overlap were most easilyntensity is expected to oscillate with a period corresponding to
achieved by using a piece of clean commercially polished GaAgne optical cycle (2.67 fs). The rapid variations in Figure 2 (b)
wafer as a target. This was then replaced with the Nickeire consistent with this behavior. The scan was made at the
sample which was moved to the focal plane by means of apsolution limit of our stage so that the time delay was
XYZ stage that had a resolution of better than 10 microns. As gcremented by 1.67 fs between successive data points. This
check on the overlap and focusing of the beams, the sample Wggrement is clearly too large for us to fully resolve the
also replaced with a pinhole of 12m diameter. A  gscillations.

simultaneous transmission of 30% and 60% was achieved for ] ) o

the pump and probe beams respectively. These figures afdi€ full width at half maximum (FWHM) of the curve in Figure

consistent with a spot size of the order of i@ when we 2 (&) is approximately 400 fs. Treating this as a true
autocorrelation curve we would expect a FWHM of 280 fs for a

Gaussian pulse shape. This value probably reflects the extent of
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the group velocity dispersion incurred in the optics external t®o that the intensity at one of the two detectors is almost zero.
the laser, although we note that the pump and probe puls&¥hen the magnetic field is swept, the change in intensity at this
follow different paths and so may have different pulse widths atletector is proportional to the rotation induced by the s&@hple
the sample.

With a repetition rate of 82 MHz, our tightly focused pump
beam delivers a much larger CW-equivalent power per unit are
to the sample than do the lasers used in previous stities

Indeed we found that thin films grown on glass substrates suffi
irreversible damage due to heating by the pump beam. In tF
report we present results obtained from a polished Nickel foil c
thickness 50Qum. The surface oxide layer is assumed to be
sufficiently thin that it does not significantly affect the magnetic N N N A A B
signal from the underlying metal. The electromagnet in thi -06 -04 -02 0 02 04 06
experiment was specially designed to allow wide field optica

access and angles of incidence of 20° and 60° were used for 1 H (kOe)

pump and probe beams respectively. The corresponding C

equivalent power values for the two beams were 300 mW a Figure3. A hysteresis loop is shown for a Nickel foil

5 mW. sample.

T e

Intensity (arb. units)

In our experiment the incident probe beam is p-polarised. Tha hysteresis loop obtained by this method is shown in Figure 3.
longitudinal Magneto Optical Kerr Effect causes the reflected

beam to become elliptically polarised. To first order both then previous time resolved measurements of ferromagnetic
rotation and ellipticity are proportional to the component ofresonance oscillatiofiswe found that the best signal to noise
magnetisation that lies in the plane of incidence. We haveatio was obtained by modulating the pump mechanism and
previously demonstrated that the rotation angle may beneasuring the response of the probe beam with a phase
measured to an accuracy ofufleg by using the optical bridge sensitive detector. In the present study, where the pump and
shown in Figure 1 and by employing a suitable modulatiorProbe spots were overlapped on the surface of the sample, this
techniqud. However it is first necessary to obtain a hysteresign€thod proved to be inappropriate. A background signal due to
loop from the sample with the pump beam blocked so that iffusely scattered pump light masked any signal from the
suitable bias field can be chosen for the time resolvedrobe beam. We have therefore investigated a number of other
measurement. Recording a hysteresis loop is essentially a feodulation schemes. The first of these involved applying an ac
measurement and in these circumstances the optical bridd@/tage to the electromagnet and driving the sample around the
becomes susceptible to low frequency noise. A better signal tdysteresis loop shown in Figure 3. The height of the hysteresis

noise ratio may be obtained by setting the polariser in the bridg@0P was measured in a phase sensitive manner. The results of
such a measurement are shown in Figure 4(a) and the ultrafast

demagnetisation effect is clearly seen. There is a single data
point at zero delay that is off scale which occurs because of the

14 ; . . .
coherence effects described previously. The signal was again
@\ 12 7(a) derived from a single photodiode with the polariser in the
5 F optical bridge set close to the extinction condition. We also set
o] 1F the polariser to balance the optical bridge. The variation of the
3 o0s E difference signal with time delay was similar to that in Figure
= - 4(a). The disadvantage of the field modulation method is that
g 0.6 | the modulation frequency is limited to about 10 Hz by the self-
€ oub inductance of the magnet. Also it is not possible to discern the
- TE ! effect of a particular value of the applied magnetic field upon
02 F the ultrafast demagnetisation.
SN T A Ay We investigated other measurement schemes in which one or
115 both beams were chopped. We found that trased additional
5 11l (b) demands upon the detector circuitry. The square wave signals
E= . from the sum and difference amplifiers in Figure 1 were found
3 105 | to possess overshoots that arose from variations in gain and
o - slew rate between the two photodiode pre-amplifiers. While the
) PR — ] G circuitry has since been modified, we found that the difference
2 signal could be reliably obtained by connecting the outputs of
% 095 | the two photodiodes in anti-parallel into a single amplifier.
g Chopping the probe beam eliminates background signals
~ o9} resulting from stray light, but does not eliminate the low
frequency drift in the bridge detector. Chopping only the pump
T S SRR B beam is unhelpful as we have already discussed. We found that
-1000 -500 0 500 1000 the best approach was to chop both beams synchronously at
. different frequencies, using a dual blade chopper, and to then
time delay (fs) phase detect at the sum frequency. The results of such a
. . . measurement, with a bias magnetic field of 300 Oe, are shown
Figure2. (2) A non-collinear doubling crystal in Figure 4(b). The signal was derived from a single
was placed at the sample position. The intensity of photodiode with the polariser set close to the extinction
the frequency doubled beam is shown. (b) the condition. Again similar results were observed by taking the
interference of diffusely scattered pump light with difference signal from the balanced optical bridge. The signal
the probe beam is shown for a Ni (1000 A)/Cu in Figure 4 (b) is saturated at three points about zero delay and
sample. again we believe that coherence effects were responsible.
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observed. Changes in reflectivity of close to 1 % have been
reported in recent pump probe studies of Ni¥keWe suspect
then that the curves in Figures 4(a) and 4(b) might represent
different combinations of rotation and reflectivity signals.

So far the large cw equivalent power of the pump beam has
limited our studies to samples of high thermal conductivity.
However thin films may still be studied if they are deposited on
to suitable substrates and the cw equivalent power could easily
be reduced by using a pulse picker. In summary, we have
shown conclusively that the ultrafast demagnetisation effect in
Nickel can be observed with only a mode-locked Ti:Sapphire
laser. While we are still developing the experimental
technique, we expect that it will be applicable to a wide range

normalised hysteresis loop height
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Figure4. The results of optically pumped measurements on a
Ni foil are shown. In (a) the foil was driven through a full
hysteresis loop at a frequency of about 10 Hz, while in (b) the
pump and probe beams were chopped synchronously at
different frequencies and the signal measured at the sum
frequency.

However a change in signal level is also observed over longer
time scales which we attribute to an ultrafast demagnetisation.
The origin of the signal at negative delay times is still under
investigation but we point out that diffusely scattered pump
light could give rise to this effect if there is any non-linearity in
the response of the detection electronics.

Discussion

The ultrafast demagnetisation process begins with electrons in
the nickel being excited to a non-thermal distribution.
According to the latest repofls after thermalisation the
electron and spin systems are described by the same
temperature which is higher than the temperature of the lattice.
The thermalisation time has been reported to be about 250 fs for
a pump fluence of approximately 7 mJmHowever this time
depends upon the pump fluence and is expected to be longer for
smaller fluencé8. We suspect that our pump has a smaller
fluence and larger pulse width than those used in earlier reports.

Due to the presence of coherence effects in our experiments we
are currently unable to comment on the value of the time
required for thermalisation. However we expect that, with the
use of compression optics, the pulse width at the sample can be
reduced to less than 100 fs so that the electron thermalisation
time can be explored. Furthermore the use of shorter pulses
might also yield an increased demagnetisation effect. The two
curves in Figure 4 are seen to have a somewhat different form
at time delays beyond the region in which coherence effects are
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of samples in future.
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Upgrade of Vulcan to 1 Petawatt

C B Edwards, M H R Hutchinson, C N Danson, D Neely, B E Wyborn
Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, UK

Main contact email address: C.Edwards@rl.ac.uk

The CLF has been awarded a grant of £3.3M by EPSRC (thgystem. The latter comprises a pair of diffraction gratings
Engineering and Physical Science Research Council) to upgra® cm in diameter with a separation of 13 m and housed in an
the Vulcan high power neodymium glass laser facility. Overultra-clean vacuum chamber. At the time of writing of this
the course of the 3 year project, the output of Vulcan’s ultrareport, planning permission has been obtained and it is hoped
short pulse beam will be increased to 500 J in a pulse of 500 fhat building work will begin at the end of 1999.

duration giving a power on target of 1 Petawatt'{\atts).
With the use of adaptive optics to correct wavefront errors, th
Vulcan beam will be focussed to a near diffraction limited foca
spot, producing irradiance on target of10/cm?.

grom the above it will be appreciated that this upgrade
[epresents a significant increase in the scale size of components
routinely handled within the CLF. This will affect all aspects of
the operation of Vulcan from the cleaning of components,
This level of performance will open up new regimes of plasmabptical metrology and testing, assembly and alignment. It will
physics to the UK scientific user community and theiralso necessitate some changes in the way of working in the new
international collaborators including photon induced nucleatarget area. For example, with a beam diameter approaching
reactions, studies of relativistic effects in ultra high fields and70 cm, the weight of a turning mirror alone is 360 kg and major
new schemes for the acceleration of charged particles. changes to the optical configuration of an experiment will

In addition to funding from EPSRC, the upgrade is benefitingreqwre considerable planning.

from components which have been made available by the U.& major factor in the planning and organisation of the upgrade
Department of Energy following the closure of the NOVA laseris the determination to maintain full operational capability of
at Lawrence Livermore National Laboratory in May ‘99. This Vulcan throughout the project, with the exception of a 14 week
includes 20 cm disc amplifiers, large aperture beam deliverglosure for modifications to the power supply and pulsed power
optics and a number of high energy density capacitors. Isystems. This clearly requires additional staff effort and
return, scientists from Livermore will receive access to beanmecruitment of scientists and engineers on fixed term contracts
time, either as sole investigators or in collaboration with the UKis already underway.

user community. . .
y The Petawatt Upgrade represents a very exciting opportunity to

The most visible sign of the upgrade will be the construction oénhance still further the scientific profile of the facility and its

a new target area on the east side of R1 adjoining TA East aser community. It is an extremely demanding undertaking and
shown below. This new building will be approximately equalpresents many challenging objectives; technical, financial and
in size to target areas East and West combined, slightly higherganisational. When these objectives are met the challenge
and equipped with a 5 ton crane to enable the major pieces wifill pass to our user community to exploit the new facility in
equipment to be moved quickly and safely. The size of thehe most imaginative, competitive, and cost effective ways
building is set by the length of the vacuum spatial filter beanpossible!

expander and relay, and the size of the pulse compression

b -

New Target Area extension shown
below (outlined in red).
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Figure 1. Proposed floor plan of Vulcan Upgrade.
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Vulcan Computer Control System Upgrade

D Pepler
Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, UK

Main contact email address: D.A.Pepler @rl.ac.uk

Historical Perspective computer (PC), the GEC 4080 was replaced by two networked
PC’s. These were 286 processor-based computers both with

Appleton Laboratory has had si it's inf 22 their own monochrome displays and 20 MB hard discs. Each
ppleton Laboratory has had since it's infancy (some year(s,omputer, through a PASCAL application, performed it's own

previous) some form of c;omputer coqtrpl for operating the !as rhdependent function but communicated with the other via file
and for collecting, collating and archiving of the data obtaine aring. The first computer was interfaced to CAMAC so as to
&

The Vulcan high power Nd:glass laser facility at the Rutherford

from the_laser operations. Th? computer control has chang able to control the laser and obtain data. The second
over the intervening years bu_t initially the computer was a_GE mputer was used to obtain and archive data (onto a 200 MB
4080 ‘mini’ computer which despite it's classification optical disc) and also to display (via an external graphics

completely took up wo 6 h!gh 19. racks. Tc.) enable .th's ontroller) a colour schematic diagram of the laser system for
computer to control the laser it was interfaced into a series °§1e benefit of the laser operator

CAMAC crates placed around the laser system.

. N Thi t t ly reliable f but bei
The GEC 4080 was quite advanced for it's time and was able t8nll3s/ ;);ség_rgavggg ce(;(n:gumt(eeryn:)?/\;iag p(r)(;brlgﬁsy ir):giilitl;/ cing
run up to 256 concurrent processes but was quite restricted In ’

the memory available both for RAM and for hard disc SPaceThe Upgrade

Two 20 MB Winchester discs were available which had to bel_ . . .
backed up onto magnetic tape at least once a week. T e current laser contro[ system is heavily reliant on thg
computer was programmed in the high-level assembly langua MAC and on ;eyeral items that have far exceeded their
BABBAGE that also had its restrictions. ormal expected lifetime. Apar_t from the 28_6 based_ computers
themselves these obsolete pieces of equipment include data
With the advent of the single board computer, the LSI 11, thecquisition systems, the graphics controller, video character
target areas of Vulcan were computerised using the MicroPowegenerators and the file-sharing network.
PASCAL programming language again with these computer
interfaced into CAMAC for target area control and
communication with the GEC 4080. Using the experienc
gained from this and with the introduction of the personalm

i\ solution was therefore required to address these and other
é'ssues such as the fact that the facility downtime should be
inimal.

rapAnaagy A2 E ————___ VULCAN Computer Control
~w— il Lasar area 3 &
= —_—

Data Acquisition System

Capacitar Raam

I, Safety & System Configuration  Data Acguisition, Data
Data Acguisition Display Archive & Magnostics

Safaly
Harware & Saftwars IMerlocks,
Beamsiops, Display Diagram

=y
e
Diata Acquisition Diagnostics Dada Archive ‘L__.l_- LY
Elecirical, Optical & System Availability, CO-ROM Archiving & !1
Lasar Enargy momniboing Ampitier Galng, Lasar Status Hardcogy Printouis

Figure 1. Schematic of the CAMAC communications network.
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Figure 2. Sequence of menus controlling laser operation :-
Lower screen area contains interlock status indicators. Upper
screen area changes to charging histogram on shots. (see
Figure 3).

Figure 3. Charging diagram, indicating voltage levels on all
selected amplifiers. This display reverts to menu screen after
shot firing sequence is complete (see Figure 2).

Figure 4. Continuously updated safety diagram indicating the Figure5. On full laser shots, this display converts to a sequence
status of the laser system configuration. of shot data screens for archiving and hardcopy printout.

Obviously the computers needed to be replaced with modern computers, (medium specification computers at the time of
equivalents but it quickly became apparent that any solution starting this project). The primary functions of these three
required a complete restructuring of the functions of the computers are Control, Display and Data Archive.

computers and the way in which they would communicate.

. Control
Because of this, a number of avenues were explored as to

whether or not some radically new control system should be
implemented. LabView in particular was looked at in some

The Control computer, in order to operate the laser system, has
to be interfaced in a number of ways to the specialised hardware
detail but despite the attractiveness of some of it's featureéhelt actually runs and _flre_s the laser. Th's_ Is achieved through

the CAMAC communications network. Figure 1 shows the

there were difficulties in duplicating the working sChemaﬁcschematic of the whole computer control system with the three
i I f f the LabVi i h Id h . X S
diagram, also, very few of the LabView drivers that would have omputers linked via ethernet and the additional CAMAC

been necessary to control the varied CAMAC modules existed X . ;
These facts meant a considerable amount of work would ha\).?eewvork connections. The CAMAC system comprises of six

been necessary to write the required drivers and to develop tﬂ%d.'v'dual mterface crates;'one in the main control room; two
graphical display. inside the main laser area; one in the high voltage power area

and one in each of the two main target areas. Each of these
The solution was therefore to use the 17,000 lines of PASCAlkrates contains a humber of modules for digital input / output
programs that already existed on the 286 based PC's, as tli®), ADC or similar interfacing functions. The separate zones
basis of a re-structured control system. The new system wouldre fibre-optically coupled to eliminate any electrical
have to duplicate and enhance the control, display and archivirigterference.

functions of the previous system and be capable of usin . . . .
P y P él three computers are situated in the main control room with

e Control computer being linked directly to the CAMAC via a
1330 PC / CAMAC interface module (Hytec Electronics Ltd).

modern data acquisition devices such as analogue to digit
converters (ADC), GPIB services and video framestores.

The video framestores, best suited for the present Iasr?_ 2 sh th . Thi deliberatel
application along with other interface cards, are based on t /gure ts SWS € ”?Ia'" menu s_ct::aer;. thls was dell erate3|/
standard ISA bus. As more modern computers are restricting t osen 1o be as similar as possible 1o the previous contro

number of ISA slots in favour of PCI slots, this dictated thatTiéNUS so that operator training / errors could be minimised, but

three computers would be necessary to house all the requir th significant operational enhanpements as well. A key
interface cards. The chosen devices were Viglen P5 200 MH ature of the new control screen is the continuously updated
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colour coded interlock status indicator panel, filling the lower When a full laser shot has been fired this computer is also used
part of the screen. This enables the laser operator to see, at a  to collect and to process certain data (for example reading the

glance, the status of the most important hardware interlocks - waveforms from oscilloscopes via GPIB interfaces) and to then
the simple colour coding giving indication of definite hazards produce both a hardcopy printout and to save all the data to disk
(red), possible hazards (yellow) and clear interlocks (green). for archival purposes.

In normal operations this indicator panel is on display al the The time taken from firing the shot to producing all hardcopy
time with the middle screen area aso giving extra information printouts is about 40 seconds, which is a considerable
concerning the time and date and laser ready status. The upper improvement over the previous 286-based system which used to
screen area is normaly reserved for the menus, which are take some two and a half minutes.

severa layers deep. Through the use of these menus the

operator can control and monitor most aspects of the laserGommunications

operations. It has already been stated that the computers communicate with
Iqch other and that this information is passed via ethernet. Each
mputer has an identical PCI ethernet adapter card (Viglen
-3200P+), and each of the PASCAL applications uses an
flentical PASCAL program to access the network. This routine
ses the Packet Driver code supplied with the cards and enables
ta variables to be sent from one computer application directly
into another. The routine operates on interrupts and so the data
transfer is essentially transparent to the receiving application, it
merely uses the current value which is always the most recent.
When the laser is required to fire, an extra screen display iShe ethernet packet variable used in this application is declared
needed to show the laser operator the voltages of all of thas follows: a 6-byte address for the destination; a 6-byte address
selected amplifiers. Since when firing a shot the menus are rfor the source; a protocol type word; a command word; a data
longer required to be active, the upper part of the control scredength word; then the data itself which can be up to 1496 bytes
is replaced by a psdo 3D histogram of the charging voltages. long. When this packet is received, the computer loads the data
Figure 3 shows this in operation. After the laser has fired thénto a particular variable according to the command word value.

histogram is replaced by a number of other screens which giv ke th ¢ bust and | d-ol tibl
details of the post-shot data collection, for example the retrieva 0 make the Systém as robust and as plug-and-piay compatible

of energy calorimetry. After the data collection is completed théS possible, the first task an pow_er_—up,_c?f eac_h of the computers,
main control menu screen is redisplayed. Is to broadcast a packet containing it's unique identification

(ID) number and ethernet address, over the network. It does this
Display by encoding the ID into the command part of the ethernet

The data obtained f th rol ter i t via eth header, which also includes the senders ethernet address. Each
€ dala obtained from Ihe controf computer is sent via € ern(?c repeatedly sends this packet, until it has also received valid

It should be noted that although the menu screen appear in p§
to be text based, in fact all the elements on screen are drawn

high resolution graphics mode, namely 1024 x 768 pixels in 25
colours. This method was chosen simply to eliminate the scred
flicker that is common when changing from graphics mode td!
text mode and vice versa. Graphics mode is essential not on

for the interlock status indicators but also for displaying
electrical waveforms.

to either (OT both) c.)f the chgr cpmputers. For example, the sta hernet addresses from all the other computers. With this
OI a;ll the mlcrcgtsyvncdheg |n(g:|catt|nglg safgty shuttt(ejr gpet?]/ Close chnigue even if an ethernet card fails and is replaced with a
statuses s obtaned via Lontrol and Is used by the secong,, one, of the same type, no modification is required in the

computer to generate a continuously updated safety diagra@?)ftware as it will automatically pick up and use the ethernet
which indicates the current state of the laser. Figure 4 Show&ddress of the replacement adapter card

this diagram giving clear indication of the status of particular
laser amplifiers being selected and the status of an alignmehtaving established full communications with each other, each
laser beam being directed into one of the four target areas.  PC initialises the variables that it is responsible for and then
initialises the graphics display. The Control PC then initialises

e CAMAC hardware, updates the status indicator panel and
ends the packet containing the IO data to the Display and
Ok¥chive PC’s for them to update their displays as well.

The beamlines drawn on the display are continuously rewritte
to give an appearance of motion. Other indications are given
special devices such as waveplates, optical pre-pulse generat
vacuum levels, beam smoothing elements etc.
The Control PC then continuously monitors the keyboard and

Data Archive the Laser controls to check for requests to fire the laser, or for
The third computer also displays the micro-switch informationchanges in system configuration to be made. Because of the
for diagnostic purposes but is primarily concerned with datspeed of the computers, the Control PC is able to check and
collection and data archival. display the status of a wide range of interlocks, to read large

numbers of analogue voltages and to process these requests 2 or

Figure 5 indicates the displays that are normally shown, giving times a second. This is more than adequate for operating this
the operator details of past shots on any beamline. Thesga)-time system.

indicate the number of shots, the shot rates for low level,
medium level and high level shots and the optical laser gain forhe Future
each beamline. Also, details are given of the system start-Up i anticipated that in the next few years, further enhancements

time, the time that has been taken to align the laser, when tarqﬁ}” be made to the control system with touch screen

areas have used the laser and whether or not any downtime I?Pr?erfacing additional networking to diagnostics and
been experienced. This data is displayed in detail on a daié(omputeris:ed interlock systems being installed
basis and also for a complete 7-week experimental period. This ’

information is then used as input to check performance against
the facility Service Level Agreements (SLA).
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Frequency Doubling for Ultra-High Intensity, High Contrast Ratio Plasma

Interactions

R M Allott, R J Clarke, D Neely, J L Callier, C N Danson, C B Edwards, C Hernandez-Gomez, M H R Hutchinson,
M Notley, D A Pepler, M Randerson, | N Ross, J Springall, M Stubbs, T Winstone

Central Laser Facility, CLRC Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11 0QX, UK.

Main Contact email address: RM.Allott@rl.ac.uk

Introduction

Recently, there has been increased interest in using the second
harmonic of the chirped pulse amplified (CPA) Vulcan Nd:glass
laser system. With shorter duration pulses and ultra-high
intensities, pulse contrast plays a crucia role in many
interactions. Due to the non-linear nature of the process,
frequency doubling offers one route of reducing any pedestal or
laser pre-pulse. In addition, a shorter drive wavelength can be
advantageous in some laser-plasma interaction experiments.

This paper describes the frequency doubling of a 140x110 mm,
40 J, sub-picosecond, 1054 nm beam for laser matter interaction
studies a the Centra Laser Facility.  The conversion
characteristics including efficiency, beam quality, focusability
and pulse length for two large aperture (157 mm diameter) high
quality KDP crystals of thickness 2 mm and 4 mm were studied.

Experimental Arrangement

The experimental arrangement is shown in Figure 1. The 850fs,
40J, IR pulse from the TAW CPA compression gratings was
directed into the KDP, Type | frequency doubling crystal
contained within the target chamber. The use of Type |
doubling increases the contrast ratio as it leads to more efficient
rejection of the fundamental beam since the fundamental and
second harmonic are orthogonally polarised. The frequency
doubled beam then reflects off four HR @ 527nm mirrors to
maximise the Green/IR contrast ratio (each mirror rejects the IR
by a factor of ~ 10%) and onto the 3m Off Axis Parabola via a
final turning mirror. The focussing beam from the parabola was
then sent through pinhole targets and onto a large area
calorimeter.

| Spectrometer
[

Green
Diagnostic
System

H Near Fields

I CPAI I'IControl Desk
Diagnostics

Figure 1. Experimental Layout.

The Green CPA diagnostics were fed from a 0.2% leakage from
the 3 IR rejection mirror, where the green/IR contrast is high.
The green leakage from the mirror was sent through a telescope
system to de-magnify the beam by a factor of 7 and energy
dump to reduce the intensity and prevent build up of B integral
before entering the diagnostics suite.  The green diagnostics
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suite consisted of an autocorrelator, interferometer,
spectrometer, and farfield monitors providing a full data set for
the second harmonic beam on each and every shot.

Initially calorimetry was performed after the CPA compression
gratings to determine energy losses in the compression system
and the CPA diagnostics feed. This provided a calibrated input
energy to the second harmonic crystal. The crysta was then
tuned with a series of low energy shots. Once the crystal was
optimised, the parabola was replaced by alarge area calorimeter
and shots were taken over a wide energy range in order to
determine the crystal conversion efficiency. All shots provided
data on the 1w and 2w CPA diagnostics and gave information
on beam quality, focusability and pulse length.

Results and Discussion

In order to define the maximum intensity that can be delivered
to target the conversion efficiency, pulsewidth and foca spot
size (beam quality) must be determined.

The second harmonic conversion efficiency of the 2mm and
4mm crystals is plotted in Figure 2. The 4mm crystal has a
peak efficiency of 68% for an incident intensity of 100GWcm?,
whilst the 2mm crystal gave 57% for 120 GWcm2.

4 + g
o B st

0.4 &

Conversion Efficiency

* 2mm crystal after tuning|

+ 4mm crystal data

0 50 100 150 200 250
Intensity in Crysta / GW

Figure 2. Conversion Efficiency for 2mm and 4mm Crystals.

This very high efficiency alows in excess of 20 J at 527nm to
be delivered to target when using the 2mm crystal. Figure 3
indicates the effect of driving the crystals at even higher
intensities. The dotted red line indicates the operationa region
at present and the dotted black line the operating point expected
after the installation of the OPCPA front end. It can be seen
that as the intensity increases to ~ 400 GWcm the conversion
efficiency of the 2mm crystal pesks at ~ 70% whilst that of the
4mm crystal appears to drop off rapidly beyond ~ 100 GWcm2,
It should be noted that these data have been scaled from origina
lower intensity data. It does however show clearly that the
2mm crystal is the optimal thickness for future experiments on
Vulcan.

To generate a frequency doubled pulse with minimal energy in
the wings, it is essential that the bandwidth of the doubling
process supported by a given crystal is sufficiently large. There
is therefore a tradeoff between using a thick crystal to improve
conversion efficiency and using a thin crystal to increase
supported bandwidth. To maintain optimum conversion
efficiency for a given crystal thickness L, it has aready been
shown that the quantity IL? = p should be maintained, where | is
the incident intensity and p a constant for a given type of crystal
and doubling process. Based on the data presented in this paper
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It was found that by tilting the farfield lens the majority of the
astigmatism could be removed.

0.8
o7 SO
|
2 0.6 1 i % 'E : + ’_H—«
8 ¥ :
205 | | i . —
o | | R I
5047 3 : : 2mm crystal data
14 | | +  Scded 4mm crystd data
03 1
§ : : — — - Summer '99 at 400 fs
k3
027 : : — — - Current operating position i . . ) )
| | Figure5. Focal Scans Showing Astigmatic Farfield.
0.1 | | = 4mmcrysta data
| |
0 | } ‘ ‘ ‘ The same procedure was applied to the F20 off-axis parabola
o 200 400 600 800 1000

resulting in the spot profile shown above in Figure 6. Using an
F20 optica system the spot size is ~50um which impliesa< 4 x
diffraction limited performance at 527nm. The farfields taken
for low and high energy shots for the 2mm crystal show much
less beam breakup than for previous measurements with the
4mm crystal® probably due to an improved beam wavefront

Intensity in crystal / GW

Figure 3. Conversion Efficiency Scaled to indicate Present
and Future Operating Points.

avalue of I(GWcm?)L%(cm) = 14 % 6 for Type | doubling in a

KDP crystal is obtained. In a CPA system the energy density  from the static corrector plate?.
E(J)/A(cm?) which a grating can support before damaging is a
limiting operational point (assuming no beam telescoping).
Expressing the optimum crystal length in terms of the pulse - ,
duration 1, the beam area A and energy E gives:- 2120 i
2 100 RS

5 £ t

L= BpAg T0.5 (1) g ;cg ‘. .‘*.‘
D E D i 2 00004‘000000000““. ...”‘Oooooooooo’oan
0+ T T T T T T T 1

To preserve a given pulse shape the time bandwidth product 0 100 200 300 400 500 600 700 800

TAw must be maintained as the duration is reduced. However,
to obtain phase matching in a crystal the range of wavevectors
scalesinversely with crystal thickness as AKOL™. Therefore, to
maintain conversion bandwidth as the pulse duration is reduced

Microns

Figure 6. Image and line-out of green focal spot.

The results obtained indicate that an on target intensity of

~10% Wem? is achievable with the present system using the
2mm crystal and F3.5 focussing optics. This equates to an IA? of
3x10™ Wem2pm?.

the crystal thickness should satisfy :-
L<NT 2

where N is dependent on the pulse shape and desired supported
bandwidth. In the case of Type | KDP doubling the ideal
crystal thickness for efficient doubling with the Vulcan system
at a pulse length of 400 fs and an intensity onto the crystal of
400 GWem2 is 2 mm. The bandwidth supported by the 2 mm
crystal is 28 nm centred at 1054 nm. Thisis~ 7 times the pulse
bandwidth which is acceptably large to avoid introducing
energy into the wings of the pulse. The 2 mm thick KDP Type
| crystal therefore satisfies both conditions expressed in
equations 1 and 2 and is an ideal choice for 400 fs pulses.

This is a significant result in terms of the high intensity plasma
physics on Vulcan. Many experimental schemes rely on a very
“clean” pulse with high (>1%) contrast ratio. Such pulses do
not form a pre-plasma which in turn decreases the density scale
length of the plasma. In particular high harmonic generation is
very sensitive to the level of pre-plasma with the greatest
efficiency and shortest wavelengths generated via the steepest
possible density gradient. In addition it has the added
advantage of driving the plasma at twice the frequency.

In summary the frequency doubling of the large aperture CPA
beam on Vulcan has been investigated and quantified. The
selection of a 2mm Type | KDP crystal has proved to be the
optimal choice for the Vulcan system now and after future
upgrades. It is believed that ~*1®cm? can be delivered to
target with much enhanced contrast ratio, opening up new
plasma physics experiments and improving on existing
schemes.

A single shot autocorrelation of the 2w pulse is given in
Figure 4. The FWHM indicates a pulsewidth of 600fs + 50fs.
A slight shortening with respect to the initial pulse is expected
due to the non-linear process whereby the wings of the pulse are
suppressed.

The farfield was found to have a high degree of astigmatism as
is shown in the focal scans in Figure 5. This is confirmed by

single shot interferometry of the second harmonic beam. References
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Figure 4. Autocorrelation of 527nm Pulse indicating a
FWHM pulsewidth of 600fs + 50fs.
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Materials processing with high power lasers

DA Pepler, R Allott, A Boba, R Clarke, J L Collier, C N Danson, G Hirst, D Neely, M Notley, M Payne, T Winstone
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Introduction The Vulcan high power Nd:glass laser is capable of delivering
up to 400 J of energy in a 1 ns pulse in a single beam. The
fundamental wavelength of this laser is 1.Q63 which is not
suitable for irradiating silicon phosphors for annealing purposes
due to the lack of absorption at this wavelength and the
destruction of the surface layer / substrate interface states.
However, it is a standard technique within the facility to use
KDP crystals to frequency convert to a harmonic wavelength.
We commonly convert to the second harmonicw(2
wavelength 527 nm) but for this materials processing
experiment the fourth harmonic (263 nm) is required.

Materials processing such as the annealing of phosphor thin
films deposited (via RF magnetron sputtering) on silicon wafers
has traditionally been achieved using time consuming transfers
through high temperature cyclesin N,, O, or H, atmospheres. It
should be possible however, to anneal a full-sized silicon wafer,
a room temperature, using a single pulse (1 - 20 ns) of high
energy ultra-violet laser light, provided that the laser beam is
large enough and that the laser energy and beam quality is of a
sufficiently high level. It will be shown in this paper that the
output from the neodymium glass laser Vulcan can be
converted from the fundamental near IR wavelength (1.053 p
to the fourth harmonic (263 nm). With the use of diffractiv . .
optics in the form of phase plates, large focal spots (~ 50 mfhe conversion from near-IR to UV requires the use of two
diameter) can be achieved with high beam quality. KDP crystals, the first (operating in type Il mode) to convert the
fundamental IR to the second harmonic (green) and the second
Previous work on the laser annealing of phosphors on silicogrystal (operating in type | mode) to convert the green light to
wafers" > used the output from the Titania KrF laser at thethe fourth harmonic (UV). Figure 1 shows the crystals installed
CLF. This work enabled the annealing of small areasn the system along with some of the injection optics for the UV
(~ 3 mnf) of ZnS:Mn thin films to be successfully achieved. cw alignment laser.
This was sufficient to prove the technique but the requirement o ) ) o
now is to scale up the irradiation to about 2 cm Square.Some difficulty has_been experienced in optimizing the output
However the KrF laser is no longer available and so a newf these crystals using the broad band oscillator usually used on

gﬁrequency Conversion

source of UV laser was sought. Vulcan for the generation of long pulses (ns).
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Figure 1. Experimental schematic showing the CW alignment injection optics, the second and fourth harmonic crystals, the pulse
stacker arrangement, the position of the random phase plate, the focussing optics and the target.
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Figure 2. Near-field image of the fourth harmonic beam.

The overall conversion efficiency from the IR to the UV was
limited to 3%. This gave fluences up to 240 m J cm? in an area
> 3 cm® When the Vulcan seed pulse was generated from the
SLM (single longitudinal mode) oscillator the overall efficiency
increased to 14% with 20 J generated in the UV for 147 J IR.
Thisis close to that expected theoretically.

Beam Smoothing

The frequency conversion is a highly non-linear process and it
therefore enhances any hot spot or beam non-uniformity. Thisis
obviously not desirable and some mechanism for smoothing the
beam intensity profile is essential. A simple method of beam
smoothing which has commonly been practiced within the CLF
is the use of Random Phase Plates (RPP). These devices are
diffractive optical elements that impose a particular profile on a
far-field intensity pattern. The RPP is used in conjunction with
aprincipal focussing optic and produces a sinc? intensity profile
a nominal focus containing a high spatial frequency speckle
pattern. The full width half maximum (FWHM) size of the
focusisgiven by fA/d wheref is the focal length of the lens and
d is the element size of the RPP structure. In order to obtain a

Figure 3. Pseudo far-field image with the RPP in use.

substantialy flat intensity profile for irradiating a wafer over a
2 cm diameter circle, a 50 mm FMHM is required. With the
wavelength fixed at 263 nm and a RPP structure size of
50 microns being the smallest that could be easily made in-
house, a 10 metre focal length lens was therefore required.

Figure 2 shows the near field of the converted fourth harmonic
laser beam with significant non-uniformities apparent. Figure 3
was generated with the use of the RPP and shows the
corresponding 5 cm diameter far-field. The RPP acts to convert
the low frequency spatia modulations of the beam to high
frequency spatial modulations at the focus and this is
demonstrated in Figure 4 which shows the modal power
spectrum for each image. The near field image contains a higher
level of low frequency components whereas the RPP image has
amost a uniform spread of low and high frequency components
as would be expected from a random beam profile. The far
field image is made up of a~26 micron speckle pattern which is
believed to be smoothed out by some lateral thermal transport
within the phosphor layer.
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An F1 on-axis parabola producing focal spots of less than 10 microns on Vulcan
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The technique of Chirped Pulse Amplification (CPA) ¥ is now
in common use on many laser systems and has resulted in
massive increases in intensities delivered to target. A
fundamental aspect of generating these intensities is the ability
to focus the beam. It has been demonstrated that with the
standard beam  configuration Vulcan operates with
approximately three times diffraction limited performance ?
and with the commissioning of an in-house developed static
corrector this performance can be improved to 1.5 times
diffraction limited ?. With such abeam it is necessary to use the
highest possible quality optic and shortest focal length to
generate the smallest focal spot size and hence the highest
possible irradiance on target.

The focusing of the beam to target was accomplished using an
on-axis parabola. These have the benefit of being able to be
made with relatively short focal lengths. The manufacturing
limit for these types of parabolas whilst maintaining the optical
quality is about F1. With a rectangular shaped beam, as
apertured by the grating compressor, the beam is therefore
focused onto target using an F1 (vertically) - F1.5 (horizontally)
on-axis parabola. The optical testing of one of the on-axis
parabolas is shown in Figure 1 resulting in a peak to valey
wave-front error of 0.1 A at 633 nm.

Figure 2 shows focal spot quaity measurements using the
parabola. Theinput beam at full energy can be focused giving a
central focal spot of approximately 5 microns FWHM as shown
in Figure 2(a). The target mounting system will then partially
obscure the near field as indicated in Figure 2(b). This will not
only reduce the total pulse energy but also introduce additional
high spatial frequencies into the near-field, diffracting energy
away from the central peak and into side lobes. The recorded
far-field with a c.w. alignment beam is shown in Figure 2(c).
The on-axis intensity is reduced by approximately 15% with an
observed enhancement of the side lobe structure.
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Energies of 30 Jto target have been delivered in a 750 fs pulse
and a foca spot of ~ 5 microns has been obtained using the on-
axis parabolic focusing optic. This spot size has been verified
from x-ray imaging diagnostics. Assuming 25 % of the energy
is contained within the 5 microns spot diameter this gives a
focused intensity of 5 x 10" Wem2.

Figurel. Interferogram showing the wavefront accuracy of the
parabolain double pass at 633 nm.
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Figure 2. Measurement of the focused intensity. (8) The measured full energy focal profile in an equivalent planeimaging
system (b) The simulated near field profile showing the target obscuration and (c) measured CW far-field profile using a

retro-reflected image off the target.
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Introduction

The Vulcan laser system relies heavily on the performance of
the short pulse oscillators that feed the CPA chain. As part of a
continuing diagnostic program installation of a number of beam
diagnostic systems has begun. One such diagnostic system
from the Coherent-Ealing company was used to analyse the
performance of the Tsunami mode-locked Ti: Sapphire Laser.

The Tsunami is a commercial Kerr Lens Modelocked (KLM)
oscillator using Ti: Sapphire as the active medium. The
80 MHz cavity produces 120 fs pulses at 5 nJ per pulse. Itisan
integral part of Vulcan's 'Front End’ system being the main
oscillator that seeds the CPA chain.

Beam Diagnostic System

Figure 1 shows the computer program interface. Thefirst graph
down the right hand side of the screen plots both the x and y
axis of the centroid of the pulse. The second graph plots the
pulse diameter and the third the intensity of the pulse. The
program is also designed to capture a two-dimensional image of
alaser pulse and x and y cross-section profiles on an individua
shot basis.

The diagnostic equipment was set up as shown in Figure 2. The
Ti: Sapphire beam was focused down using a 3m focal length
lens. A length of C-tube was used to cut out any background
light affecting the image on the camera. To avoid saturation or
damage to the camera the laser was attenuated using a A/2
waveplate and ND filters.

The commercial Beam diagnostic system used was the Coherent PC
LaserGauge?. This system consists of a colour CCD camera
and a self-contained computer-based frame-grabber unit. Using Laser Gauge
the RS-232 interface a computer program was written using 7 X _‘ “’1
both Qbasic and the object-orientated Pascal language Delphi. WILE, 55 Cnay
The computer program was designed to capture the centroid,
diameter and intensity of a series of pulses over a period of
time. The program offers the ability to alter the number of
pulses captured either by varying the time or selecting the *\
desired number of shotsto be recorded.
Figure 2. Experimental setup.
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Beam Stability

Figure 3 shows the change in the x and y coordinates of the Ti:
Sapphire centroid over a period of 3 hours. 2160 data points
were sampled at an interval of 5 seconds. The upper series
represents the y-coordinate and the lower series represents the
x-coordinate of the centroid.
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Figure3. X and Y coordinates for centroid.

As the data was given in pixels the camera was calibrated using
1mm? grid mesh at the focus giving a calibration of 1 pixel to
10pum.

Figure 3 shows that thereis adrift in both the x-coordinates and
the y-coordinates of the centroid over 3 hours. There is a
downward drift in the y-coordinates and a drift to the right in
the x - coordinates.

The overal drift in the centroid is:
Y -axis = 40um giving a standard deviation of 27um
X-axis = 17um giving a standard deviation of 17 um

Beam I ntensity

Over the same 3-hour period that the centroid data was
collected the intensity of each pulse was aso captured and
recorded.
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Figure4. Changeinintensity.

Figure 4 shows a steady 10 % drop in intensity over the 3-hour

period. The specification of the Tsunami Laser? states a

percent power drift in any 2-hour period of <5%.
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Beam Profiling and image capture
Figure 5 represents the profile in the X-axis of a single pulse of

the Ti: Sapphire.
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Figure 5. Beam profilein the X-axis.

The distribution of energy across the profile is stated to be
Gaussian?, that is,

=10e0C3)

where the parameter w is referred to as the mode field radius or
the spot size. The Gaussian fit to the X-axis profile in Figure 6
shows a beam waste of 1500pum or spot size of 1.5mm. The
specification of the Tsunami Laser? stated a beam diameter at
1/€? points to be less than 2mm. This shows that after 3 years
the laser is still performing to its specification.

Figure 6 shows the two-dimensional image of the captured Ti:
Sapphire pulse.

Figure 6. Image of Ti: Sapphire pulse.

Conclusion

The Coherent Laser Gauge diagnostic system has proved to be
useful in the characterisation of a short pulse oscillator. The
ability to monitor the pointing stability and intensity over a
period of time will be used to characterise the 3 remaining short
pulse oscillators in Vulcan. The beam profiling and image
capture will be useful in monitoring both the alignment and
performance of the rod amplifier chain on two-minute shots into
Vulcan.
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The development of Astra will provide the research community e Atomic molecular and cluster physics
with one of the world’'s most powerful and versatile

femtosecond laser faciliies. The project, which is set for’
completion by January 2000, brings together expertise Which | 5ser acceleration of particles
exists within the Central Laser Facility (CLF) in High Power

Lasers (HPL) and within the Lasers for Science Facility (LSF  Nuclear interactions

to develop a laser system which is capable of producing ultr
high intensities (~18 Wcm?) at the repetition rate of 10 Hz.
The multi-output laser will provide a range of energies an
wavelengths into two experiment areas simultaneously. Thi

will support all the CLF's new and existing femtosecond user: . o
within one facility, offering both an economy of scale by multi- provide SUﬁ'C'eU‘ energy to generate TW, 50 fs pulses at 10 Hz
fter compression. Operationally, however, the beam has

user access and encouraging cross-fertilisation betweed . L ;
different research programmes. normally been split and energies in excess of 10 mJ in 50 fs

made available to researchers in both target areas
The combination of very high intensities, ultrashort pulsesimultaneously.

duration (<50 fs) and high repetition rate opens up new an
important opportunities. For example, the generation of X-ra
pulses of femtosecond duration will enable time-resolve
studies with temporal resolutions of <100 fs of molecular an
solid-state structures to be undertaken. The ability to study
broad range of chemical and biological processes on such sh
time-scales is of wide applicability and should significantly
increase the number and range of users of the facility. A more detailed description of the Phase 1 TW development is
presented in the following article. The third article in this series
considers the design of the multi-terawatt amplifier to be built
»  Time-resolved X-ray absorption and diffraction studies  during Phase 2 of the development programme.

VUV generation via high harmonics

A schematic diagram of the Astra facility is shown below.
hase 1 of the development programme is now complete and
ecame operational in September 1998. This consists of two
d: YAG laser pumped titanium-sapphire (TiS) amplifiers that

he Phase 2 of the development programme to generate multi-
erawatt pulses is now underway and involves building a third
d iS amplifier pumped by a 5 J (532 nm) Nd:YAG laser. The
stem is designed to provide at least 500 mJ in 50 fs at 800 nm
er compression. It is proposed to make this available for user
experiments in early 2000.

Specific areas of interest to users of the new facility are:

e Laser plasma interactions

— Ultra-high intensity
target area

F

3rd
Nd:YAG | Mdtipass 0.5 J, 50 fs, 800 nm
|aser amplifier

532 nm
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and interaction chamber

2nd
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Figure 1. Schematic diagram of Astra — the CLF’'s new multi-terawatt, ultrahigh intensity femtosecond laser facility.
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Astra Development Phase 1 - a Femtosecond Terawatt Laser
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Introduction

During the 18 month period of the EPSRC funded development
programme we have upgraded the intensity of the femtosecond
laser facility at RAL by a factor of 500 to provide a laser
capable of delivering afocused intensity of 10" Wem2,

The development took place over a period of 18 months
between April 1997 and September 1998. During stage | of the
development, a sub-terawatt single-amplifier system was built
delivering 1 mJ, 50 fs pulses to user experiments. This system
was used to carry out 22 weeks of user experiments between
October 1997 and August 1998. Stage Il of the project to
upgrade to terawatt performance was carried out in two separate
periodsin March, June and July 1998. During October 1998 the
TW laser was relocated in a new laboratory at RAL and,
following the announcement of the grant (GR/M30548), it
became part of the EPSRC funded programme to develop a
multi-terawatt laser facility to be known as ASTRA. Terawatt
experiment operations began on 16 November 1998.

Description of the Femtosecond Terawatt L aser

Figure 1 shows the layout of the newly built femtosecond
terawatt laser at RAL. The system is constructed on three 1.5 x
3.0 moptical tables. Pulsesfor amplification are derived from a
mirror-dispersion controlled  titanium-sapphire  oscillator”
(Femto, Technische Universitat, Vienna) pumped by a
frequency doubled cw diode-pumped Nd:YVO, laser
(Millennia, Spectra-Physics).

The Femto laser provides pulses at a repetition rate of 76 MHz
centred at 790 nm with sufficient bandwidth for compression to
20 fs. Prior to amplification the pulses are stretched to 300 ps
in a pulse stretcher. The stretcher design is shown in Figure 2.
This consists only of reflective optics to minimise the
contribution of higher order phase terms and thus maintain
pulse fidelity. The stretcher is essentially a simple al-
reflective analogue of a dual grating stretcher with single relay
lens. It is designed with a bandpass 4x the FWHM bandwidth
of a30 fs Gaussian pulse.

The input pulses make a double pass through the stretcher
which consists of two 1500 linesmm gratings (Spectrogon), a
large gold coated mirror (ROC = 730 mm) and a gold coated
flat mirror (Optical Surfaces). The gratings and mirrors were
specified to A/10 and A/20 flatness respectively. For this
design, minimum beam aberration is achieved by retro-
reflecting the beam.

It was found necessary to place a Faraday isolator before the
stretcher to minimise the likelihood of back reflections
disrupting the oscillator.

The stretched pulses are amplified in the first amplifier to an
energy up to 2 mJ. This amplifier consists of four confocal
mirrors (ROC = 2000 mm) which direct and focus the amplified
beam through a 7 mm long Ti:S rod (Crysta Systems,
FOM = 150 and asy4 = 4.7). Therod is pumped with 140 mJ,
20 ns pulses of 532 nm radiation from a 10 Hz Nd:YAG laser
(Continuum). The 532 nm beam is image relayed to the rod to
provide close to uniform, saturated pump fluence of 2 Jm™
After the first 5 passes the pre-amplified pulse train is extracted
from the amplifier and passed through a Pockels cell (Leysop)
to pulse pick from the 76 MHz pulse train and minimise
amplified fluorescence in the high gain first amplifier. The
selected pulse is then re-injected into the amplifier to boost its
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energy to the 1-2 mJ level.
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Figure 2. All reflective stretcher.

Prior to building the second amplifier, the first amplifier stage
of the femtosecond laser provided output for a series of EPSRC
funded user experiments. Pulses were compressed after
amplification to 50 fs using a conventional compressor design
comprising a pair of 1500 lines'mm gratings (Spectrogon) in a
paralel arrangement. The transmission efficiency of the
compressor is 50%. During this phase of the development
programme an existing Ti:S oscillator (Spectra-Physics,
Tsunami) was used as the source of 50 fs pulses for
amplification. The stretcher and compressor were set up using
rapid-scanning autocorrelators with unamplified oscillator
pulses to test that the stretched pulses were successfully
recompressed to 50 fs duration. Figure 3 shows autocorrelator
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Figure 3. Autocorrelation of unamplified pulses.
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Figure4. Single-shot autocorrelation of amplified pulses.
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traces obtained before stretching and after compression. The
small difference is due to different autocorrelators being used
for the input and output pulses. Amplified pulses were aso
monitored on a single-shot autocorrelator. A typical
autocorrelation for an amplified pulse of energy 500 pJ is
shown in Figure 4. Measurements in the far field of beam
transmission through a pin-hole indicated that the amplified
beam of compressed pulses was ~ 1.8 times the diffraction
limit. Intensities in excess of 10" Wcm? would be expected
with these parameters and this was confirmed by observing up
to the 7" ionisation stage of argon in an ion time-of-flight
spectrum?.

The second amplifier is a conventional four-pass bow-tie
configuration with a 10 mm diameter 7 mm long Ti:S crysta
(Crystal Systems, FOM = 150 and 0514 = 4.7). The crysta is
pumped by an energy of up to 850 mJ in two 532 nm beams
from a Q-switched Nd:Y AG laser (Spectra-Physics GCR). The
maximum measured amplified uncompressed energy derived
from this amplifier is 110 mJ per pulse (see Figure 5).

120 L T T T T T T T T T ]
80 - o/ b
60 - o/

e _

20 - . _

amplified energy / mJ

0 200 400 600 800
532 nm pump energy / mJ

Figure5. pump versus amplified energy in 2™ amplifier.

However, the expected amplified energy is closer to 200 mJ per
pulse based upon the efficiency of Ti:S. Our amplifier
modelling analysis indicates that the gain clamping near the
100 mJ level is due to parasitic modes in the rod competing for
gain at pump energies in excess of 700 mJ. In due course the
rod will be clad with a material of suitable refractive index to
minimise this problem. In the mean time the energy obtained is
more than adequate for all current applications and alows the
system to operate at the intended terawatt level.

Pulses of 50 fs duration are obtained after compression for user
scientist experiments. See Figure 6. The FWHM of the
spectrum of the amplified pulse, shown in Figure 7, is
sufficient to support a 46 fs Gaussian shaped pulse. The fact
that we have been able to recompress stretched pulses derived
from the Femto oscillator, i.e. without amplification, down to
2 fs suggests that the amplified pulses are subject to gain
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Figure 6. Single-shot autocorrelation.
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In order to obtain an estimate of the maximum intensity
available from the terawatt laser, 5 mJ pulses of 50 fs duration
were focused with a /2.5 focusing mirror in an ionisation time-
of-flight (TOF) spectrometer containing argon as the test gas.
The TOF spectrum is shown in Figure 8 and clearly shows the
8" stage of ionisation.

This indicates that a focused intensity in the region of
10" Wem® was obtained. This is consistent with these pulse
parameters assuming a 2x diffraction-limited beam.

Since compressed pulse energies in excess of 50 mJ are
available, the laser is capable of providing a maximum focused
intensity of at least 10%® Wem'.

Conclusion

An EPSRC funded development programme to upgrade the
femtosecond laser at RAL to the terawatt level has been
succesfully completed. EPSRC funded research groups are now
using the facility for their high-intensity experiment
programmes. The facility is currently operating two target areas
simultaneously with pulse energies up to 10 mJ per 50 fs pulse
at focused intensities >10Y Wem. The laser is capable of
providing up to 50 mJ per 50 fs pulse at a focused intensity of
10" Wem'?,
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narrowing in the amplifier. This has been observed by other
developers of ultra-short pulse amplifiers”. It is intended to
explore the effects of saturation on pulse duration when the
schedule of user experiments permits. We aso plan to
undertake high-dynamic range autocorrelation measurements to
determine the contrast of the compressed pul se.
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Introduction

In order to achieve the 1-Joule pulse energies required for
multi-terawatt operation, athird amplifier was needed at the end
of the Astra laser chain. Preliminary calculations based on the
expected intensity showed that the length of the stretched pulse
would have to be increased, otherwise nonlinear effects would
prevent effective recompression of the amplified pulses. A new
stretcher was designed to produce pulses of 600 ps, which was
both the shortest acceptable duration and the longest achievable
with readily available gratings. The design of this stretcher is
not described in this article, which deals with the development
of a simulator for the laser chain and the analysis of parasitic
modesin the crystal and methods of overcoming them.

Computer modelling of the amplifier chain

The simulator was written in MathCad (from MathSoft), which
provides many of the graphical and display tools required for
showing the results of the different stages in the simulation.
While the code was being written, its scope was extended to
include the first two laser amplifiers as well as the final one:

this alowed the code to be checked against the known
performance of the laser, and ensured the input to the final stage

had the correct characteristics. Because Astra is a repetitively-
pulsed laser it is possible to simulate its output by modelling a
single pulse and assuming steady-state conditions. The input
pulses, which are stretched from 20 femtoseconds in the
oscillator to 600 picoseconds FWHM length, are modelled as a
Gaussian distribution. This shape shows good agreement with

the present output. In order to maintain the shape of the pulse it

is split into ‘slices’, each of which represents the energy of a
narrow band of wavelengths in the chirped stretched pulse. The
envelope of these slices forms a Gaussian distribution
containing the appropriate energy for the pulse. The slices are
calculated as they are required so that different numbers can b
used. The data representing the pulse is then fed througt
functions representing the Ti:S crystals, Pockel cells, and bean
expanders. The equations used to model the amplification were
taken from Reference 1. As the pulse data is manipulated, the
program builds an array containing data about each of the slice:
in the pulse. The quantities recorded are the fluence, energy, E
integral contributions, and the stored energy in the current
amplifier crystal. Each function representing one of the
modelled components returns data which fills in the array.

Once the simulated run through the system is finished, the dat:
can be extracted from this array for use elsewhere in the
program. The energy outputs can be accumulated along a slic
(i.e. one slice is summed up to the current pass for any pas
number) to give measures of the change in pulse shape (Figur
1). The sum of all the slices gives the total energy at any point
in the laser chain, as shown in Figure 2, where the “system
coordinate” is the number of optical components that has beer
traversed. The B integral is accumulated through the slices anc
can be mapped in a similar fashion to the energy. The overall B
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Figure 1. Pulse shapes through the system, showing leading edge
steepening: a) Initial pulse; b) After 5 passes of Amp 1; c) After
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Figure 2. Total pulse energy through system.
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B integral | Air Material Total B| Cumulative
due to : path integral | Total

Amp. 1 0.147 | 0.395 0.542 0.542
Amp. 2 0.055 | 0.133 0.188 0.730
Amp. 3 0.109 | 0.323 0.432 1.162

integral for the system is that of the slice of the pulse with the Table 1. B integrals of various parts of the Astra laser.

greatest total B integral.

B integral contributions are calculated for the amplifier crystals,
Pockels cells, and air paths between passes of the amplifi@

crystals. These values are displayed in Table 1, which alsb

includes B integrals due to the beam expanders. It can be see

The program has been written in such a way that it can be
xpanded to perform extra tasks, such as a calculation of the
WHM of the pulse as it propagates through the system. The
imulation agrees well with measurements taken in the current
aser system. The energy output of the first amplifier is 3.4 mJ

that the air paths contribute about one-third of the total B of thén the simulator and between 3 and 4 mJ measured on Astra.

system.
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Design of the amplifier crystal

Several inter-related factors influenced the design of the
Ti:sapphire crystal for the third amplifier. The computer model
was very important for evaluating different possibilities. Astra
has two target areas. One requires most of the output from Amp
2, so only about 10 percent can be used as input to Amp 3. The
main variables are the dimensions of the crystal, the dopant
concentration, the diameters of the pumped region and the
infracred beam and the number of passes made through the
crystal. The first two are constrained somewhat by cost and by
the technical limitations of the crystal-growing process.
Another important constraint was the thickness of the crystal: as
thisis the principal contribution to both higher-order dispersion
and B-integral in the laser, it was important to keep the total
thickness (i.e. physical thickness times the number of passes) to
aminimum. Even with a new design of pulse stretcher, giving a
pulse length of 600 ps FWHM, the expected increase in output
energy to 1 Joule restricted the maximum length of the crystal
to around 1 cm if the B-integral was not to exceed unity.
Efficient use of the available pump energy was aso important.
Lastly, the dimensions of the crystal affect the extent of losses
resulting from parasitic oscillations. A simple computer model
was written to analyse this problem.

The requirements of efficiency and minimum path in the
material pushed the design in the direction of a thin, highly-
doped crystal with a small number of passes. A long series of
code runs with a range of diameters of the pumped region
showed that efficient extraction of the energy and good
saturation on the fourth pass of the crystal were achievable with
the available input, using a pumped region 18 mm in diameter
and an extracting beam of 16 mm diameter. The output in this
operating regime was reasonably stable with respect to
variationsin pump energy.

Analysis of parasitic oscillations

The problem with parasitic oscillations is due to the high
refractive index of sapphire (n = 1.76 at 800 nm), which means
the critical angle for total internal reflection is only 34.6
degrees. The diameter of the crystal must be at least 1.76 times

Facility Developments - Astra

suppress these is to introduce loss at the cylindricahcaiidf

the crystal, which can be done by coating it with an index-
matched absorbing layer. Such a layer will also suppress the
whisper modes, hence the pumped region can be a larger
fraction of the crystal diameter, allowing the use of a smaller
crystal (22 mm if the cladding has n = 1.5). A computer
program was written to analyse the different modes, and to
calculate the net round-trip gain as a function of the crystal
aspect ratio and the refractive index of the absorbing layer.

The results from the code showed that certain values of the
aspect ratio are very much better than others, because the
effective gains of the different rectangular parasitics vary
widely. The absorbing cladding layer was found to be essential,
particularly for crystals with an aspect ratio in the region of 0.5,
arising from a maximum thickness of around 10 mm combined
with a crystal diameter of 22 mm. Some examples of the effects
are shown in Figure 4, where two different parasitic modes are
plotted as a function of aspect ratio. The net gain must be below
1 to ensure the parasitic mode will not oscillate. For the final
design, a diameter of 24 mm was chosen, with an aspect ratio of
0.5 to avoid the gain peak of the [3,1] parasitic at 0.48. The
crystal is thus 12 mm thick, which does not compromise the B-
integral too seriously. The cladding needs to have a refractive
index of at least 1.55 to suppress the parasitic, but this is fairly
easy to achieve.

7.00
| | | |
6.00 / @) [21]/n=15/AR
500 () [3,11/n=15/AR
/ (c) [3,11/n=15/ No AF

net 00 / (d) [3,1]1/n=16/AR
gain Y,

3.00 \/

2.00
(b) \(c)
b
L1
0.00 S /\'h

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Crystal aspect ratio (L/D

that of the pumped region, otherwise “whisper-mode” parasitic
oscillations can build up in the circular cross-sections of the
crystal perpendicular to the axis; this dictates a diameter of
32 mm. In rectangular sections of the crystal containing the
cylinder axis, there can be closed optical paths for which total
internal reflection occurs at every surface, and which also pa ; : . o

through the gain region. Depending on the aspect (Iength-tﬁjﬁgure‘l' Relative gains of different parasitic modes.
diameter) ratio of the crystal, there can be one, two or evef_')evelopment of an absor bing cladding
more reflections at the end faces in each path. Examples
these “rectangular” modes are shown in Figure 3.

/ ~

[1,2] [1,1] [2, 1] [3,1]
Figure 3. Examples of "rectangular” parasitics and the
notation used to describe them.

qjhe requirements for the cladding layer can be summarised as
follows: the material must have a high refractive index, ideally
between 1.6 and 1.9. It must either absorb (or else incorporate
another material which absorbs) at 800 nm; it must not break
down under intense illumination, must be physically robust and
be suitable for coating as a thin, uniform layer on the cylindrical
surface of the crystal. The refractive indices of various
adhesives and polymer materials were measured, but few were
higher than 1.55. After investigating a variety of materials, a
photoresist with a refractive index of 1.62 was found to be
suitable. For the absorber, powdered copper(ll) oxide was used,
mixed with the resist to form a kind of black paint, which could
be applied to the edge of the crystal. A special jig was built
Parasitic oscillations can also build up between the faces of thghich rotated the crystal slowly during the process, to ensure
crystal, which are normally parallel, if the gain is high enoughthe layer was uniform.

to outweigh the transmission losses. Anti-reflection coatings on

the crystal faces will minimise this type of parasitic loss, as welReference

as reducing the losses of both pump and infra-red energy, bat Catherine Le Blanc Amplification femtoseconde Terawatt
such coatings do not change the critical angle, so they will have  basée sur le Titane-Saphir, D. Phil. thesis, Ecole

no effect on the “rectangular’ parasitics. The only way to Polytechnique 1993.
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pulse. The relative angle of polarisation between these beams is
45 (see Figure 1). The interaction of the gating pulse with the
err medium induces a transient anisotropy through a nonlinear
8ptical effect. This transforms the polarisation of the light, in
his case the fluorescence and Raman scatter, propagating
rflgrough the medium from linear to elliptical polarisation. The
gropagation length through the Kerr medium or the strength of

the. pump pulse electronically excites the.samplg to potentiall nisotropy can be chosen so the polarisation of the Raman light
emissive states. Further problems associated with ﬂuorescen%etransformed back to being linearly polarised but rotated by

can also come from sample impurities. To apply the teChn'quso" with respect to its original polarisation direction. In this

of ps-TR more widely a method for removing fluorescence hascase the medium acts as\@ waveplate and the light is

been a major quest and whilst a number of techniques ha\f?ansmitted through the cross polariser onto the spectrometer

been proposed and used, no generally applicable solution has I . .
been found®. One of the most promising methods seeks togﬁt' In our application, fluorescence emitted after the gate is

temporally reject the longer lived fluorescence. Ideally, such é:losed is efficiently blocked by the polarisers.
system should achieve the highest possible rejection ratio Wh”@xperimental
having high throughput and have the time resolution, or gatinq_ . . .

time, of ~1 - 2 ps to match the duration of the Raman flux in he system consists of four lenses, acting as ;ollectlon and
typical ps-TR systems. Existing gated CCD cameras and€/@y Optics, a Kerr medium and two polarisers. ~ The

photomultipliers typically operate on nanosecond timescaleéuorescence and Raman light scattered from the sample are

Introduction

Resonance Raman spectroscopy provides a powerful al
sensitive analytical tool but is restricted to investigating sample
with low levels of fluorescence in the region of the Ramal
spectra. These problems are exacerbated when performi
time-resolved resonance Raman {Iivestigations because

with the fastest reaching several tens of picoseconds. StredR€arly polarised using a sheet polariser with high throughput

cameras perform betféoffering gating times 10 ps, limited by efore being_collimated using a coI_Iector lens. The second lens
trigger jitter, but these have dynamic range limitations. images the light from the sample into the Kerr cell. The rays
emerging from the Kerr medium are then re-collimated by

Optical parametric amplifiers (OPAs) are becoming the lightanother lens before being finally relayed onto spectrometer
source of choice for ultrafast spectroscopy. Within such @ntrance slit. A cross polariser and two edge filters are placed
system the OPAs are driven by an intense ps/fs laser deliveririg front of the spectrometer slit to block the remaining gating
pulses with energies often more than required to drive th@ulse and Rayleigh light.

experiments. We propose to use this spare capacity to drive_a L o
fast optical gate with temporal width comparable with the!N® Raman emission was collected in” Sgeometry. The
duration of the laser pul® The ps-TR spectroscopy s._almple solution was recwculat_ed in an open liquid jet _Wlth_
technique imposes strict requirements on the performance Gfameter 0.5 mm. In our experiments the spectral resolution is
such an optical gate. Apart from the need for a fast gating timgermally limited by the laser linewidth of 25 Cirhowever for

the gate should also have a high throughput, high contrast e experiments reportqd here the_ spectrometer slit was set to
effectively block fluorescence in the closed state, broadVe the spectral resolution of ~ 70 ¢m

bandwidth to transmit the full spectral range of Raman emissiogyy ps-TR apparatus uses a regenerative amplifier system
(~ 2000 crit) and low noise induced by the gating pulse in theproviding 800 nm (1 ps, 0.7 mJ) fundamental pulse which is
Kerr medium. In addition, the gate must not perturb thefrequency doubled to pump an optical parametric amplifier
have identified the GSbased Kerr gafé®'? as an optimum pyise was obtained by frequency mixing a fraction of the
Choice meeting the above Cl’iteria and haVe Chal’actel‘ised alﬁ%quency doub|ed beam W|th ’[he residua| fundamentall The
demonstrated the worthiness of such a device for rejectingerr gate was designed to operate with the residual fundamental
fluorescence in the presence of Raman scattering. beam pulse energy of 110 at 800 nm. The gating pulse was
focused to a diameter ~ 0.5 - 1 mm using a 150 mm lens. The
gate was optimised for the maximum throughput around
650 nm by employing high quality Polarcor polarisers (Newport
% Gating pulse Ltd) with 80 % throughput and extinction ratio“18lthough an
(polarisstion stilted by 45°) effective performance was also demonstrated with 415 nm
probe beam (frequency doubled fundamental) by using sheet
polarisers with ~ 30 % throughput. The Kerr medium consisted
of a 2 mm-path length cell with static £SA liquid nitrogen
cooled, back illuminated CCD camera with an array 2000 x 800
pixels (Instruments S.A. (UK) Ltd) was used to collect Raman
spectra. The CCD, with gain of 1 (1 count equals one photo-
electron), was binned vertically across the full 800 pixels and

Fluorescence

Transmitted Raman signal

Kerr medium horizontally across 10 pixels using purpose written software.
Cross polariser The temporal width of the gate was determined to be 3.2 ps
which is consistent with the ~ 2 ps relaxation fimaf CS,
Figure 1. Schematic diagram of the Kerr gate used in the anisotropy, the duration of the gating pulse (~ 1 ps) and the
fluorescence rejection system. Raman flux duration of ~ 2 ps given by the transit time of the

robe pulse through the jet stream. As expected the measured

A Kerr gate comprises two crossed polarisers and a Ke'}gurve also exhibited a small degree of asymrletiye to C$
medium activated to propagate the light of interest by an intensg,axation time.

linearly polarised laser pulse, further referred to as the gating
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The highest throughput of the Kerr gate with the above gatingcetonitrile is bi-exponentidl with time constants ~ 2 and
pulse energy reached 32 % given by incomplete polarisatiof.2 ns of equal amplitudes. The spectrum obtained with the
rotation in the Kerr medium but this figure excludes opticalgate shows well resolved solvent Raman bands and resonant
losses. Taking into account transmission losses caused by tReaman bands of the dye itself. The spectrum measured without
optical elements, polarisers and lenses, the overall throughputise gate (polarisers oriented in parallel) is dominated by
for linearly polarised light, in open and closed gate states wermassive fluorescence background precluding the observation of
15 % and 0.005 %, respectively. When a higher gating pulsthe Raman spectrum by conventional means due to photon shot
energy was used (~ 25@) the throughput of up to 60 % noise and random low frequency distortions of the fluorescence
(excluding optical losses) was obtained. background. The sharp decrease in the intensity profile at low
wavenumbers is caused by the edge filter.

CountS/S: a) with gate The rejection technique was also applied successfully to a ps-
200 TR® measurement of,$-quaterphenyl in p-dioxane again with
addition of DCM at a concentration inducing an intense
150 | * fluorescence background. It should also be noted that the ~1 ps
| * time-resolution of the TRapparatus is preserved when using
I the optical gaf®. The optical gate has also been used in the
100 ¢ time-resolved fluorescent measurements with time-resolution of
’ ~ 3 ps.
50500 1000 1500 2000 2500 In summary, we h_a\_/e dev_eloped and demonstrated a practical
1 method for the efficient rejection of fluorescence from Raman
Wavenumber /cm spectra based on an optical gate with response time 3 ps. The
device has successfully measured Raman and psiertra in
Counts/s solutions in the presence of intense fluorescence. The
140000 characteristics of the gate can be further tailored to the needs of
120000 [ b) without gate any particular experiment. For example, higher light rejection
i can be achieved in the closed state by using more polarisers.
100000 Also the gate response time can be improved by employing
80000 © shorter pulses, thinner sample and using Kerr media with faster
60000 |- response time such as optical crystal'he setup can also be
20000 | cpnvert_ed to an imaging device with 3 ps shutter speed by
simply imaging directly onto the CCD.
20000 -
oL N This work was supported by EPSRC research grant
500 1000 1500 2000 2500 GR/L83943.
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Introduction

Traditionaly, in CPA and short pulse systems temporal pulse
characteristics are generally measured using a 2™ order cross
correlation, or autocorrelation. However, whilst the use of
autocorrelations is widespread, they suffer from a number of
drawbacks. If a pulse has an intensity distribution in time I(t)
then the 2™ order intensity autocorrelation Ay(T) can be defined
as

A, (1) = }| ()1 (t + 7)dt

Referring to Figure 1, the function Ay(T) is symmetric about 1=0
and as such it is unable to differentiate temporal activity ahead
of the real optica pulse from tempora activity behind. This
means that pre or post pulses cannot be determined.
Furthermore, because of this symmetry, complex or rapidly
changing temporal shapes tend to become smoothed and cannot
be easily resolved. Findly, optical auto-correlation usually
relies on sum frequency mixing of two replicated pulses at a
fundamental wavelength producing signals at the second
harmonic wavelength?. High dynamic ranges are thus not
possible because of the additional presence of second harmonic
wavelengths from direct second harmonic generation from
either or both of the replicated pulses.

NN e

2nd Order
NS N
| P 3rd Order

Figure 1. Graphical Comparison of 2™ and 3" Order
Correlation.

3 order cross-correlation however offers a more attractive
proposition and certainly single point (ie single value of 1)
devices have been demonstrated before?. If a pulse has an
intensity distribution in time I (t) then its intensity 3" order cross

process that can produce the I1%(t) response to an I(t) stimulus
and the second is a process that can produce the Ag(T) response
that arises from the product of the two arbitary intensity
functions 1%(t) and I(t). Additionally, the integral with respect to
tis needed as is the provision for an arbitary 1. Finally, for true
single shot operation, multiple values of T are required
simultaneously on a single shot basis. The first non linear
process used to generate I%(t) from I(t) is second harmonic
generation and the second process to generate Ag(t) from 1%(t)
and I(t) is sum frequency mixing. Both these processes arise
with high efficiency from the second order non linearity found
in standard non linear crystals such as 3-Barium Borate (BBO).

To generate the sum frequency signal, the fundamental and
second harmonic beams are arranged to cross each other at an
angle in the mixing crystal. The sum frequency signa is
generated at al pointsin the overlap region and at each point it
is proportional to the product of the local intensity in each arm
a that point. The emission of the sum frequency signa occurs
for all pointsin the overlap region in a direction that bisects the
crossover angle. For any line paralel to this bisector a
measurement of the total amount of sum frequency signal
occurring along that line represents the time integral of the local
intensity products. The beams cross at an angle and thus for
different measurement lines the intensity product integra
occurs for a different relative delay 1 between each arm.
Therefore, the spatial distribution of the emitted light isthe time
integrated intensity product of the two pulses evaluated at
different delays which is the intensity 3™ order cross correlation
as defined above. As time progresses the two pulses move
through each other but if the temporal pulse shape in each arm
is constant spatialy then the overlap region will remain
identical in form and location.

Description

A schematic of the device is shown in Figure 2. It is based on
an autocorrelator design previously reported by ourselves?.
The linearly polarised input pulse a the fundamental
wavelength enters the device and is focussed into a suitable
Type | frequency doubling crystal, such as BBO. The action of
the Type 1 crystal is to convert part of the input pulse to its
second harmonic. Importantly, this second harmonic version is
generated with a polarisation orthogona to the original pulse
polarisation. Both are then recollimated with an achromatic
lens. The two pulses at the fundamental and second harmonic

frequency are separated into two “arms” by the Woolaston
Prism. A Woolaston Prism is a bi-refringent device that splits
an arbitrarily polarised beam into two beams that are
orthogonally polarised. Both beams emerge at an approximately
equal angle with respect to the input beam axis which is not
significantly dependent on wavelength. As such, the

correlation function Ag(t) can be defined as
A (1) = J’I 2(t).1(t + 1)dt

In contrast to the autocorrelation function Ax(t), the 3" order

function Ag(t) is asymmetric. It is therefore possible to ~ fundamental and second harmonic beams, given their
differentiate temporal activity ahead of the main pulse from
temporal activity behind. Furthermore, the smoothing action is _Be 3, & Bog 2o ofs &
much less pronounced and it is therefore able to resolve more , %58 , 5% &% 352 T ze2 3

. . . . £ Sgag £4 8a 8=5 E FE*- 8
complex temporal shapes. And finaly in thisimplementation of T "0 & 32 Bi-Prism Lo s T o

the cross correlation, the signal occurs at a wavelength different
from either of the replicated pulses or their harmonics and thus
high dynamic ranges are in principle possible.

To generate this 3" order cross correlation function in an optical
scheme two non linear processes are required. The first is a

Figure 2. Schematic diagram of the device.
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orthogonal polarisation, are split.

The Woolaston Prism is constructed from Calcite with an
internal cut angle of 25 degrees. Each beam is then redirected
towards the axis of the device by a bi prism. The bi-prism is
contructed from BK7 and has an apex angle of 30 degrees. The
combination of the Woolaston prism and bi-prism ensures that
the two beams cross the axis at approximately +10 degrees.

At the crossover point a Type Il mixing signal is located. The
crystal is cut for the third harmonic generation from the two
first and second harmonic beams through sum frequency
mixing. In order to increase the intensity available for the
process both beams are focussed onto the crystad by the
cylindrical lens located prior to the Woolaston Prism, and
therefore also produce two horizonta line focii. The spatial
extent of the third harmonic signal that is generated is then
imaged onto a CCD detector by an imaging lens with an
appropriate magnification. The entrance to the CCD camera is
heavily filtered using band pass filters for the third harmonic
wavelength to completely reject fundamental and second
harmonic. One point to note which needs to be accommodated
in the imaging system is that due to the necessary conservation
of momentum for sum frequency generation in the mixing
crystal, the emission of the third harmonic radiation is at an
angle to the optic axis and so the aperture of the imaging lens
needs to be sufficiently large to accommodate this.

Calibration of the device is achieved by the insertion of a BK7
etalon of known thickness, and the corresponding group delay
into either arm, and recording the spatial shift of the signal.

Results

Figure 3 illustrates a typical output of the device when imaged
directly onto a CCD camera and a line out performed. The data
in Figure 4 was produced using a seed pulse that had been
amplified in an Optical Parametric CPA system (OPCPA) “. It
had a top hat spectral profile and was approximately
compressed to its tempora Fourier transform limit. Centered at
1053 nm with a top hat bandwidth of 6 nm, its expected pulse
duration at the 50% pointsis expected to be ~ 1 ps as shown.
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Furthermore, also shown is the effect of directly inserting into
the input beam an uncoated BK7 etalon, thus producing,
through a double 4 % reflection, a post pulse at the ~1.5x10°°
level. Thisis clearly recorded by the device and appears only on
one side of the peak illustrating the asymmetric nature of the
process thus enabling the direct distinction of pre or post pul ses.

Finaly, Figure 5 illustrates the ability of the cross-correlator to
resolve more complex temporal shapes on a single shot basis.

The tempora shape in the Figure was generated by applying
“square wave” spectral amplitude mask to the seed pulse prior
to amplification. This complex temporal shape would not have
been resolved by an autocorrelation

N
\

—e— Without Post Pulse
With Post Pulse

1000

25
Time [ps]

Figure 4. Composite graph showing the same optical pulse of
Figure 3 over several orders of magnitude. Also shown is the
effect of inserting a BK7 etalon into the beam to produce a post
pulse.
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Figure 3. Lineout of aCCD image.

However, because of the top hat nature of the spectral profile,
significant temporal wings are produced on the pulse that
extend for many tens of ps. Thus a high dynamic range cross
correlation of the same pulse is shown in Figure 4. Figure 4 is
constructed by recording the cross correlation measured by the
device in the time window available (~2.5 ps) and then
displacing this time window temporally by inserting into either
am a BK7 etdon of known thickness. By using different
thickness etal ons the time window may be displaced to different
temporal points in the pulse, either before the peak (delay
fundamental arm) or after (delay harmonic arm). The Figure
shows the long temporal wings with a pulse length at the 10°
level of some 15 ps, consistent with the spectra profile.

195

2™ order device yet has a number of distinct advantages. On a
single shot basis we have demonstrated its use to determine
pulse shape over several orders of magnitude, showed that it is
possible to detect without ambiguity pre or post pulses and have
also used it to better resolve more complex temporal shapes.
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Introduction

The target preparation laboratory within the Central Laser
Facility is responsible for the production of interaction targets
used during Vulcan experiments. In recent years the efficiency
of X-ray lasers has improved significantly and the wavelength
range has been increased by using a broader range of different
atomic number targets from titanium (Z=22) to tantalum
(2=73).

The targets used in these experiments consist of a single stripe
100 pm wide, normally required to be around 0.6 pm thick with
a top-hat profile, coated onto a flat glass substrate by thermal
deposition. In this process, material is loaded into a tungsten
filament, which is heated by a low voltage current source
causing evaporation. The evaporated material travelsin straight
lines from the source and coats all exposed surfaces of the
substrate. A mask made of two razor blades separated by the
stripe width is placed over the substrate to produce a clean
edged stripe. Razor blades have been found to be ideal for
producing straight edges of the stripe to within 5-10 pym. The
thermal evaporation method is not appropriate for high boiling
point materials such as nickel, as there is a physical limit to the
current that can be passed through the tungsten filament. An
aternative method of coating such materials is the use of the
magnetron sputtering plant.

The sputter plant uses a potential voltage applied across an
argon plasma to didocate ions of coating materid and to
transfer them to the substrate. Due to the presence of the argon

The first scheme demonstrates the traditional method used in

the thermal evaporation coating plant. The blades are placed
against the surface of the glass leaviriD@um gap, tip to tip.

The second scheme employs angling the bladeS, @nguring

that the blades are flat against the glass. This was achieved by
packing the underside of the blades. The third design was

implemented using the blades backwards, so that the

rectangular edges sat square on the surface of the glass.

All three samples were coated at the same time to avoid
variations in temperature and coated thickness. The sputtering
was carried out in three periods of fifteen minutes with a cool
down period of twenty minutes between each. The argon
pressure was regulated between 4 and 5 millitor. The masks
were arranged as directly as possible beneath the source at a
distance of 115mm.

Results

After coating an interferogram of each stripe was taken and the
thickness profile across the stripe width calculated. Figure 2
shows an interferogram of the stripe which was coated with the
third scheme and the profiles of all three results are in the
attached graph. The first scheme, using the blades flat against
the substrate, produced a wide stripe with a thickness of
~ 130um and diffuse edges. The second scheme, using angled
blades produced a stripe of around LRb with reasonably
straight edges. Although this geometry appears to be the most
sensible, it proved extremely difficult to implement
mechanically. The third scheme, using the rectangular edge of

buffer gas, the material can often “seep” forming diffuse edgeshe razor blades, resulted in a clean edged stripe of around

The aim of this experiment was to investigate and comparg@10um, closest to the desired profile, as shown by the
ways of optimising the coating of nickel stripes using thejnterferogram.

sputtering technigue to obtain top-hat coating profiles.

Experimental Schemes

Three mask geometries were tried in order to achieve a cle
100um stripe across the surface of the glass, as shown

Figure 1.

‘ Jsoum |

>
400 ym 100 pm

\ Sooum |

—
100 um

Figurel. Three experimental mask designs for the orientation
of the obscuring razor blades. The blades were arranged (i) fl
against the glass, (ii) angled so that the sloped underside was

parallel with the substrate and (iii) reversed so that the
rectangular edge of the blade formed the obscuration.
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Figure2. (a)Interferogram showing the nickel stripe coated in
the third scheme, using the rectangular edges of the blades as an
obscuration. (b) Plotted profiles of all three resultant stripes.

Conclusions

apsing the rectangular edges of the blade to form an obscuration

produced the closest match to a top-hat shaped profile. This
was also the simplest method to implement and is readily
reproducible. Therefore it is recommended that this method is
used in future for the production of stripe targets which are to
be coated using the magnetron sputter plant.
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A cheap CCD for measuring hot electron temperatures

S. J. Pestehe, G. J Tallents!, R. Smith

Department of Physics, University of Essex, Colchester CO4 3Q, UK
!Now at Department of Physics, University of York, York YO1 5DD, UK.

Main contact email address. gpest@essex.ac.uk

Introduction

Superthermal electrons are produced in large irradiance x-ray
laser experiments (>10%* Wem?2um?), harmonic generation
from solid target and laser fusion experiments. These hot
electrons can accelerate fast ions and cause target preheating,
production of x-ray continuum and K line emission. The hard
x-ray (5-50 keV) continuum slope has been used to measure the
hot electron temperature?. In this paper we demonstrate the
diagnosis of moderate-energy electron temperatures generated
by irradiating multi-layered disc targets with 248nm, 350 fs,
~10" Wem® Titania KrF laser pulses. The moderate-energy
electron temperatures up to 10 keV have been measured by a
photon counting technique using an inexpensive CCD. The
relation of the hot electron temperature to the time interval
between the start of a pre-pulse and the 300 fs pulse and
irradiance has been investigated. The self-calibration of the
CCD with this technique and its comparison with the calibration
of the same CCD with a standard x-ray tube will beillustrated.

Experimental setup

A CPA beam of 248 nm wavelength from the Titania KrF laser
at Rutherford Appleton Laboratory (RAL) with duration 350 fs
(FWHM) superimposed on an inherent flat top amplified
spontaneous emission (ASE) prepulse was used to irradiate
multi-layered targets. The laser beam was focussed onto the
target using a f/5.27 parabola to produce a ~25 pm diameter
spot size giving an irradiance of ~10Y W/cm 2 with the average
energy of ~ 300 mJ. Inserting a random phase plate (RPP) into
the beam line increased the uniformity of the intensity profile of
the focussed spot size. The size and uniformity of the focal spot
was monitored in each shot using an x-ray pinhole camera. The
incident beam qualities were measured by setting up near and
far field monitors. A potassum acid phthaate (KAP)

M ethod

The ability of charge coupled devices (CCDs) to operate in the
x-ray photon counting mode has been confirmed by
Catura et & and Schwartz et 4l They are sensitive to single
x-ray photons witreach electron-hole pair generated in a CCD
pixel representing 3.65 eV of absorbed enk?gyA photon
with high energy excites an inner shell electron, which loses
energy to valence band electrons enabling the excitation of
electrons to the conduction band. The number of electrons
collected in a pixel is proportional to the energy of the incident
photon if the possibility of finding more than one photon in the
pixel is negligibl®. The pulse height (h) in a CCD and the
number of exposed pixels can be assumed, respectively, to be
proportional to the incident photon energy)(Bnd the number

of photons (N). We can then histogram the counts from the
pixels and obtain a spectrum of detected photons. A common
front illuminated CCD where the incident light has to cross the
whole gate structure and a silicon oxide layer of about a few
hundred angstroms is suitable for hard x-ray photon detection
and hence suitable for hot electron temperature measuréments
We have used a common cheap, X882 pixels, 6CN CCD to
monitor the superthermal electrons. The quantum efficiency of
the CCD can be written as

Q:(1)= (1)
[1_ I'e (A )] exp[— as (A )tG ] eXp[_ T ox (A )tox ]{l_ eXp[_ 0’(/‘ )t]}

where g, O, tg, Oox, tox, O, t are , respectively, the reflectivity

at the gate surface, the absorption coefficient of the gate, the
thickness of the gate, the absorption and thickness of the oxide
layer and the absorption and thickness of the active region. The
first three terms represent the fraction of photons reaching the

(2d=26.6A) time integrated crystal spectrometer with a spectra?Ctive region, while the last term is the absorption in the active

region. In this expression we have neglected the electron

resolution of }/AA=200) was employed to record the spectrally
resolved x-ray emission in the range 6-12 A range. In th
6-6.4 A spectral range a Von-Hamos spectrometer with

cylindrically curved Pentaerythritol (PET) (2d=8.742 A) was

used to record the output x-ray emission. To monitor the hof Series of null shots with only the ASE pre-pulse were taken
electrons, a windowless 6CN CCD camera with suitable Al nd analyzed. A correction for the null shot background has

filter was employed. A schematic experimental set up is showR€€n undertaken by subtracting the averaged spectrum of two
in Figure 1. such failed shot images from the analyzed spectrum of data

shots. This corrects for dark current effects and statistical noise.

We have compared the second and third pixel heights around

each peak event and binned them together, when the second

peak had an intermediate value. This corrects for the generation

of charge between two or more pixels by a single photon and

Parabola the effect of the disparity between the digital converter system

— with 768x576 pixels and the image grabbing system with
752x582 pixels.

ollection efficiency of the CCD, but as we shall show, this can
e taken into account by calibration.

Pinhole
Camera

) Qt\ﬁ
Ve

Hard x-ray
Detector

KAP
Spectrometer

KrF Laser Electron-ion collisions result in charge acceleration and the
¥ emission of continuum Bremsstrahlung radiation. Spectrally

resolving the energetic Bremsstrahlung photons can provide a

technique to monitor the superthermal electron temperature. As
‘ Bremsstrahlung emission decaysperentially with photon
energy, the product of an exponentiacdy function, filter
transmission, T and the CCD quantum efficiency, QE(E), can
give the expected spectrum,, S0 a good approximation

Von Hamos
Spectrometer

Figurel. A schematic experimental set up.
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S, =T (eal-ab)er 2 H o

where T is the filter transmission, a(A\) and t are the absorption
coefficient and depletion layer thickness of the CCD substrate,
respectively. In writing Eqg. ( 2) we have neglected the CCD
gate and oxide layer reflection and absorption coefficient. We
have assumed a thickness t=40um for the depletion layer®.
Expected spectra for different temperatures are shown in Figure
2. The peak position in the theoretical spectrum does not change
significantly with temperature. Calibrating the CCD camera
using the spectrum peak position is therefore feasible.

0.06 T T e

T=1 (keV)
T=2 (keV)
T=3 (keV)
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T=5 (keV)
T=6 (keV)
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Figure 2. Theoretical Bremsstrahlung spectra for different
detection temperatures as would be measured by the CCD after
fitting with 100 um Al filtering.

Fitting the theoretical curves to the experimental spectra
completes the measurement of the hot electron temperatures. To
fit the experimental and theoretical spectrums, we found the
best position for the peak of the spectrum. The CCD has been,
thus, self-caibrated by this fitting. A typical fitted spectrum is
shown in Figure 3.
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Figure 3. A typical fitted experimental (solid) and theoretical
(dotted) spectrum.

The CCD has also been cdlibrated using an electron beam x-ray
source. We have used the peak energy of emitted photons,
which is equa to the applied accelerating voltage for the
calibration. The calibration results for both self and x-ray source
calibrations areillustrated in Figure 4.
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Results

Using this technigue we have measured moderate electron
temperatures up to 10 keV in the Titania experiment. Putting
the origin of the time axis at the half rise time point of the ASE
pulse, we varied the time interval between the ASE and CPA
pulses. The distribution of hot electron temperature versus this
time interval is shown in Figure 5. Usualy, the hot electron
temperatures measured are compatible with the thermal electron
temperature (<1 keV), but for some shots higher temperatures
were measured (Figure 5). It is clear that at IA>=10" Wem2pm?
for the Titania experiment with the ASE prepulse, the
production of superthermal electronsisusually small.

|

Energy (keV)

1]
" Self-
calibration
CCD Output

Figure 4. Photon energy as a function of the CCD count for
different x-ray source voltage and targets and the self-
calibration results (as labeled).

KT (keV)

Time (ns)

Figure 5. The hot electron temperature variation with the time
interval between ASE and CPA pulses
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A Closed-Loop Adaptive Optical System for Laser Wavefront Control
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Introduction switch from curvature to slope as the measured quantity, as the

The R&D to devel daoti tical tem f slope produced by an actuator extends several centimetres from
e programme 1o develop an adaptive optical SyStem oo 4 ey ator jtself. As a result, every actuator contributed real

the CO”StFO' of tlhaser l;(le_an:. quallft)zhhas coptlnueghthv;ou%hout thaata to the response matrix, and the resulting control matrix was
year. since thé publicalion of thé previous repowe have = gp 6 1o provide reasonably good closed-loop control of the
changed the experimental configuration of the testbed, to aIIO‘%irror for the first time. A further refinement has been added

monitc_)ring of the fc_)cus after the adap_tive mirror; _the C.urremrecently, in which the centroid positions measured from ten
setutp IIS sh;)\_/vn_ In Flguret la Afterhchanglng the ]“Nﬁy In Wh"t:hdtkt'qmage frames are averaged to obtain better-quality slope data,
control matrix IS generated, we have Successiully operate d each actuator is operated three times, with relaxation cycles

system in closed-loop mode, and achieved substanth between. This change produced much cleaner data for the

improvements in the _far field of an aberrated peam. We h_aVF'ESponse matrix, and has reduced the number of cycles required
also begun construction of a larger-aperture mirror for off-ling, " - 1 the full correction

trials on Vulcan, which we intend to conduct in TA2 later in the
year. Optimisation of the control matrix

The computation of the control matrix was described in

Reference 1. In its most basic form, the Pseudo-Inverse function
in Mathematica is applied to the measured response matrix, but
the result is not satisfactory. A more sophisticated approach
involves decomposing the response matrix into the product of

Far-field

camera 1 three square matrices, one of which is diagonal and contains the
Irage capture so-called singular values (SVs) of the original matrix. After
irmage analysis . . . Lol -
and contra inverting these matrices individually, they are multiplied

together in reverse order to generate the control matrix. The
singular values reflect the sensitivity of the mirror to different

possible modes: those at the top left correspond to the lowest,
and those at the bottom right to the highest spatial frequencies.
By modifying the singular values before the final multiplication

is carried out, it is possible to suppress any tendency the mirror
may have to try and generate large amplitudes at high spatial

PC2
Far-field
monitar

CCD rammera

L
—
=

#d-channel frequency. With no modification, the mirror rapidly becomes
Zone plate Dto-& severely deformed, with adjacent elements driven to the
e ikl maximum voltages of opposite sign; the control program then
halts because many of the Hartmann spots have moved too far
from their original positions to be located correctly. The
simplest approach to modifying the SVs is to set some number

Beam sampler 200

Bimorph

(0.5 deg wedge) mirrar
) 180
sty 16 . h s
- e M— 140 3 ¢
E d Gre-Ne L
EAITL expan er (51&33.5 reuilsler 120 ‘
100 ‘
Figurel. Adaptive optics test configuration. *
Closed-loop operation of the adaptive mirror 60
To operate the mirror in a closed loop we had first to correct a o
number of errors in the software, but even after resolving those 20
problems, the mirror would still not work properly in closed 0
loop. The reason was that the curvature produced by the o 10 2 0 © . .
bimorph elements is highly localised, and twenty-four of the Number of non-zero SVs

sixty actuators lie outside the area of the beam that is monitored

by the Hartmann pattern. When the response matrix of thgjgure 2. Effect of truncation of the singular values on focal
mirror is measured by applying a voltage to each element igpot intensity.

turn, these exterior actuators produce almost no curvature in the

measured area, and hence the entries for those actuators in iéhem to zero, beginning on the lower right of the diagonal so
response matrix are dominated by noise. The pseudo-inver@ to suppress the highest frequencies first: the modifying
matrix calculated from the curvature data did provide somdunction is then a simple step. Using the peak intensity in the
control of the mirror in the central regions where the curvature&ar-field spot as a diagnostic, we found that the control matrices
can be measured, but the edges became severely distort@gnerated with between twenty and forty non-zero SVs all gave
However, it was clear from observations of the Hartmann spot&irly good results, whereas those with either fewer or more
during the matrix-generation process that the exterior actuatofgiled to reach maximum intensity in the focal spot (Figure 2).

do have an effect on the spot pattern. We therefore decided f 1/10™wave flat mirror was substituted for the adaptive
mirror to record an “ideal” far-field spot using the same
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imaging system; the ratio of peak intensities in this spot and it.ar ge adaptive mirror for use on Vulcan

the corrected spot from the adaptive mirror is a goodrne syccess of the prototype mirror has generated interest in the
approximation to the Strehl ratio. The_ same mirror is used t®ossibility of using adaptive optics in the high-power laser
generate a reference wave-front which is the target of th@ystems. A larger-aperture mirror suitable for use on the
closed-loop control: changes to the applied voltages ar@pg mm peams of Vulcan has been designed and is under
calculated from the differences between the measuredonstruction. Most of the residual aberrations on the Vulcan
Hartmann spot positions and those in the storgd refere_nce. TR®ams occur at the edges, and typically include coma and
FWHM of the focal spot was also measured in each instanCgigher orders of astigmatism. The mirror layout was designed to
but the variations were too small for it to be a useful diagnostigiow for this, with 48 of the 64 actuators around the periphery
of the degree of correction. We found that the most basic |eVelf the mirror, half inside and half outside the beam footprint,
of correction would produce a reasonably good focal spotang relatively few in the centre (Figure 3a). The substrate
subsequent refinements caused a redistribution of intensitysterial (Pyrex) and the PZT are the same as on the prototype,
within the focal pattern without greatly affecting the overallihe new substrate being 3 mm thick and 150 mm in diameter to
structure. have the same maximum deflection as the prototype. The piezo

A variety of other modifying functions has been applied to thehaterial is in four quadrants, as the largest available pieces are
SVs, to investigate the effects of a gradual smooth or stepwisé® MM square. The major change in construction is that the
reduction in their values over some range. Modifying functionsg!€ctrodes have been etched in a layer of nickel plated onto the
that have been tried include linear scaling from 1 to 0 betweeRZ T, rather than printed with conductive ink as before. The
selected values and smoother gradations using %afustion. a(_jhesmn of the ink to the PZT is poor, and at various times the
In each case the modifying function is calculated inWires have become detached from the back of the prototype,
Mathematica as a table of 60 values between 1 and 0, and thRringing part of the ink with them. The bonding of the nickel to
Nth SV is then multiplied by the Nth entry in the modifying the PZT should be far stronger, which will solve this problem.
table. The results from this investigation are not ver Potential stress deformation of the mirror will be avoided by
conclusive: the peak intensity achieved appears relativel§oating the reﬂec_tlng surface with g_o_ld instead of a multilayer:
insensitive to the details of the modifying function provided thethe laser fluence in the planned position for the mirror, after the
first 10 SVs are included and the last 10 are reduced to sonféSt pass of the disk preamplifier, is low enough for a gold
extent. Only minor differences were observed between linediffor to survive.

and co$ scaling. T

Enhancement of the closed-loop response

When closed-loop operation of the mirror was first achieved
the cycle time was close to 700 milliseconds. To discover hov
this time was split between image capture, analysis, voltag
output, etc., software commands were added to the program

apply a series of alternating positive and negative voltage stej
to one of the output channels at different points in the cycle. B'
monitoring that channel with an oscilloscope, the timings of the
different stages were measured. The most time-consuming ste 121
were found to be the centroiding of the Hartmann spots, which

took 500 ms, grabbing the frame from the camera_. . .
(160 to 200 ms) and the voltage output to the driver bo:y;gures. (a) Electrode layout for the 150 mm adaptive mirror.

(90 ms). The first effort at reducing the cycle time was aimed he grey circle represents the 108 mm diameter beam footprint.

speeding up the centroiding, a part of the code not originall ) New design of Hartmann zone plate array.

written with efficiency as a priority. Some very simple changesA new Hartmann array has been developed to complement the
reduced the centroiding time to 90 ms, of which half involvednew mirror, and the design of this is shown in Figure 3b. Each
the finding of the brightest grouping of pixels in each cell of theof the 80 sensing elements consists of a small Fresnel zone plate
Hartmann pattern. Once the initial correction has been appliedith two transparent zones, having a focal length of
to the mirror, the spots should move very little, so the previousipproximately four metres. The elements lie within the beam
positions of the centroids can be used as a starting point for theotprint on the boundaries between actuators, to maximise the
next cycle, instead of locating all the spots afresh. The code fasensitivity to “ripple” modes around the circumference of the
integrating the x- and y-projections of the individual spots, inbeam; consequently, like the actuators, the Hartmann spots are
order to determine the coordinates of the centroids, was alsmncentrated towards the edge of the beam. The existing
rewritten to increase its speed. This modification furthersoftware is based on the use of a 10-by-10 grid of sensing
reduced the cycle time to 130 ms, of which the calculation ofpertures, and is being rewritten to allow the use (in principle)
the centroids now accounts for 6.5 ms: the image analysis argf any arbitrary Hartmann array. The new sensor array and
voltage calculation sequence takes 24 ms in total. With theevised software will first be tested on the prototype mirror: the
screen display of the Hartmann pattern turned off, the cycl@erformance of the prototype may improve if the entire 70 mm
time is reduced to 93 ms, corresponding to a frequency afiameter area of the beam is measured, instead of just a central
10.7 Hz. The cycle time is now dominated by the hardware, 55 mm square as at present.

particular the voltage output stage, so attention has been

switched to ways of reducing that part of the cycle. At aReferences

frequency of 10 Hz, however, the mirror can already correct fofi, c J Hooker, C J Reason, | N Ross, M J Shaw and
slowly-varying components of atmospheric turbulence. N M Tucker
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An experimental investigation of OPCPA on the Vulcan laser
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Introduction Experimental details

Following new ideas by the auth8rswhich showed that a Figure 1 shows a schematic layout of the OPCPA system.
combination of the two techniques of optical parametric

amplification and chirped pulse amplification offers exciting The pump beams are relayed to each of the two OPAs using

prospects for a major enhancement to laser facilities, yacuum telescopes. These de-magnify the pump beam to

programme was set up to develop this technique (called Opticgpnerate lthe forrect pump in(';ensity int;[he crystil an_(: act atsh an
parametric chirped pulse amplification or OPCPA) and apply ifmage relay o ensure good pump beam uniformily in the

to the CLF's lasers. This report describes the second phase%?'smls'

this programme following earlier experiments at low power Vulean
using millijoule lasers which verified the basic properties and — —
performance of the scheme. Telescope x0.7 °® ‘

The rationale for the experiment was to investigate a scheme as %ﬂg ¢ |

close as possible to a full design for the Vulcan laser without Vacuum pipe KDP

incurring large equipment costs. The resulting scheme was a T;;_‘;?pe

two stage OPCPA, scaled to operate at the joule level. This Vacuum Fibrelink
enabled a study of the ability of the OPA amplifiers to give very T " pipe

high gain, efficiency and beam quality for chirped pulses, and to [ gﬂ i ! —

give pulses free of phase and spectral errors which might affe% || N y/ﬂ” o1 PR
the ability to recompress them with good fidelity. 1 OPA 2 LBO L qunami
General Description i N

The OPCPA scheme amplified a chirped and stretched ‘signal’

pulse from the sub-nanojoule to the joule level requiring a total ' —
gain of about 18 to achieve good energy extraction. This Compressor

Spectrometer Autocorrelator

required a two stage OPA and we use LBO for the high gain
first stage followed by KDP as the power amplifier.

The signal is derived from the TSUNAMI Ti:sapphire ‘150fs’ Figure 1. Schematic of the OPCPA experiment.

oscillator, chirped and stretched using a lens/grating stretchfhe design calls for a pump intensity of up to 4 GW/emd a

and propagated to the OPCPA system through a single mog@imp peam size of 1mm and 14mm respectively in the two

fibre. The power in the stretched pulse was insufficient to |ea‘érystals. The pump injection mirrors immediately before each

to significant self-phase-modulation in the fibre and the fibregrystal serve to protect them from damage since the mirror
was not so long as to give significant spectral phase errorgamage threshold is less than that of the crystals. The signal
through group velocity dispersion. The fibre provided apeam is injected from its single mode fibre using a microscope
diffraction-limited beam for injection into the first OPA. objective to project a beam focus of size 0.5mm into the first

A beam from Vulcan containing a few joules at 527nm wa<OPA (OPA1) and via an optical trombone for fine tuning of the

required to pump the OPAs, and was obtained by aperturing tH8"Ng, coarse tuning being accomplished by adjusting the
output beam of one of the 108mm amplifiers down to 20mml!ength of the fibre. A x20 telescope between the two OPAs
This provided a beam with a uniform top-hat profile which wasensures that the signal beam overfills the second OPA (OPA2)
converted to the second harmonic in a KDP crystal, an@nd thatthe output of OPAL is imaged to the input of OPA2.

subsequently imaged into each of the OPA crystals. Thigrystal alignment is accomplished by injecting a separate
arrangement resulted in good pump beam uniformity andjignment laser into the system via a moveable mirror and using
insensitivity to pump beam-pointing errors. a far field monitor at the injection point to ensure co-linearity

Pump and stretched signal pulse durations were set at abditween the beam from this laser and the Vulcan pump beam.
0.5ns, similar to expected values for a full Vulcan scheme, witt NS alignment laser produces 200mj in 5ns at 532nm and can
the pump pulse slightly longer to try to reduce spectralgenerate sufflglent intensity at t_he two OPAs to give a
narrowing resulting from pump intensity variations, without Measurable gain on the 1053nm signal beam. The crystals are
reducing the ability to transfer energy efficiently from pump to@ligned by adjusting their angle for maximum gain followed by

signal. These durations were altered during the experiment fépaking a correction to account for the slight difference in-
reasons discussed below. wavelength between this beam and the Vulcan second harmonic

(526.5nm).
A non-collinear geometry was employed with 0.5deg between L . .
pump and signal beam in each OPA. This enabled the Iorop_éhgnment monitoring is necessary to maintain phase-matchllng
isolation of pump, signal and generated ‘idler beams after eac the OPAS, in particular in OPA2 for which the tolerance is

OPA, especially necessary since the idler had the samePOurad. A far field CCD monitor on the input beam from
wavelength as the signal. Vulcan and a second far field CCD after OPA2 to monitor the

- _ _ directionality of both the pump beam and signal beam are used.
Output amplified pulses were re-compressed using a gratinghe mechanical stability of the arrangement and the short-term

compressor with 20cm gratings matched in groove densityirectionality of the pump beam proved to be sufficiently stable
(1740l/mm) and angle to the stretcher.
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to ensure good gain.
required a correction to be made before each shot.

Timing was measured by reflecting a fraction of the pump an
leading to
measurement accuracy ®@ps. Timing, once corrected, proved

signal pulses onto a single photodiode,

Longer term drift of the Vulcan beamA positive feature of the measurements is the lack of evidence

of gain suppression at high gain resulting from amplified
pontaneous emission (ASE) or parasitic generation. This was
onfirmed by the direct measurement of the level of ASE in the

%ignal direction which was several orders of magnitude below

amplified signal values.

to be sufficiently stable with a shot-to-shot jitter of 100ps.

Gain was measured by reflecting a fraction of the output signaa)

Efficiency of transfer of energy from pump to signal.

beam onto a fast photodiode. This was sufficiently sensitive t&vidence of the extraction of energy by the amplified signal
record the unamplified signal pulses. Measurement of higlwas obtained from three measurements.

values of gain was obtained by using calibrated filters. a)

Experimental data
Data was acquired during the experiment:

a) from the direct reading of oscilloscope traces for the
measurement of gain,

b) from calorimeters for the measurement of energies b)

c) from the grabbing of CCD images for the recording of near
and far field distributions, for the measurement of spectra
and for the recording of autocorrelation traces.

The results of these measurements together with an assessment

Measurement of the signal gain and measurement of the
signal energy in the absence of gain. With values & 10
and 0.05nJ respectively for these measurements we
obtained an output energy of 0.5J. Estimated pump energy
at OPA2 within the area of the signal beam was 2.5J giving
an extraction efficiency of 20%.

The depletion of the pump intensity was obtained from
measurements of the relative values of incident and
transmitted pump energy. The pump energy transmitted
by OPA2 was noted to fall by 40% for shots giving

maximum gain compared to shots at low gain. Since an
OPA transfers pump energy to both signal and idler pulses

in proportion to their frequency and since their frequencies
are equal in this case, the efficiency transfer to the signal is
20%.

and discussion of them is set out below.
1) Optical parametric gain

The predicted gain for an OPA under high gain conditions ig;)
given by:

A measure of the output energy was obtained from a burn-
paper recording, the sensitivity of which had been
calibrated approximately for the same wavelength and
pulse duration. This also indicated an output signal energy

1
G O—exp2yLvl
4 P yL\/_ of =0.5J.

For the 20mm LBO and 30mm KDP this reduces to: Using the pulse durations of pump and signal and other known

parameters, the saturation gain characteristics were computed

1 using the existing simulation code. This gave a predicted value
Gieo Dzexp 8.4vi and for efficiency of 17% in good agreement with the measurement

1 in view of the assumption that the pulse profiles were gaussian
Gyop DZ exp 4.4\/I_ respectively in shape.

Efficiencies higher than 30% can be obtained, and have been
noted by other workers, but require heavy saturation of all the

14 amplifiers in the system. The scheme under test would be
0 expected to give higher efficiency if there were heavier
> 9 “{ e OPA1+OPA2 saturation in OPAL.
3 3) Output spectral profile
4 - ‘ ‘ A key aspect of the OPCPA performance is its ability to
amplify a chirped pulse with minimal spectral narrowing, since
0 200 400 any spectral narrowing leads to an increase in the pulse duration

after re-compression. In an OPCPA spectral narrowing is not a
result of the limited OPA spectral gain profile since this is very
large €100nm) compared to the bandwidth being amplified
(=20nm). However spectral narrowing does occur as a result of
the pump-intensity-dependent gain variation with time. For
Figure 2 plots the predicted curve of the two amplifiers in serieexample the small signal gain falls by a factor 2 frorif 1dr a
together with the gain measurements. There is reasonabpump intensity reduction of only 6%. This demonstrates the
agreement between the measured and predicted valugsportance of the profile in the region of the peak intensity.
sufficient to be confident in the design. A number of points lieSimulations show that it is not possible to have high efficiency
significantly below the curve due to the presence of gairand small spectral narrowing if only the final amplifier is
saturation. Also there is in general a higher gain for longesaturated, unless the pump intensity profile is flat to a few
pump pulses. This serves to highlight that it is not sufficient tgercent and this is difficult. The preferable alternative is to
estimate gain from the intensity (as energy divided by pulseaturate all the amplifiers to reduce the sensitivity to pump
duration) since the gain is highly non-linear with intensity andintensity variations. Under the conditions of this experiment in
hence very sensitive to the exact value of the peak intensity awthich OPA2 but not OPAL is in saturation, some reduction in
its variation near the peak. Vulcan pulse shapes were measursgectral width on amplification is expected but not easily
early in the laser system and differ significantly from the outputpredictable in the absence of precise information of the
profile as a result of gain saturation in the system. This isemporal profile of the pump pulse (not available). For part of
thought to be the cause of the systemic change in gain verstige experiment the pump pulse was made much longer (1.2ns)
intensity for the different pulse durations (which lead tothan the signal pulse (300ps) to try to maximise the amplified
different pulse shapes and levels of saturation in Vulcan). spectral width.

Intensity

Figure2. Measured (points) and theoretical (line) values of
gain vs intensity for the amplifiers in series.
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5) Focusability of the amplified signal

80 200 The ability of the OPA to amplify signal pulses without
60 + 150 introducing spatial aberration was also tested. Far field profiles
of the output signal pulse were recorded for both unamplified
40 + 100 + and amplified pulses and are shown in Figure 5. Since the
unamplified beam is close to the diffraction limit, the
20 S0 ¢ amplification process is seen to introduce very little aberration
0 0 at the aperture used. Within the accuracy of the measurements
WAVELENGTH WAVELENGTH the FWHM increased by less than 10%, while the Strehl Ratio
was calculated to be 0.72.
@) (b)
250
Figure 3. Output spectra for (a) unamplified and (b) amplified
00 + 200 +
pulses.
. - - 150 + 150 +
Unamplified and amplified spectra are shown in Figure 3, and
give spectral widths of 108chand 80crit respectively. The 100 T 100 +
asymmetry of the amplified spectrum is thought due to the 50 + 50 +
shape of the pump pulse at its peak since this has a fast-rising g 0

leading edge followed by an intensity declining over the

duration of the pulse. In this case amplification occurs aroun @ (b)

the relatively sharp peak at the start of the pulse and does nut

derive benefit from lengthening the pulse at the FWHM. Figure5. Far-field profiles for (a) unamplified and (b)
amplified pulses.

Conclusions

Re-compression was carried out using a grating COMPressQd;g experiment has investigated the operation of a two-stage

optimised to give minimu_m re-cqmpressed pulse duration fObPCPA system operating with similar parameters to those
the unamplified pulse train. A single shot autocorrelatpr wa equired for a full scheme for the Vulcan laser and at
used for measurements of the recompressed pulse profile. T ermediate energy It has confirmed much of our

autocorrelation trace for the unamplified pulse is shown inunderstanding of the physics and, where performance was

Flg_ure 4(a) and gives a pulse duration of 260fs. With no furthelrimited, it enabled us to understand better the limitations so that
adjustment of the compressor and autocorrelator al

. . ; ese can be overcome. A summary of the results are:
autocorrelation trace for the amplifed signal was recorded and Is

4) Compressibility of the amplified signal pulse

shown in Figure 4(b). This gave a pulse duration at FWHM oft)
300fs, 15% larger than that of the unamplified pulse. This can
be explained in terms of the change in spectral profile 0%1)
amplification indicating, as expected, that there are no spectr.
phase changes in the OPCPA which significantly affect the
pulse compressibility.

High gains as required were achieved without damage in
both LBO and KDP and at expected pump intensities.

Gains more than 10 were measured for the two-stage
OPCPA giving good saturation in OPA2 with output
energy of 0.5J and a pump depletion (40%) close to the
predicted value.

70 3) Amplification in the OPAs gave only a small reduction in
60 focusable intensity.
50
40 4) Amplified pulses were recompressed to 300fs, 15% longer
30 than was possible for the unamplified pulses.
ig 5) The performance of the Vulcan laser suggested that an
0 OPCPA system could be operated with good reliability and
reproducibility.
@ (b) 6) Limitations in amplified spectral width and recompressed
pulse duration are understood and have led to an improved
Figure 4. Autocorrelation traces of recompressed pulses (a) design for a full scale Vulcan OPCPA system.
unamplified and (b) amplified.
References

A feature not explained at the present time is the inability tol
obtain shorter compressed pulses without amplification, these’
being expected to be given by the Fourier transform of the

spectrum. It must be concluded that the discrepancy is caused
by a spectral phase aberration, perhaps arising in the lenses of

the pulse stretcher.
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Vulcan has completed an extremely productive experimenta
programme this year, with 14 full experiments taking place in
the two main target areas, East (TAEAST) and West
(TAWEST).

Table 1 below states the operational schedule for the year, with
indications of the shot rate statistics for each experiment.
Numbers in parenthesis indicate the total number of shots
(includes low energy level aignment / set-up shots), the number
of full energy target shots, and the number of these that failed.

In addition, a Direct Access experiment (Optical Parametric
Chirped Pulse Amplification (OPCPA) development) was
performed in target area 2 (TA2) which had a total of 406 laser
shots, 163 target shotsand 1 failure.

The total number of shots (inclusive of all types and areas) that
have been fired this year is 8,557. Almost half of these (4,147)
have been into the target areas. Of these target area shots 1,712
have been full disc amplifier shots with only 92 of these failing
to meet user requirements. This gives an overal system
reliability figure of 94.6 %. The EPSRC Service Level
Agreement (SLA) requires Vulcan to be at least 90% reliable.

The SLA aso requires that the laser system be available, during
the 4 week periods of experimental data collection, from 09:00
to 17:00 hours, Monday to Thursday, and from 09:00 to 16:00
hours on Fridays, (a total of 156 hours). The laser has not

dways met the startup target of 9:00 am but it has been
common practice to operate the laser well beyond the standard
contracted finish time on severa days during the week and to
operate during some weekends.

On average, Vulcan has been available for each experiment for
approximately 137 hours during contracted hours and 213 hours
overal. However, each experiment has also experienced an
average of 20 hours of laser downtime.

There was a brief break in the experimental programme in June
when the Laboratory Open Week took place. Over the week
there were severa thousand visitors to RAL from schools,
businesses and Government, as well as many visitors from the
general public. The CLF displays were well received by all and
the experimental programme was re-started with no problems.

Although the laser is very reliable, there is still an overall shot
failure rate to target of 5.4 %. Analysis of the failure modes of
the individual shots enables a breakdown of these modes into
specific categories. Chart 1 shows the identified failure modes
and their individual failure rates.

This information enables servicing and equipment
refurbishment to be focussed on the most serious sources of
system downtime. For example, the most significant causes of
failed shots were the pre-amplifier stages and the timing of the
electrical triggers relative to the laser light pulse. Both of these

PERIOD TAE TAW
GR/L11540 - J Wark GR/K93815 - P Norreys
20 Apr - 31 May X-ray laser Radiography CPA solid target interactions
(144, 100, 8) (140, 79, 1)
GR/L11779 - GJ Pert GR/L04436 - O Willi
8 Jun - 26 Jul Laboratory Open Days, 29 June - 5 July
X-ray laser wave-guiding CPA channeling
(133, 87, 10) (208, 88, 4)
GR/K95543 - D Riley GR/L79151 - AE Dangor
3 Aug-13 Sep X-ray diffraction Wake-field acceleration
(305, 125, 6) (233,128,7)
GR/K57460 -O Willi GR/L12608 -J Wark
21 Sep —1 Nov Foams X-ray laser
(295, 144, 8) (220, 132, 6)
GR/L11540 -J Wark GR/K93815 P Norreys
9 Nov — 20 Dec X-ray laser Solid target interactions
(176, 139, 13) (153, 108, 2)
GR/L11540 -J Wark GR/K93815 P Norreys
4 Jan — 15 Feb X-ray laser Solid target interactions
(182, 119, 17) (198, 123, 2)
GR/K57460 -O Willi Short pulse harmonic
22 Feb — 4 Apr Foams generation tests
(428,93, 7) (240, 84, 0)

Table 1. Experimental Schedule for period April 1998 — March 1999.
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Faradays

Oscillators 1%

9% Timing
24%

Misc.

Human
12%

Pre-amps
Disc amps 22%
13%

Alignment
14%

Chart 1. Analysis of Vulcan failure modes.

issues have been addressed with new timing electronics replace al disc amplifier high-voltage junction boxes to reduce
installed and improvements made to the high voltage problems with the disc amplifiers. It is aso planned to enhance
connectors of the pre-amplifiers. the computer control system to include more sophisticated error

Additional changes have been made to the system in order to checking to guard against potential operator error.

make the laser alignment more reliable and it is planned to

600

500
o Fired
W Failed
400
300~
200
- ‘
Yy 4

Setupweek 1 Setupweek 2 Experiment Experiment Experiment Experiment
Week 1 Week 2 Week 3 Week 4

Number of shots

Chart 2. Annual total of disc amplifier shot rates, through a 6 week experimental period.

Chart 2 shows the total number of disc amplifier shotsthat were ~ weeks. This clearly shows the high demand for shots in the final
fired through the year distributed into individual experimental stages of each experiment.
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A total of 46 weeks of scheduled experiments were carried out The facility was upgraded to TW performance during the year.

using the Astra facility during 1998/99. The majority of these, See the articles within the development section of this year's
38 in total, were ticketed weeks sponsored by the EPSRC which annual report. This involved moving and reconstructing the
also funded 4 weeks of direct access to the facility. Four weeks  facility in new laboratories. This move occurred in September
of experiment time was sponsored by the European Union. and enabled us to open a second target chamber for operations
The facility operated within its required specification and there  from November 1998.

were no significant periods of down-time.

Astra Scheduled Experiments

DATE TARGET AREA 1

30-Mar-98
6-Apr-98 Kosmidis/L edingham/ Singhal
13-Apr-98 (Uol Greece/Glasgow)
20-Apr-98 FS laser induced ionization/dissociation of biomolecules
27-Apr-98
4-M ay-98 Frasinski/Codling
11-May-98 (Reading)
18-May-98 Manipulating the dissociation dynamics of
25-May-98 simple moleculesin intense laser fields
1-Jun-98
8-Jun-98
15-Jun-98
22-Jun-98 RAL OPEN DAYS
29-Jun-98
6-Jul-98
13-Jul-98
20-Jul-98
27-Jul-98 L edingham/Singhal/Langley/Towrie
3-Aug-98 (Glasgow/RAL)
10-Aug-98 The potential of femtosecond mass spectrometry
17-Aug-98 for ultra-trace analysis of atoms and molecules.
24-Aug-98 Joint RAL-Universities collabor ative development
31-Aug-98 (RAL/Glasgow/Oxford/UCL/QUB/Reading)
7-Sep-98 A Femtosecond terawatt laser at RAL
14-Sep-98
21-Sep-98
28-Sep-98
5-Oct-98
12-Oct-98
19-Oct-98
26-Oct-98
2-Nov-98
16-Nov-98 Frasinski/Codling
23-Nov-98 Newell/Williams (Reading)
30-Nov-98 (QUB/UCL) Manipulating the dissociation dynamics of
7-Dec-98 Short pulse laser interactions with simple molecules in intense laser fields
14-Dec-98 positiveions and molecules
21-Dec-98 CHRISTMAS CHRISTMAS
28-Dec-98
4-Jan-99
11-Jan-99
18-Jan-99 L edingham/Singhal/Langley/Towrie
25-Jan-99 (Glasgow/RAL) Frasinski/Codling
1-Feb-99 The potential of femtosecond mass spectrometry (Reading)
8-Feb-99 for ultra-trace analysis of atoms and molecules. Manipulating the dissociation dynamics of
15-Feb-99 Marangos simple molecules in intense laser fields
22-Feb-99 (Imperial College London)
1-Mar-99 High harmonic generation in organic materials
8-Mar-99 Direct Access Proposal
15-Mar-99
22-Mar-99 Newell/Williams
9mar-99 | __ __ ___ _ _@©@QumoCcy . __ .
5-Apr-99 Short pulse laser interactions with
12-Apr-99 positiveions and molecules
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RAL-based experiments

In the reporting period (April 1998 to March 1999), 21 different
User groups performed a total of 40 experiments in the
laboratories at RAL. A total of 4640 hours laser time was
scheduled throughout the year and 4744 hours delivered with
only 80 hours downtime giving a reliability of 98.6%. Across
the funding Councils the weeks scheduled were 100 to EPSRC,
6 to the MRC, 8 to BBSRC, 1 to a commercial User, and 1 to
the CREST awards, giving 116 weeks delivered to the User
community overall. Once again, a wide spread of disciplines
was covered and a breskdown is shown in Figure 1 with the

Figure 1. Breakdown by discipline, RAL-Based
Experiments

M aterials

Engineering g
0

9% Chemistry

43%

RAL-Based schedule Table 1. There was a total of 26
publications and 11 conference presentations with 4 PhD theses
published during the reporting year.

L oan Pool

The Loan pool delivered 356 weeks laser time with only one
major laser failure leading to 8 weeks lost time. There were 34
laser loans to 16 different university groups across the UK with
the chemistry community once again the biggest user as shown
in Figure 2. The Loan pool schedule is shown in Table 2.
There was a total of 19 publications, 3 conference proceedings
and 1 PhD in the reporting year.

Figure 2. Breakdown by discipline, Loan
Pool Experiments

Physics
6% Engineering

9%

Physics
30% Biology Chemist
emistry
11% 85%
Tablel. RAL-BASED SCHEDULE April 1998 to March 1999
Date Laser Microscope Nanosecond Science Ultrafast Spectr oscopy X-Ray Laboratory
L aboratory L aboratory L aboratory
30-Mar FREY O’NEILL/MELVIN/PARKER
1998 (Southampton) (MRC) Hole migration in DNA
06-Apr COMMERCIAL CONTRACT TAYLOR SHAIKH/TURCU/
(Oxford) ALLOTT/FOLKARD
wBApr| T High throughput VUV source
XU5P3/97
20-Apr CRANTON TFEL devices | Dynamicsin Wide-bandgap 111-V| CAIRNS/FITZGERALD
XuU2mM3/97 Materials LAWRENSON
27-Apr TRUSCOTT | TR (Dunde)
(Keelg) Manufacture of next
04-May MacROBERT/ Timeresolved resonance Raman |~ UsaP3/97 T[T generation photomasks
PHILLIPS of carotenoid radicals XU3P3/97
11-May| T TT(UCLIICY T formed from reactions with oxy- VLCEK MICHETTE/
Confocal radicals (Queen Mary) BUCKLEY/TURCU
18-May| fluorescencelifetimeimaging [ 7 7|Charge Transfer Excited Statesof [ (KCL/RAL) 777
microscopy NL 3/97 DA Organometallics
25-May| T MAINTENANCE | T
LM4B2/97 US5C3/97 Laboratory scanning
01-dun BISBY =
(Salford) X-Ray microscope
08-Jun JONESMOUNT | [T Ultrafast Studiesof the |
(Edinburgh) Photophysics Photochemistry of
15dn| of novel eectropolymerised | [T Phenols” [T TTxuseaier T
Indolines LM2C3/97 US1C3/97
22-Jun RAL OPEN DAYS
29-Jdun
06-Jul CREST 1998 REID SHAIKH/TURCU/
(Nottingham) ALLOTT/FOLKARD
13-2ul " "Depolarization Mechanisms CRANTON
studied by TFEL devices XU2M3/97
20-ul " Timeand AngieResolved |  REEHAL (South Bank)
Photoel ectron Spectroscopy Silicon Solar cells
27-dul CRANTON TFEL devices | 7777 MAINTENANCE
Xu2ma3/97 US3C/97
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Date Laser Microscope Nanosecond Science Ultrafast Spectr oscopy X-Ray L aboratory
L aboratory L aboratory L aboratory
03-Aug MAINTENANCE
10-Aug JONES
(Edinburgh)
17-Aug|” " Deveopment of thetime
correlated single
24-Aug| photon counting system LM3/98 MAINTENANCE
31-Aug CAIRNS
(Dundee)
07-Sep [ Photomasks for electronic devices
and sensors XU2/98
14-Sep DEVONSHIRE (Sheffield) BENNISTON
High (Glasgow)
21-Sep [ resolution studiesof nuclear |~ MICHETTE
hyperfine TR® studies on electron transfer (King's London)
28-Sep “popuiation distributionsin photo | processesin metallo-based | | Laboratory scanning X-ray
dissociation cyclophanes microscope
05-Oct [ reactionsusinganove OPA | and catenanes | . xuies
NL4/98 Us1/98
12-Oct
19-Oct MAINTENANCE
26-Oct
02-Nov MACROBERT (UCL) ZARBAKHSH
Confocal fluorescence (Durham)
09-Nov| "~ Tifetimeimaging microscopy | Study of amphiphilic polymers at VLCEK
LM1/98 oil/water (Queen Mary)
16-Nov ‘interfaces using vibrational sum | Uitrafast dectron transfer in
frequency generation Rhenium Complexes
23-Nov|  [TTTTTTTTTTTTTTTITTTTImTTmmmmpTmmmmmmmmmmmmmmmmmmmmmm TALLENTSHILL
NL1/98 US3/98 (Essex,MRC,RAL)
30-Nov MAINTENANCE X-ray Source Development
XU3/98
07-Dec MAINTENANCE MATOUSEK MICHETTE (King's London)
(RAL) Xu8/98
14-Dec “"Kerr Gated TR¥of TICT State |  REEHAL (South Bank)
Molecules Solar Cells XU5/98
21-Dec CHRISTMAS/NEW YEAR
28-Dec
04-Jan Us6/98 MICHETTE
1999 (King's London)
11-Jan PHILLIPS TAYLOR [ ~—TTTTTTT
(IC) Us8/98 (Oxford)
18-Jan DEVONSHIRE (Sheffild)  |Hot-carrier and Exciton Dynamics| Laboratory Scanning Soft X-ray’
Studies of in Wide-Bandgap
25-Jan " “niciear hyperfine population | NV Materids | Microscopy
distributions Xug/98
01-Feb| CRANTON (NTU) TFEL MAINTENANCE TTTTTTTTTUsries T HILL
devicesCM2/98 (MRC)
08-Feb BENNISTON STEVENS "X ray Source Devlopment
(Glasgow) (Oxford) XU6/98
5Fb| [T Timeresolved studiesof | O'NEILL
ruthenium Quasiparticle Dynamicsin High (MRC)
2Fb| [T intercalatesNL6/98 | Temperature Superconductors | Nucleic Acid Modifications
XU7/98
01-Mar BEEBY (Durham) | | TTTTTTTTTOY MICHETTE
Lanthanide complexes US5/98 (King's London)
08-Mar MACROBERT GEORGE PHILLPS | Tttt
(ucL) (Nottingham) (Imperial College)
15-Mar| Confocal fluorescence lifetime | | Reorganisation Dynamicsof | Laboratory Scanning Soft X-ray
imaging microscopy TR studies on solvent effects on Charge Transfer Reactions Microscopy
22-Mar| T organometaliic and organic | [TTTTTTTTTTTTTTTTTTTTTTR
CM1/98 charge-transfer excited states uss/98
29Mar| [T BENNISTON (Glasgow) | . xusigs
NL5/98 Us9/98
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Schedules and Operational Statistics

Table2. LOAN POOL SCHEDULE April 1998 to March 1999

ELLIS POWIS GEORGE
L eicester

SMITH

Birmingham
MAINTENANCE
AND REPAIR

SIMS
Birmingham

HANCOCK
Oxford

Oxford

SIMONS

FRENCH

Liverpool

UNALLOCATED

HICKEN

Exeter

Optically triggered
magnetic field

KUCERNAK
IR TAYLOR
Investigations of SIMS spectroscopy in IC
2, Birmingham |conventional and
BrOand 10 [SL805G/SIRAH| supercritical State-selected Conformational
reactionsusing installed fluids dynamics of Landscapesin
LIF reactions Reactive processes | Molecular & Optical SHG
Reactive between inthe gas phase at| Biomolecular studies of
processes triatomic Ultra-low Systems BLEWETT | electrocatalytic
inthegas molecules Temperatures: Heriot-Watt oxygen
LP11C3/97 phase at and radical Reactions of High speed reduction
Ultra-low atoms C-atoms filming
Temperatures: LP1P1/98
Reactions of
WAY NE [DENNIN C-atoms
Oxtord | Oxford Nd:YAG/ LP4C3/97 LP8C3/97 |DEVONSHIRE
PDL Dye/SHG GEORGE Sheffield/RAL LP7C3/97
Dye Nottingham OPA
Laser LEVY development
LP8C1/98 LPOC3/97 Northumbria
L Thg LPIC3/97 . HICKEN
|19 ations Oorrekiltlon- Time-resolved Exeter
| of I, | crystal IR State to state
Nov2 BrO |fiedin [ ELLIS | spectroscopyin MAINTENANCE|  Chemi-
:“ and IO |lanthanid|  Leicester  |conventional and (RAL) Luminescence |UNALLOCATED
reacti on [compoundg supercritical BROUARD excitation
4‘ using fluids Oxford Functions for Stimulation of
LIF Mn atom Non-linear
Product reactions Ferromagnetic
Stimulated rotational Resonance
emission polarisation in Oscillationsin
LP6C1/98 pumping elementary Ferromagnetic
spectroscopy biomolecular Thin film
of alkali chemical DEVONSHIRE
WAYNE monoxides GEORGE reactions Sheffield LP5P1/98
Oxford Nottingham | sIMONS | LP2C1/98 | High resolution
Oxford Spectroscopic
Structural studies
Coupled chemistry|  LP7C1/98  [Nanosecondtimeg  landscapes SIMS Of nuclear -fine| KUCERNAK
of brominein resolved IR in hydrogen Birmingham Population TAYLOR
stratosphere - spectroscopy using bonded Reactive hyper IC
Investigation of the acommercial clusters: inthegasphaseat | distributions | In situoptical
kinetics of some HINDS step-scan resonant ion -dip Ultra-low using SHG Studies
Reactions of the Sussex interferometer | Spectroscopy Temperatures. | anovel OPA |of semiconductor
10 radicals LP13/98 LANGRIDGE-SMITH growth
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Science — High Power Laser Programme

JOURNAL PUBLICATIONS, BOOKSAND PUBLISHED
PROCEEDINGS

P Argitis, A C Cefalas, Z Kollia, E Sarantopoulou, T W Ford,
T Stead, A Marranca, C N Danson, JKnott, D Neely
Sngle-pulse high-resolution x-ray contact microscopy with an
advanced epoxy novolac resist

Second GR-| international conference on new laser
technologies and applications, Ed P di Lazzaro,

SPIE 3423 411-415 (1999)

D Batani, A Bernardinello, V Masella, F Pisani, M Keonig,
JKrishnan, A Benuzzi, SEllwi, T A Hall, P A Norreys,

A Djaoui, D Nedly, SRose, P Fews, M H Key

Propagation in compressed matter of hot electrons created by
short intense lasers

Superstrong Fieldsin Plasmas, Eds M Lontano, G Mourou,

F Pegoraro, E Sindoni AlP Conf Proc 426 372-376 (1998)

A RBédl, JR Davies, SM Guerin

Magnetic field in short-pul se high-intensity laser-solid
experiments

Phys Rev E 58 (2 Pt B) 2471-2473 (1998)

M Borghesi, A JMacKinnon, A R Bell, R Gaillard, O Willi
Megagauss magnetic field generation and plasma jet formation
on solid targets irradiated by an ultraintense picosecond laser
pulse

Phys Rev Letts 81 (1) 112-115 (1998)

M Borghesi, A JMackinnon, R Gaillard, O Willi,

A A Offenberger

Guiding of a 10-TW picosecond laser pulse through hollow
capillary tubes

Phys Rev E 57 (5 Pt A) R4899-R4902 (1998)

M Borghesi, A I Mackinnon, R Gaillard, O Willi, A Pukhov,
JMeyer-ter-Vehn

Large quasistatic magnetic fields generated by a relativistically
intense laser pulse propagating in a preionized plasma

Phys Rev Letts 80 (23) 5137-5140 (1998)

R E Burge, G E Slark, M T Browne, X C Yuan,

P Charalambous, X H Cheng, C L SLewis, G F Cairns,

A G MacPhee, D Nedly

Dependence of spatial coherence of 23.2-23.6 nmradiation on
the geometry of a multielement germanium x-ray laser target
JOSA B-Optical Physics 15 (10) 2515-2523 (1998)

R E Burge, G E Slark, M T Browne, X C Yuan,

P Charalambous, Z An, X H Cheng, CL SLewis,

A G MacPhee, D Nedly

Time dependence of the spatial coherence of the 23.6 and
23.2 nmradiation from the germanium soft-x-ray laser
JOSA B-Optical Physics 15 (5) 1620-1626 (1998)

A C Cefdas, P Argitis, Z Kollia, E Sarantopoulou, T W Ford,
A D Stead, A Marranca, C N Danson, J Knott, D Neely
Laser plasma x-ray contact microscopy of living specimens
using a chemically amplified epoxy resist

Appl Phys Letts 72 (25) 3258-3260 (1998)

C E Clayton, K-C Tzeng, D Gordon, P Muggli, W B Mori,
C Joshi, V Malka, Z Ngijmudin, A Modena, D Nedly,

A E Dangor

Plasma wave generation in a self-focused channel of a
relativistically intense laser pulse

Phys Rev Letts 81 (1) 100-103 (1998)
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Publications

C N Danson, JCollier, D Neely, L JBarzanti, A Damerell,
C B Edwards, M H R Hutchinson, M H Key, P A Norreys,

D A Pepler, | N Ross, P F Taday, W T Toner, M Trentelman,
F N Walsh, T B Winstone, R W W Wyatt

Well characterized 10 W cn? operation of VULCAN - an
ultra-high power Nd:glass laser

JMod Opt 45 (8) 1653-1669 (1998)

C N Danson, PV Nickles, R Allott, A Behjat, J Collier,

A Demir, M P Kalachnikov, M H Key, CL SLewis, D Neely,
D A Pepler, G JPert, M Schnurer, W Sandner, V N Shlyaptsev,
G JTdllents, P JWarwick, E Wolfrum, J Zhang
Implementation of a CPA line focus travelling-wave for highly
efficient saturated lasing of Ne-like Ti and Ge

Superstrong Fieldsin Plasmas, Eds M Lontano, G Mourou,

F Pegoraro, E Sindoni AlP Conf Proc 426 473-478 (1998)

T Ditmire, PK Patel, R A Smith, JS Wark, S JRose,

D Milathianaki, R S Marjoribanks, M H R Hutchinson
keV x-ray spectroscopy of plasmas produced by the intense
picosecond irradiation of a gas of xenon clusters

J Phys B-Atomic Molecular and Optical

Physics 31 (12) 2825-2831 (1998)

L A Doyle, GW Martin, A Al-Khateeb, | Weaver, D Riley,
M JLamb, T Morrow, CL S Lewis

Electron number density measurements in magnesium laser
produced plumes

Appl Surf Sci 127-129 (1-4) 716-720 (1998)

L A Doyle, GW Martin, T P Williamson, A Al-Khateeb,

| Weaver, D Riley, M Lamb, T Morrow, CL SLewis
Three-dimensional €lectron number densitiesin a titanium PLD
plasma using interferometry

IEEE Trans Plasma Sci 27 (1) 128-129 (1999)

P Gauthier, S JRose, P Sauvan, P Angelo,

E Leboucher-Dalimier, A Calisti, B Tdin
Modeling the radiative properties of dense plasmas
Phys Rev E 58 (1) 942-950 (1998)

A Giulietti, A Macchi, E Schifano, V Biancalana, C Danson,

D Giulietti, L A Gizzi, O Willi

Stimulated Brillouin backscattering from underdense expanding
plasmasin a regime of strong filamentation

Phys Rev E 59 (1 Pt B) 1038-1046 (1999)

E T Gumbrell, R A Smith, T Ditmire, A Djaoui, S J Rose,
M H R Hutchinson

Picosecond optical probing of ultrafast energy transport in
short pulse laser solid target interaction experiments
Physics of Plasmas 5 (10) 3714-3721 (1998)

T A Hall, SEllwi, D Batani, A Bernardinello, V Masella,
M Koenig, A Benuzzi, JKrishnan, F Pisani, A Djaoui,

P Norreys, D Neely, SRose, M H Key, P Fews

Fast electron deposition in laser shock compressed plastic
targets

Phys Rev Letts 81 (5) 1003-1006 (1998)

E lvanova, | P Grant, SJRose

Gain evaluation for the Ni-like tantalum X-ray laser
X-ray lasers 1998, Eds Y Kato, H Takuma, H Daido,
0P Conf Series 159 383-386 (1999)

K A Janulewicz, PV Nickles, M P Kalachnikov, M Schnurer,
W Sandner, SB Healy, G JPert, PJWarwick, CL SLewis,
C N Danson, D Neely, E Wolfrum, A Behjat, A Demir,
GJTdlents

Saturation in transient gain scheme of collisionally pumped
germanium X-ray laser

Superstrong Fields in Plasmas, Eds M Lontano, G Mourou,

F Pegoraro, E Sindoni AIP Conf Proc 426 491-496 (1998)
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Publications

M P Kalachnikov, PV Nickles, M Schnirer, W Sandner,

V N Shlyaptsev, C Danson, D Neely, E Wolfrum, J Zhang,
A Behjat, A Demir, G J Tallents, P J Warwick, C L S Lewis
Saturated operation of a transient collisional x-ray laser

Phys Rev A67 (6) 4778-4783 (1998)

C L S Lewis, R Keenan, A G MacPhee, R M N O'Rourke,

G J Tallents, G Eker, J Y Lin, S J Pestehe, R Smith, J S Wark,
E Wolfrum, J Zhang, G J Pert, S P McCabe, P A Simms,

R E Burge, M T Brown, P Charalambous, D Neely, J Collier,
C N Danson

Overview of X-ray laser research in the UK

X-ray lasers 1998, Eds Y Kato, H Takuma, H Daido,

IOP Conf Serie459 1-8 (1999)

JY Lin, G J Tallents, R Smith, A G MacPhee, E Wolfrum,
J Zhang, G Eker, R Keenan, C L S Lewis, D Neely,

R M N O’'Rourke, G J Pert, S J Pestehe, J S Wark
Optimization of double pulse pumping for Ni-like Sm x-ray
lasers

J Appl Phys85 (2) 672-675 (1999)

J Y Lin, G J Tallents, J Zhang, A G MacPhee, A Demir,
C LS Lewis, GJ Pert, R M N O'Rourke, D Ros, R Smith,
E Wolfrum, P Zeitoun

Gain saturation and travelling-wave effects for collisional
excitation X-ray lasers

X-ray lasers 1998, Eds Y Kato, H Takuma, H Daido,

IOP Conf Serie459 79-82 (1999)

J Y Lin, G J Tallents, J Zhang, A G MacPhee, C L S Lewis,
D Neely, J Nilsen, G J Pert, R M N O'Rourke, R Smith,

E Wolfrum

Gain saturation of the Ni-like X-ray lasers

Opt Comm,158, No.1-6, 55-60 (1998)

A Lorenz, N J Peacock, M G O’'Mullane, D Neely
Diagnostic characterization of a prepulsed carbon fiber Z pinch
using spectral line intensity analyses

Rev Sci Inst70, No.2 1425-1429 (1999)

A J Mackinnon, M Borghesi, A lwase, M W Jones, O Willi
Interaction of intense laser pulses with neutral gases and
preformed plasmas

11th APS topical conference on atomic processes in plasmas,
Eds E Oks, M S Pindzola, AIP Conf Pré#3 229-238 (1998)

A J Mackinnon, M Borghesi, A lwase, O Willi
Interaction of intense laser pulses with preformed density
channels

Phys Rev Lett80 (24) 5349-5352 (1998)

A G MacPhee, R M N O'Rourke, CL S Lewis, J Y Lin,

A Demir, G J Tallents, J Collier, D Neely, D Ros, P Zeitoun,
S P McCabe, P Simms, G J Pert

Transient gain in travelling wave pumped Ni-like X-ray lasers
X-ray lasers 1998, Eds Y Kato, H Takuma, H Daido,

IOP Conf Serie459 75-78 (1999)

G W Martin, T P Williamson, A Al-Khateeb, L A Doyle,

| Weaver, D Riley, M Lamb, T Morrow, C L S Lewis
Two-dimensional imaging of low temperature laser-produced
plasmas

IEEE Trans Plasma Sgv (1) 130-131 (1999)

E Nardi, Z Zinamon, D Riley, N C Woolsey
X-ray scattering as a dense plasma diagnostic
Phys Rev E57 (4) 4693-4697 (1998)
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P A Norreys, M Bakarezos, L Barringer, M Borghesi, F N Beg,
M Castro-Colins, D Chambers, A E Dangor, C N Danson,

A Djaoui, A P Fews, R Galillard, P Gibbon, L Gizzi,

M E Glinsky, B A Hammel, M H Key, P Lee, P Loukakos,

A J MacKinnon, C Meyer, J Meyer-ter-Vehn, S Moustaizis,

S G Preston, A Pukhov, S J Rose, M Tatarakis, J S Wark,

O Willi, M Zepf and J Zhang

Studies of the fast ignition route to inertial confinement fusion

at the Rutherford Appleton Laboratory

Fusion Eng and Desight (1-4) 239-243 (1999)

R M N O'Rourke, C L S Lewis, A Hibbert

Near frequency doubling through four wave mixing in a plasma
X-ray lasers 1998, Eds Y Kato, H Takuma, H Daido,

IOP Conf Serie459 687-690 (1999)

D Riley

Time dependent modelling of K-shell emission lines from laser
produced plasmas

J Quant Spectr & Rad Tra8 (2) 221-230 (1998)

S J Rose

The non-LTE excitation/ionization code GALAXY
J Phys B-Atomic Molecular and Optical
Physics31 (9) 2129-2144 (1998)

S Sebban, F Albert, A Belsky, M Boussoukaya, A Carillon,
S Hubert, P Jaegle, G Jamelot, D Joyeux, | Kamenskikh,

A Klisnick, C L S Lewis, D Phalippou, A G MacPhee, D Ros,
B Rus, R Smith, G J Tallents, P Zeitoun, A Zeitoun-Fakiris
Collisional X-ray-UV lasers and their applications

Ann de Physiqu@3 (C1) 81-88 (1998)

R Smith, G J Tallents, J Zhang, G Eker, S McCabe, G J Pert,
E Wolfrum

Saturation behavior of two x-ray lasing transitionsin Ni-like Dy
Phys Rev A59 (1) R47-R50 (1999)

G J Tallents, J Y Lin, R Smith, A G MacPhee, E Wolfrum,
J Zhang, G Eker, R Keenan, C L S Lewis, D Neely,

R M N O’'Rourke, G J Pert, S J Pestehe, J S Wark
Characterization of X-ray lasers at short wavel engths

X-ray lasers 1998, Eds Y Kato, H Takuma, H Daido,

IOP Conf Serie459 59-66 (1999)

M Tatarakis, J R Davies, P Lee, P A Norreys, N G Kassapakis,
F N Beg, A R Bell, M G Haines, A E Dangor

Plasma formation on the front and rear of plastic targets due to
high-intensity laser-generated fast electrons

Phys Rev Lett81 (5) 999-1002 (1998)

P J Warwick, C L S Lewis, M P Kalachnikov, P V Nickles,
M Schnurer, A Behjat, A Demir, G J Tallents, D Neely,

E Wolfrum, J Zhang, G J Pert

Observation of high transient gain in the germanium x-ray laser
at 19.6 nm

JOSA B-Optical Physic$5 (6) 1808-1814 (1998)

| Weaver, L A Doyle, G W Martin, D Riley, M J Lamb,

W G Graham, T Morrow, C L S Lewis

Mapping neutral, ion and electron number densities within
laser-ablated plasma plumes

ALT'97 international conference on laser surface processing,
Ed V | Pustovoy, SPI1B404 341-350 (1998)

O Willi
Inertial confinement fusion with fast ignition
Phil Trans R Soc LonA357 (1752) 555-574 (1999)

K Witte, M Basko, H Baumhacker, A Boswald, K Eidmann,
R Fedosejevs, E Fill, V Kondrashov, A Kendl, T Lower, Y Li,
P X Lu, J Meyer-ter-Vehn, G Pretzler, A Saemann, R Siegel,
D Beretta, C Danson, T Hall

Experiments with ASTERIX and ATLAS

Fusion Eng and Desight (1-4) 239-243 (1999)



E Wolfrum, JSWark, J Zhang, N O’'Rourke, R Keenan,

C L S Lewis, A G MacPhee, D Kalantar, M H Key,

B A Remington, D Neely, A Djaoui, S J Rose, G Eker, J Lin,
R Smith, G J Tallents

X-ray laser radiography of hydrodynamic perturbations due to
laser imprint

X-ray lasers 1998, Eds Y Kato, H Takuma, H Daido,

IOP Conf Serie459 657-664 (1999)

J Zhang, E Wolfrum, J Lin, A Djaoui, C L S Lewis,

Publications

A Djaoui

Time-dependent hydrogenic ionization model for non-LTE
mixtures

J Quant Spectr & Rad Trab8 (3) 303-320 (1999)

D Hoarty, L Barringer, C Vickers, O Willi, W Nazarov
Observation of transonic ionization frontsin low-density foam
targets

Phys Rev Lett82 (15) 3070 3073 (1999)

A MacPhee, G Cairns, R M N O’'Rourke, R Smith, G J Tallents,K Krushelnick, E L Clark, Z Najmudin, M Salvati,

J S Wark

KeV spectroscopic diagnostic for the performance of Ni-like
X-ray lasers

X-ray lasers 1998, Eds Y Kato, H Takuma, H Daido,
IOP Conf Serie459 471-474 (1999)

J Zhang, E Wolfrum, A MacPhee, J Lin, M H Key,

C L S Lewis, J Nilsen, R M N O'Rourke, R Smith, G J Tallents,

J S Wark

Experiments of the saturated Ni-like X-ray lasers driven by a
double 75 pslaser pulse

X-ray lasers 1998, Eds Y Kato, H Takuma, H Daido,
IOP Conf Serie459 67-70 (1999)

M Zepf, G Pretzler, U Andiel, D M Chambers, A E Dangor,
P A Norreys, J S Wark, | Watts, G D Tsakiris

Optimising harmonics from solid targets

Superstrong Fields in Plasmas, Eds M Lontano, G Mourou,
F Pegoraro, E Sindoni AIP Conf Prd26 264-269 (1998)

M Zepf, G D Tsakiris, G Pretzler, | Watts, D M Chambers,
P A Norreys, U Andiel, A E Dangor, K Eidmann, C Gahn,
A Machacek, J S Wark, K Witte

Role of the plasma scale length in the harmonic generation
from solid targets

Phys Rev E58 (5 Pt A) R5253-R5256 (1998)

M Zepf, J Zhang, D M Chambers, A E Dangor, A G MacPhee,
J Lin, E Wolfrum, J Nilsen, T W Barbee Jr, C N Danson,

M H Key, C L S Lewis, D Neely, P A Norreys, S G Preston,

R M N O'Rourke, G J Pert, R Smith, G J Tallents, | F Watts,

J S Wark

Recent progress in coherent XUV generation at RAL

Superstrong Fields in Plasmas, Eds M Lontano, G Mourou,

F Pegoraro, E Sindoni AIP Conf Prd26 499-508 (1998)

PUBLISHED DURING 1997/1998
D M Chambers, P A Norreys, A E Dangor, R S Marjoribanks,

M I K Santala, M Tatarakis, A E Dangor, V Malka, D Neely,
R Allott, C Danson

Multi-MeV ion production from high-intensity laser interactions
with underdense plasmas

Phys Rev Lett83 (4) 737-740 (1999)

C L S Lewis, | Weaver, L A Doyle, G W Matrtin, T Morrow,
D A Pepler, C N Danson, | N Ross

Use of a random phase plate as a KrF laser beam homogeni zer
for thin film deposition applications

Rev Sci Insti70 (4) 2116-2121 (1999)

JY Lin, G J Tallents, A G MacPhee, A Demir, C L S Lewis,
R M N O'Rourke, G J Pert, D Ros, P H Zeitoun

Travelling wave chirped pulse amplified transient pumping for
collisional excitation lasers

Opt Comm166 (1-6) 211-218 (1999)

A J Mackinnon, M Borghesi, R Gaillard, G Malka, O Willi,
A A Offenberger, A Pukhov, J Meyer-ter-Vehn, B Canaud,
J L Miquel, N Blanchot

Intense laser pulse propagation and channel formation through
plasmas relevant for the fast ignitor scheme

Physics of Plasma&&(5 Pt 2) 2185-2190 (1999)

G W Martin, | Weaver, T P Williamson, A H El-Astel, D Riley,
M J Lamb, T Morrow, C L S Lewis

Sudy of ground state titaniumion velocity distributionsin
laser-produced plasma plumes

Appl Phys Letts4 (23) 3465-3467 (1999)

P A Norreys, M Santala, E Clark, M Zepf, | Watts, F N Beg,

K Krushelnick, M Tatarakis, A E Dangor, X Fang, P Graham,
T McCanny, R P Singhal, K W D Ledingham, A Cresswell,

D C W Sanderson, J Maghill, A Machecek, J S Wark, R Allott,
B Kennedy, D Neely

Observation of a highly directional ysray beam from ultrashort,
ultraintense laser pulse interactions with solids

Physics of Plasma&(5 Pt 2) 2150-2156 (1999)

S Moustaizis, D Neely, S G Preston, J S Wark, | Watts, M Zepf

Feasibility study of high harmonic generation from short
wavelength lasers interacting with solid targets
Opt Comm148 (4-6) 289-294 (1998)

PUBLICATIONSIN PRESS AT END OF 1998/1999

M Borghesi, A J MacKinnon, R Gaillard, O Willi, D Riley
Absor ption of subpicosecond UV laser pulses during the
interaction with solid targets

Phys Rev E [accepted for publication]

R E Burge, X C Yuan, G E Slark, T Browne, P Charalambous,
C L S Lewis, G F Cairns, A G MacPhee, D Neely

Optical source models for the 23.2-23.6 nm radiation fromthe
germanium soft X-ray laser

Opt Comm [accepted for publication]

A C Cefalas, P Argitis, Z Kollia, E Sarantopoulou, T W Ford,
A D Stead, A Marranca, C N Danson, J Knott, D Neely
Laser plasma x-ray contact microscopy of living specimens
Tenth international school on quantum electronics,

Eds P A Atanasov, D V Stoyanov, SF&/1 388-391 (1999)
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CONFERENCE PRESENTATIONS

25th |OP plasma physics conference, Oxford, UK
(April 1998)

D M Chambers, G D Tsakiris, | Watts, U Andiel, A E Dangor,
K Eidmann, C Gahn, A Machacek, P Norreys, G Pretzler,

J S Wark, K Witte, M Zepf

Harmonic generation from the interaction of an ultra-short-

pulse laser with a solid target

E L Clark, A E Dangor, K Krushelnick, A Machacek,

R Marjoribanks, D Neely, P A Norreys, M Santala,

M Tatarakis, J S Wark, | Watts, M Zepf

Electron and ion emission from solid targets at intensities up to
10" wien?

A Djaoui
Pulse shaping for ignition and gain of an indirectly driven
target

A Loveridge, J S Wark, S V Weber, A Hauer, G Kyrala,

B A Remington, D H Kalantar, M Meyers, G Ravichandran,
E A Chandler, J D Colvin, R Lee, L G Wiley, B Failor
Simulations of x-ray diffraction from hohlraum shocked crystals
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Publications

A C Machacek, D M Chambers, JS Wark, M Zepf,

A E Dangor, E Clark, K Krushelnick, M Santala, M Tatarakis,
| Wetts, P Norreys, R Allott, C N Danson, D Nedly,

R S Marjoribanks

Observation of scattered radiation in the vicinity of the
fundamental in ultra high intensity laser-solid interactions

P A Norreys, A P Fews, F N Beg, A R Bell, A E Dangor, P Lee,
M B Nelson, H Schmidt, M Tatarakis, M D Cable

Neutron production from picosecond laser irradiation of
deuterated targets at intensities of 10™° W e

P K Patel, E Wolfrum, O Renner, A Loveridge, R Allott,
D Nedly, SJRose, J S Wark
Line profile modelling in expanding laser-produced plasmas

M Tatarakis, JR Davies, K Krushelnick, P A Norreys,

A RBél, EL Clark, A Machacek, R Marjoribanks, M Santala,
JSWark, | Watts, M Zepf, M G Haines, A E Dangor

Fast electron transport into thick solid targets in high intensity,
short pulse laser-solid interactions

N C Woolsey, D McSherry, E Nardi, D Riley
Recent X-ray scattering measurements of strongly coupled
plasmas

M Zepf, D M Chambers, E Clark, A E Dangor, K Kruselnick,
A Machacek, P A Norreys, | F Watts, J S Wark

Harmonic generation from laser-solid target interactions at
intensities up to 10*° Wen?

JZhang, E Wolfrum, A MacPhee, JLin, JNilsen,

T W Barbee Jr, C Danson, M H Key, CL SLewis, D Nesdly,
SJRose, RM N O'Rourke, G J Pert, R Smith, G J Tallents
Demonstration of saturation in Ni-like x-ray lasers

Workshop on the operation of large laser fusion facilities,
Livermore CA, USA (April 1998)

C Danson, C B Edwards, B Wyborn
Operational experience and practice on the Vulcan Nd:glass
laser

25th ECLIM, Formia, Italy (May 1998)

M G Haines
Overview of laser-matter interaction studies at the Blackett
Laboratory

E Wolfrum, J Zhang, J S Wark, M H Key, T W Barbee Jr,

D H Kalantar, B A Remington, C L S Lewis, R Keenan,

R M N O'Rourke, A G MacPhee, P J Warwick, G Eker, J Lin,
R Smith, G J Tallents

Measurement of direct drive laser imprint in thin foils by XUV
laser radiography

G J Tallents, R Smith, J Pestehe, J Lin, M Tagviashvili,
S J Rose, A Djaoui, D Neely, K Nazir
The production of high energy density x-ray sources

P A Norreys, D Neely, A R Bell, E Clarke, J Davies,

M G Haines, K Krushelnick, M Tatarakis, | Watts, M Zepf,
A E Dangor, D M Chambers, A Machacek, J S Wark,

A P Fews, S Moustaizis, R Marjoribanks

Solid target interaction physics with relativistic laser
irradiances

G D Tsakiris, M Zepf, G Pretzler, | Watts, U Andiel,
D M Chambers, A E Dangor, K Eidmann, C Gahn,
A Machacek, P A Norreys, J S Wark, K Witte
Influence of the density scale-length on the harmonic
generation from solid targets
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D Batani, A Bernardinello, V Masella, F Pisani, M Koenig,
J Krishnan, A Benuzzi, S Ellwi, T Hall, P Norreys, A Djaoui,
D Neely, S Rose, P Fews, M Key

Fast electron propagation and energy deposition in laser shock
compressed plasmas

N C Woolsey, D McSherry, E Nardi, D Riley
Experimental measurements of x-ray scattering cross-sections
from dense plasmas

F Dorchies, F Amiranoff, D Bernard, B Cross, F Jacquet,
V Malka, J R Marques, G Matthieussent, Ph Mine, A Modena,
P Mora, J Morillo, Z Najmudin, A Solodov

Observation of laser wakefield acceleration of electrons

Z Najmudin, V Malka, R Allott, F Amiranoff, E L Clark,

A E Dangor, C N Danson, P Flintoff, D Gordon, C Joshi,
K Krushelnick, G Malka, A Modena, D Neely, M Santala,
M Tatarakis

High intensity laser interactionswith a gas jet

T J M Boyd, A Dyson
Interaction of intense laser light with super-critical density
plasma

J R Davies, A R Bell
Fast electron transport in solid targets

M Tatarakis, J R Davies, K Krushelnick, A R Bell, E L Clark,
A Machacek, R Marjoribanks, P A Norreys, M Santala,

J S Wark, | Watts, M Zepf, M G Haines, A E Dangor

Fast electron generation and propagation into thick solid
targetsin high intensity laser-solid interactions

N C Woolsey, C A Back, J K Nash, A Calisti, C Mosse,
R Stamm, B Talin, A Asfaw, L S Klein, R W Lee
Ar Hegf line shape and line shifts at high density

E L Clark, A E Dangor, K Krushelnick, A Machacek,

R Marjoribanks, D Neely, P A Norreys, M Santala,

M Tatarakis, J S Wark, | Watts, M Zepf

Electron and ion emission from solid targets at intensities up to
10" Wien?

M Salvati, R Allott, F Amiranoff, E L Clark, A E Dangor,

C N Danson, P Flintoff, D Gordon, K Krushelnick, V Malka,
G Malka, A Modena, Z Najmudin, D Neely, M Santala,

M Tatarakis

High intensity laser interactionswith a gasjet at 527 nm

M G Haines
On magnetic fields in short laser pulse interactions with
overdense plasmas

F Pisani, M Koenig, J Krishnan, D Batani, V Masella,

A Bernardinello, T A Hall, S Ellwi, P Norreys, D Neely,
A Djaoui, S Rose, P Fews, M Key

Hot electrons deposition in laser shock compressed matter

CLEO/EUROPE’98, Glasgow, UK (September 1998)

A C Cefalas, Z Kollia, T W Ford, A D Stead, A Marranca,

C N Danson, JKnott, D Neely

Fast, chemically amplified epoxy novolac photoresist for soft
x-ray contact microscopy of living biological species

EQEC’'98, Glasgow, UK (September 1998)

D Neely C N Danson, R Allott, JL Collier, A E Dangor,

C B Edwards, P Flintoff, P Hatton, Z Najmudin, K Krushelnick,
D A Pepler

Smultaneous dual wavelength high energy, picosecond pulses
for novel particle acceleration experiments

JLarsson, A Lindenberg, P A Heimann, P H Bucksbaum,
R W Lee, JSWark, R W Falcone
Investigation of disordering and reordering



D Neely, CL SLewis, JLin, A MacPhee, RM N O’Rourke,
G J Pert, R Smith, G J Tallents, J S Wark, J Warwick,

E Wolfrum, J Zhang, M Key, R Allott, C Danson

X-ray lasers - state of theart in the UK

3rd inter national workshop on the fast ignition of fusion
targets, RAL, Didcot, UK (September 1998)

R Bingham
A review of electron acceleration mechanisms with short pulse,
ultra-intense laser pulses

M Borghesi, A MacKinnon, O Willi
Channelling in pre-formed plasmas and propagation in
capillaries

J Davies, A R Bell
The effects of magnetic fieldsin collimating electron flows in
ultra-intense interactions

E Clark

A comparison of temperatures derived from measurements of
the x-ray bremsstrahlung emission with those from escaping
electrons generated during ultra-intense interactions with solids

M Tatarakis
Observations of collimated electron flows in ultra intense laser
interactions with thick foils

T A Hall
X-ray and fast particle preheat in femtosecond laser driven
transport experiments

M Tatarakis
Fast electron generation and propagation into thick solid
targetsin high intensity laser-solid interactions

F Pisani, L Gremillet, M Koenig, F Amiranoff, E Martinolli,
P Norreys, A Djaoui, T Hall, D Batani, A Antonucci.

C Rousseaux, H Pepin, H Bandulet, P Fews

Fast electrons deposition experiment with the new LULI

100 TW laser, Part I: K, spectroscopy

F Amiranoff, L Gremillet, M Koenig, F Pisani, E Martinolli,
P Norreys, A Djaoui, T Hall, D Batani, A Antonucci.

C Rousseaux, H Pepin, H Bandulet, P Fews

Fast electrons deposition experiment with the new LULI

100 TW laser, Part 2: Shadowgraphy through transparent
targets

D Batani, A Bernardinello, M Koenig, F Pisani, J Davies,
T Hall, P Norreys, A Djaoui, D Neely, S Rose
Explanations for the increased range of fast electronsin shock
compressed plasmas

T Hall

Femtosecond laser driven transport experiments

K Ledingham, P Graham, X Fang, R P Singhal, T McCanny,
J Maghill, A Creswell, D Sanderson, R Scott, R Allott,
D Neely, P Norreys, M Santala, M Zepf, | Watts, E Clark,

Publications

8" international workshop on the radiative properties of hot
dense matter, Sarasota, USA (October 1998)

M E Beer, P K Patel, S J Rose, J S Wark
Calculations of the modal photon densities and gainin a K/CL
resonantly photopumped x-ray laser

N C Woolsey, C A Back, R W Lee, A Calisti, C Mosse,
R Stamm, B Talin, A Asfaw, L S Klein
Experimental results on line shifts from dense plasmas

D Riley, N C Woolsey, D McSherry, E Nardi
X-ray scattering from plasmas

P K Patel, E Wolfrum, O Renner, A Loveridge, R Allott,

D Neely, S J Rose, J S Wark

High-resolution lineshape measurements from a rapidly
expanding laser-produced plasma

S J Rose

Comptonisation of x-ray line featuresin laser-driven implosion
experiments

S Davidson, G J Tallents
Experimental design issues for short pulse opacity experiments

40™ annual meeting of the APS division of plasma physics,
New Orleans, USA (November 1998)

D Hoarty
Observation of ionization fronts in low-density foam targets

A Mackinnon
Intense laser pulse propagation and channel formation through
plasmas relevant to the fast ignitor scheme

26th |OP plasma physics conference, Pitlochry, UK
(March 1999)

M H R Hutchinson
High power laser research at the Central Laser Facility

G Pert
Development in x-ray lasers

K Ledingham
Nuclear physics merely using a light source

D Riley, N C Woolsey, D McSherry, E Nardi
X-ray scattering from plasmas

J S Wark, M E Beer, | Almiev, P K Patel, S J Rose
Revisiting photopumped X-ray lasers

REPORTS

P Sauvan, P Angelo, E Leboucher-Dalimier, P Gauthier,

S J Rose

Traitment alternatif de I'elargissement de la raie Ar Blemise
lors d'implosions de capsules d’'argon

LULI Annua Scientific Report 1998 (1998)

K Krushelnick, A E Dangor, M Tatarakis, A Machacek, J Wark SEMINARS

Laser induced fission
A Machacek, D M Chambers, J S Wark, | Watts, M Zepf,

A E Dangor, E Clark, K Krushelnick, M Santala, M Tatarakis,

SJRose
Inertial confinement fusion
The Central Laser Facility (November 1998)

P A Norreys, R Allott, C N Danson, D Neely, R S Marjoribanks S JRose

Observation and discussion of stimulated optical scatteringin
ultra-intense laser-solid interactions

P A Norreys, A Djaoui, S J Rose
Devel opments in the fast ignition conical implosion concept

219

Astrophysics with high-power lasers
Physics and applied physics department, University of
Strathclyde (March 1999)

PHD THESES

M Borghesi
The interaction of ultra intense laser pulses with solid targets
and preformed plasmas
Ph D, 1998
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Publications

R Gaillard A lwase

The interaction of picosecond high intensity laser pulses with Studies of shock propagation and thermal smoothing in laser
preformed plasmas and solid targets irradiated foam targets

Ph D, 1998 Ph D, 1999
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Science — Astra Facility Programme

JOURNAL PUBLICATIONS, BOOKSAND PUBLISHED
PROCEEDINGS

C Kosmidis, K W D Ledingham, H SKilic, T McCanny,
R P Singhal, D Smith, A J Langley

Molecular fragmentation induced by a femtosecond laser
Second GR-| international conference on new laser
technologies and applications, Eds P di Lazzaro, A Torre,
G Baldacchini, SPIE 3423 204-208 (1998)

K W D Ledingham, R P Singhal, D J Smith, T McCanny,

P Graham, H SKilic, W X Peng, SL Wang, A JLangley,
P F Taday, C Kosmidis

Behaviour of polyatomic moleculesin intenseinfrared laser
beams

J Phys Chem A 102 (18) 3002-3005 (1998)

JH Posthumus, J Plumridge, L J Frasinski, K Codling,

A JLangley, P F Taday

Double pulse measurements of laser-induced alignment of
molecules

J Phys B-Atomic Molecular and Optical

Physics 31 (24) L985-L993 (1998)

JH Posthumus, J Plumridge, K Codling, L J Frasinski,
A JLangley, P F Taday

Alignment of molecules on a vibrational timescale
Laser Physics 9 (1) 163- (1999)

JH Posthumus, J Plumridge, P F Taday, JH Sanderson,

A JLangley, K Codling, W A Bryan

Sub-pulselength time resolution of bond softening and Coulomb
explosion using polarization control of laser-induced alignment
J Phys B-Atomic Molecular and Optical

Physics 32 (5) L93-L101 (1999)

JH Posthumus, J Plumridge, M K Thomas, K Codling,

L JFrasinski, A JLangley, P F Taday

Dynamic and geometric laser-induced alignment of molecules
inintense laser fields

J Phys B-Atomic Molecular and Optical

Physics 31 (13) L553-L562 (1998)

221

Publications

JH Sanderson, RV Thomas, W A Bryan, W R Newell,

A JLangley, P F Taday

Alignment and bending of CO, by intense femtosecond laser
pulses

J Phys B-Atomic Molecular and Optical

Physics 31 (14) L599-L 606 (1998)

R P Singhal, H SKilic, K W D Ledingham, T McCanny,
W X Peng, D J Smith, C Kosmidis, A JLangley, P F Taday
Comment on "On the ionisation and dissociation of NO, by
short intense laser pulses”

Chem Phys Letts 292 (4-6) 643-646 (1998)

D J Smith, K W D Ledingham, R P Singhal, H SKilic,

T McCanny, A JLangley, P F Taday, C Kosmidis
Time-of-flight mass spectrometry of aromatic molecules
subjected to high intensity laser beams

Rapid Communicationsin Mass Spectrometry 12 (13) 813-820
(1998)

PUBLICATIONSIN PRESS AT END OF 1998/1999

K W D Ledingham, D J Smith, R P Singhal, T McCanny,
P Graham, H SKilic, W X Peng, A JLangley, P F Taday,
C Kosmidis,

Multiply charged ions from aromatic molecul es following
irradiation in intense laser fields

J Phys Chem A 103 (16) 2952-2963 (1999)

JH Sanderson, A El-Zein, W A Bryan, W R Newell,

A JLangley, P F Taday

Geometry modifications and alignment of H,O in an intense
femtosecond laser pulse

Phys Rev A 59 (4) R2567-R2570 (1999)

I D Williams, B Srigengan, P McKenna, W R Newell,

JH Sanderson, W A Bryan, A El-Zein, P F Taday, A JLangley
Short pulse laser interaction with positive ions

Physica Scripta T80B 534-535 (1999)
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Publications

Science - Lasersfor Science Facility Programme

JOURNAL PUBLICATIONS, BOOKSAND PUBLISHED
PROCEEDINGS

G JBerry, JA Cairns, M R Davidson, D R G Rodley,
JThomson, | C E Turcu, W Shaikh

1 nm X-ray lithography using novel mask fabrication technique
Rev Sci Instr 69 (9) 3350-3352 (1998)

R H Bisby, S A Johnson, A W Parker, SM Tavender

Time resolved resonance Raman spectroscopy of the carbonate
radical

J Chem Soc Faraday Trans 94 (15) 2069-2072 (1998)

R H Bisby, S A Johnson, A W Parker, SM Tavender
Time resolved resonance Raman studies of radicals from
4-aminoresorcinol as models for the active site radical
intermediate in copper amine oxidases

Laser Chemistry 19 (1-4) 201-208 (1999)

D Chastaing, P L James, | R Sims, | W M Smith
Neutral-neutral reactions at the temperature of interstellar
clouds: rate coefficients for the reactions of C,H radicals with
0O,, C,H,, CH,y and CsHg downto 15K

Faraday Discussions 109 165-181 (1998)

JM F Elks, R T Kroemer, JMcCombie, E G Robertson,
JP Simons, M Walker

Conformational landscapes in flexible organic molecules:
3-phenylpropanol

Phys Chem Comm 3 (1998)

T Fournier, G D Scholes, | R Gould, S M Tavender, D Phillips,
A W Parker

Triplet 1-nitronaphthalene and competitive energy and electron
transfer reactions with trans-stilbene

Laser Chemistry 19 (1-4) 397-401 (1999)

SHess, R A Taylor, JF Ryan, B Beaumont, P Gibart, N JCain,
V Roberts, J S Roberts

Time-resolved bandgap renormalization and gain in GaN
epilayers

Proceedings of the second international symposium on blue
laser and light emitting diodes, Chiba, Japan, 673, (1998)

S Hess, F Walraet, R A Taylor, JF Ryan, B Beaumont, P Gibart
Dynamics of resonantly excited excitonsin GaN
Phys Rev B 58 (24) R15973-R15976 (1998)

R JHicken, JWu

Picosecond optical pump-probe spectroscopy of spin dynamics
in ferromagnetic thin films

Acta Photonica Sinica 27 95 (1998)

M R Hockridge, E G Robertson, JP Simons

lon-dip spectroscopy and structure of 5-phenyl imidazole,
4-phenyl imidazole and its 1:1 hydrate

Chem Phys Letts 302 (5,6) 538-548 (1999)

PL James, | R Sims, | W M Smith, M H Alexander, M Yang
A combined experimental and theoretical study of rotational
energy transfer in collisions between NO(X?/7,,1=3,J) and He,
Ar and N, at temperatures down to 7 K

J Chem Phys 109 (10) 3882-3897 (1998)

P Jennnings, A C Jones, A R Mount

Fluorescence properties of electropolymerised 5-substituted
indolesin solution

J Chem Soc Faraday Trans 94 (24) 3619-3624 (1998)

G R Kennedy, C-L Ning, JPfab

The 355nm photodissociation of jet-cooled CH;SNO: alignment
of the NO photofragment

Chem Phys Letts 292 (1,2) 161-166 (1998)
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R T Kroemer, K R Liedl, JA Dickinson, E G Robertson,

JP Simons, D R Borst, D W Pratt

Conformationally induced changes in the electronic structures
of some flexible benzenes. a molecular orbital model

JAm Chem Soc 120 (48) 12573-12582 (1998)

| K Lednev, T-Q Ye, P Matousek, M Towrie, P Foggi,

FV R Neuwahl, S Umapathy, R E Hester, JN Moore
Femtosecond time-resolved UV-visible absor ption spectroscopy
of trans-azobenzene: dependence on excitation wavelength
Chem Phys L etts 290 (1-3) 68-74 (1998)

A Magunov, A Faenov, | Skobelev, T Pikuz, D Batani,

M Milani, M Costato, A Pozzi, E Turcu, R Allot, M Koenig,

A Benuzzi, F Flora, A Rede

Formation of the X-ray line emission spectrum of excimer laser-
produced plasmas

Laser and Particle Beams 16 (1) 61-70 (1998)

A Masini, D Batani, F Previdi, A Pozzi, E Turcu, S Huntington,
H Takeyasu

Yeast cell metabolism investigated by CO, production and soft
X-ray irradiation

European Physical Journal — Applied Physic$ (1) 101-109
(1999)

E A Mastio, W M Cranton, C B Thomas, E Fogarassy,

S de Unamuno

Pulsed KrF laser annealing of RF sputtered ZnS Mn thin films
Appl Surf Sci 138-139 (1-4) 35-39 (1999)

P Matousek
Regenerative amplifier revolutionizes Raman spectroscopy
Laser Focus Worl@4 (5) 124 (1998)

P Matousek, G Gaborel, A W Parker, D Phillips, G D Scholes,
W T Toner, M Towrie

ps-TR® spectroscopy of S, cis-stilbene in solution

Laser Chemistryt9 (1-4) 97-100 (1999)

T Melvin, S M T Cunniffe, P O’Neill, A W Parker,

T Roldan-Arjona

Guanineisthetarget for direct ionisation damage in DNA, as
detected using excision enzymes

Nucleic Acids Researc?6 (21) 4935-4942 (1998)

M Milani, M Ballerini, G Baroni, D Batani, S Cozzi, L Ferraro,
M Costato, F Salsi, A Pozzi, F Squadrini, | C E Turcu, R Allot,
N Lisi, W Shaikh, S Hughes

Differential two colour X-ray radiobiology of
membrane/cytoplasmin yeast cells and lymphocytes

Advances in optical biophysics, Eds J R Lakowicz, J B A Ross,
SPIE3256 195-205 (1998)

M Milani, A Conte, M Costato, F Salsi, G Baroni, D Batani,
L Ferraro, | C E Turcu

NMR and pressure correlated analysis of metabolic changesin
soft-X-raysirradiated yeast cells

European Physical Journald)2) 267-270 (1999)

I D Morrison A J Berry, R G Denning
Energy levels of terbium(l11) in the elpasolite Cs,NaThClg
Mol Phys96 (1) 43-51 (1999)

A W Parker

Preface to the proceedings of the eighth conference on
time-resolved vibrational spectroscopy

Laser Chemistry9 (1-4) ix-x (1999)

G D Scholes, | R Gould, A W Parker, D Phillips
Time-resolved resonance Raman and molecular-orbital studies
of charge-separation and intramolecular reorganisation
Chem Phy234 (1-3) 21-34 (1998)



G D Scholes, T Fournier, D Phillips, A W Parker
Solvent-dependent resonance Raman excitation profiles of
9,9'-bianthryl

Laser Chemistry 19 (1-4) 51-56 (1999)

A D Scully, R B Ostler, A JMacRobert, A W Parker,
Cdelara, P O’Neill, D Phillips

Laser line-scanning confocal fluorescence imaging of the
photodynamic action of aluminium and zinc phthal ocyaninesin
V/79-4 Chinese hamster fibroblasts

Photochem and Photobi68 (2) 199-204 (1998)

D J Smith, KW D Ledingham, H S Kilic, T McCanny,

W X Peng, R P Singhal, A J Langley, P F Taday, C Kosmidis
lonization and dissociation of benzaldehyde using short intense
laser pulses

J Phys Chem A02 (15) 2519-2526 (1998)

I WM Smith

Moleculesin space: the chemical |aboratory at the end of the
universe

Chemistry Reviewg (3) 2-6 (1998)

S M Tavender, S A Johnson, D Balsom, A W Parker,

R H Bisby

The carbonate CO5 in solution studied by resonance Raman
spectroscopy

Laser Chemistry9 (1-4) 311-316 (1999)

R J Tompkins, | P Mercer, M Fettweis, C J Barnett, D R Klug,
G Porter, | Clark, S Jackson, P Matousek, A W Parker,

M Towrie

5-20 keV laser-induced X-ray generation at 1 kHzfroma

liquid-jet target

Rev Sci Insti69 (9) 3113-3117 (1998)

W T Toner, P Matousek, A W Parker, M Towrie
Picosecond Raman excitation profile and transient absorption
spectrum of S; quaterphenyl in solution

Laser Chemistryt9 (1-4) 79-82 (1999)

M Towrie, G Gaborel, P Matousek, A W Parker, W Shaikh,
R H Bisby

Tunable picosecond optical parametric amplifiers for time
resolved resonance Raman spectroscopy

Laser Chemistryt9 (1-4) 153-159 (1999)

| C E Turcu, B Dance
X-rays from laser-plasmas: generation and applications
Publ John Wiley & Sons (1998)

PUBLISHED DURING 1997/1998

A A Anderson, R W Eason, L M B Hickey, M Jelinek,
C Grivas, D S Gill, N A Vainos

Ti:sapphire planar waveguide laser grown by pulsed laser
deposition

Opt Letts22 (20) 1556-1558 (1997)

D Batani, M Milani, G Leoni, A Conti, A Masini, F Pisani,

M Costato, A Pozzi, E Turcu, R Allott, N Lisi, F Cotelli, C Lora
Lamia Donin, M Moret

Yeast cells response to soft X-rays from laser-plasmas

Vuoto Science and TechnoloyVI 3-8 (1997)

A J Berry, R G Denning, | D Morrison

Two-photon excitation spectroscopy of lanthanide el pasolites -
implications for the correlation crystal field

Chem Phys Lett266 (1,2) 195-200 (1997)

A J Berry, R G Denning, | D Morrison
Two-photon Zeeman spectroscopy of terbium (111) elpasolites
J Chem Phy406 (22) 8967-8973 (1997)

A J Berry, | D Morrison, R G Denning
Energy levels of terbium(l11) in the elpasolite Cs,NaTbFg
Mol Phys93 (1) 1-14 (1998)
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Publications

R G Denning, A J Berry and C S McCaw
Ligand dependence of the correlation crystal field
Phys Rev B57 (4) R2021-R2024 (1998)

J A Dickinson, M R Hockridge, R T Kroemer, E G Robertson,
J P Simons, J McCombie, M Walker

Conformational choice, hydrogen bonding and rotation of the

S| ~ S electronic transition moment in 2-phenylethyl alcohol,
2-phenylethylamine and their water clusters

J Am Chem So0@20 (11) 2622-2632 (1998)

J A Dickinson, P W Joireman, R T Kroemer, E G Robertson,
J P Simons

Conformationally induced transition moment rotationsin the
S-S electronic spectra of n-propylbenzene and

n-butylbenzene

J Chem Soc Faraday Tra®3(8) 1467-1472 (1997)

I W M Smith, | R Sims, B R Rowe

Gas-phase reactions at |ow temperatures; towards absolute
zero

Chemistry: A European Journ&(12) 1925-1928 (1997)

PUBLICATIONSIN PRESS AT END OF 1998/1999

A C Benniston, P Matousek, A W Parker

Kerr-gated picosecond time resolved resonance Raman
spectroscopic probing of the excited statesin
A-[Ru(bipy)2dppz(BF4)2 (bipy = 2,2’-bipyridyl, dppz =
dipyrido[3,2-a:2'3'-c])phenazine

JAm Chem Soc [submitted]

I R Farrell, P Matousek, A Vlcek

Femtosecond spectroscopic study of MleR@ited-state
dynamics of Cr(CO)(4)(bpy): excitation-energy-dependent
branching between CO dissociation and relaxation

JAm Chem Soc 121 (22) 5296-5301 (1999)

SHess, R A Taylor, K Kyhm, JF Ryan, B Beaumont, P Gibart
Femtoseconéxciton dynamics and the Mott transition in GaN
Physica Status Solidi B [accepted for publication]

SHess, R A Taylor, ED O'Sullivan, JF Ryan, N J Cain,
V Roberts, J S Roberts

Hot carrier relaxation by extreme electron-LO phonon
scattering in GaN

Physica Status Solidi B [accepted for publication]

R JHicken, JWu
Observation of ferromagnetic resonance in the time domain
J Appl Phys 85 (8 Pt 2) 4580-4582 (1999)

M R Hockridge, E G Robertson

Hydrated clusters of 2-phenylethyl alcohol and
2-phenylethylamine; structure, bonding and rotation of the
S, « & electronic transition moment

J Phys Chem A 103 (19) 3618-3628 (1999)

P Matousek, M Towrie, A Stanley, A W Parker

Efficient rejection of fluorescence from Raman spectra using
picoesecond Kerr gating

Applied Spectroscopy [accepted for publication]

F L Plows, A C Jones

Laser-desorption supersonic jet spectroscopy of
phthalocyanines

JMol Spec 194 (2) 163-170 (1999)

K L Reid, T A Field, M Towrie, P Matousek

Photoelectron angular distributions as a probe of alignment
evolution in a polyatomic molecule: picosecond time- and
angle- resolved photoelectron spectroscopy of S-1
para-difluorobenzene

J Chem Phys 111 (4) 1438-1445 (1999)
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Publications

G D Scholes, T Fournier, A W Parker, D Phillips A W Parker

Sudies of chargelocalisation and inertial solvent timescales: Early relaxation processes of photoexcited states

non equilibrium resonance Raman excitation profiles of

9, 9'-bianthyl American Geophysical Union spring meeting, (June 1999)

J Chem Pnys [accepted for publication] C E Canosa-Mas, N JHendy, D Shah, A Vipond, R P Wayne

R A Taylor, SHess, K Kyhm, J Smith, JF Ryan, Discharge flow studies of the reactions of Br, BrO, Cl and CIO
G P Yablonskii, E V Lutsebko, V N Pavlovskii, M Heuken with CH;O

Stimulated emission and excitonic bleaching in GaN epilayers

under high-densitgxcitation SEMINARS

Physica Status Solidi B [accepted for publication] A W Parker

Ultrafast chemistry: investigations performed at the Central
Laser Facility

Nationa Centre for Ultrafast Processes, University of Madras,
India (April 1998)

A W Parker
So little time for chemistry
Open Day Public Lecture, RAL, Chilton, UK (June 1998)

15th international symposium on gas kinetics, Bilbao, Spain A W Parker

CONFERENCE PRESENTATIONS

193rd meeting of the Electrochemical Society, San Diego,
USA (May 1998)

P Jennings, A C Jones, A R Mount
Luminescence of electrochemically generated indole polymers

(September 1998) Picosecond time-resolved Stokes and anti-Stokes Raman
C E Canosa-Mas, N JHendy, D Shah, A Vipond, R P Wayne spectroscopy of photoexcited molecules using optical
Discharge flow studies of some reactions of BrO' parametric lasers _
Invited presentation in honour of retirement of Dr Albrecht Lau,
CONFERENCE PRESENTATIONS 1999/2000 Max-Born Intitute, Berlin, Germany (August 1998)
COBRA mesting, Lausanne, Switzerland (April 1999) A W_Parl_<er .
Applications of time-resolved resonance Raman spectroscopy
C E Canosa-Mas, N JHendy, D Shah, A Vipond, R P Wayne Chalmers University of Technology, Sweden (February 1999)
Kinetic studies of the reactions of gbland CHO, with Br
and BrO THESES
. . . N JHendy
In-fibre Bragg gratings and special fibres, | OP half-day . . . .
meeting, London, UK (May 1999) A discharge f!ow study of some reactions of brominated species
of atmospheric relevance
R J Potton M Chem, 1999
Spectral and time response of photochromic glasses and their
S AL S A Johnson
application to adaptive filtering Spectroscopic studies of copper amine oxidase
9th inter national conference on time-resolved vibrational PhD, 1998
spectroscopy (TRVSIX), Tuscon, USA (May 1999) F L Plows
P Matousek, M Towrie, A Stanley, A W Parker Supersonic jet spectroscopy of laser-desorbed molecules
Novel method for efficient rejection of fluorescence from Ramafh D, 1998
spectra P Jennings

M Towrie, M W George, D C Grills, P Matousek, A W Parker A photophysical study of electropolymerised indoles
A development of a new IR picosecond time resolved facility PhD, 1999
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Facility Developments

JOURNAL PUBLICATIONS, BOOKSAND PUBLISHED
PROCEEDINGS

JL Callier, C N Danson, R M Allott, M H R Hutchinson,

CL SLewis, D Nedly, D A Pepler, T B Winstone, J Zhang
Ultra-short pulse line focus travel ling-wave implementation on
the Vulcan laser

X-ray lasers 1998, Eds Y Kato, H Takuma, H Daido,

IOP Conf Series 159 649-652 (1999)

JCollier, C Danson, C Johnson and C Mistry
Uniaxial single shot autocorrelator
Rev Sci Instr 70 (3) 1599-1602 (1999)

C N Danson, J Collier, D Neely, L JBarzanti, A Damerell,
C B Edwards, M H R Hutchinson, M H Key, P A Norreys,

D A Pepler, | N Ross, PF Taday, W T Toner, M Trentelman,
F N Walsh, T B Winstone and R W W Wyaitt

Well characterized 10 W cn? operation of VULCAN - an
ultra-high power Nd:glass laser

JMod Opt 45 (8) 1653-1669 (1998)

C B Edwards, C N Danson, M H R Hutchinson, D Neely,
B Wyborn

200 TW upgrade of the Vulcan Nd:glass laser facility
Superstrong Fieldsin Plasmas, Eds M Lontano, G Mourou,
F Pegoraro, E Sindoni AlP Conf Proc 426 485-490 (1998)

D Neely, D M Chambers, C N Danson, P A Norreys,

S G Preston, F Quinn, M Roper, JSWark, M Zepf

A multi-channel soft X-ray flat-field spectrometer
Superstrong Fieldsin Plasmas, Eds M Lontano, G Mourou,
F Pegoraro, E Sindoni AlP Conf Proc 426 479-484 (1998)

K Osvay, | N Ross, JM Lister, C JHooker
High-dynamic-range measurement of the temporal contrast of
ultrashort UV pulses

Second GR-| international conference on new laser
technologies and applications, Eds P di Lazzaro, A Torre,

G Baldacchini, SPIE 3423 179-183 (1998)

M J Shaw, | N Ross, C JHooker, JM Dodson, G JHirst,

JM D Lister, EJDival, A K Kidd, S Hancock, A R Damerell,
B E Wyborn

Ultrahigh-brightness KrF laser system for fast ignition studies
Fusion Eng and Design 44 (1-4) 209-214 (1999)

M Towrie, A W Parker, W Shaikh, P Matousek

Tunable picosecond optical parametric generator-amplifier
system for time resolved Raman spectroscopy
Measurement Science & Technology 9 (5) 816-823 (1998)

H L Offerhaus, C B Edwards, W J Witteman

Single shot beam quality (M?) measurement using a spatial
Fourier transform of the near field

Opt Comm 151 (1-3) 65-68 (1998)

PUBLICATIONSIN PRESS AT END OF 1998/1999

C N Danson, R Allott, G Booth, J Collier, C B Edwards,

P S Fintoff, S JHawkes, M H R Hutchinson,

C Hernandez-Gomez, J Leach, D Neely, P Norreys, M Notley,
D Pepler, I N Ross, JWalczak, T Winstone

The generation of focused intensities of 5x10%° Wen?

Laser and Particle Beams 17 (2) 341-347 (1999)

CL SLewis, | Weaver, L A Doyle, GW Martin, T Morrow,

D A Pepler, C N Danson and | N Ross

Use of a random phase plate asa KrF laser beam homogeni zer
for thin film deposition applications

Rev Sci Instr 70 (4) 2116-2121 (1999)
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Publications

D Neely, C N Danson, R Allott, F Amiranoff, JL Collier,
A E Dangor, C B Edwards, P Flintoff, P Hatton, M Harman,
M H R Hutchinson, Z Najmudin, D A Pepler, | N Ross,

M Salvati, T Winstone

Frequency doubling of multi terawatt picosecond pul ses
Laser and Particle Beams 17 (2) 281-286 (1999)

K Osvay, | N Ross

Efficient tuneable bandwidth frequency mixing using chirped
pulses

Opt Comm 166 (1-6) 113-119 (1999)

K Osvay, | N Ross, JM D Lister, C JHooker

High dynamic range measurement of temporal shape and
contrast of ultrashort UV pulses

Appl Phys B 69 (1) 19-23 (1999)

I N Ross, P Matousek, M Towrie, A JLangley, JL Collier,
C N Danson, C Hernandez-Gomez, D Neely, K Osvay
Prospects for a multi-PW source using optical parametric
chirped pulse amplifiers

Laser and Particle Beams 17 (2) 331-340 (1999)

CONFERENCE PRESENTATIONS

25th IOP plasma physics conference, Oxford, UK
(April 1998)

R Allott, S Angood, C Beckwith, G Booth, J Collier,

C N Danson, A Damerell, C B Edwards, J Ellwood, P Exley,
P Flintoff, J Govans, S Hancock, P Hatton, S Hawkes,

D Hitchcock, M H R Hutchinson, M H Key,

C Hernandez-Gomez, J Leach, W Lester, D Neely, P Norreys,
M Notley, D Pepler, C Reason, D A Rodkiss, M Stainsby,

M Trentelman, JWalczak, T Winstone, R Wyatt, B Wyborn
10%° Wem? for laser plasma interactions with the upgraded
Vulcan CPA facility

D Neely, D Chambers, C Danson, P Norreys, S Preston,
F Quinn, M Roper, JWark, M Zepf
A soft x-ray multi-channel flat-field spectrometer

M Notley, A Damerell, C Danson, J Leach, D Neely, JLin,
S J Pestehe, R Smith, G Tallents, M Zepf

Diagnostic instrumentation devel opments for x-ray emission
Spectroscopy

25th ECLIM, Formia, Italy (May 1998)

C N Danson, R Allott, S Angood, C Beckwith, G Booth,
JCollier, A Damerell, C B Edwards, J Ellwood, P Exley,

P Flintoff, J Govans, S Hancock, P Hatton, S Hawkes,

D Hitchcock, M H R Hutchinson, M H Key,

C Hernandez-Gomez, J Leach, W Lester, D Neely, P Norreys,
M Notley, D Pepler, C Reason, D A Rodkiss, M Stainsby,

M Trentelman, JWalczak, T Winstone, R Wyatt, B Wyborn
Focused intensities of 10?° Wemi? to target with the upgraded
Vulcan CPA interaction facility

D Neely, C N Danson, R Allott, JL Collier, C B Edwards,

P Fintoff, M H R Hutchinson, D A Pepler, | N Ross,

M Trentelman, T Winstone, Z Mamudin, V Malka,

F Amiranoff, E L Clark, A E Dangor, D Gordon,

K Krushelnick, G Maka, A Modena, M Salvati, M Santala,
M Tatarakis

Multi terawatt frequency doubling of picosecond pul ses for
plasma interactions
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Publications

D Neely, C N Danson, R Allott, S Angood, J Collier,

A Damerell, C B Edwards, J Govans, S Hancock, M Harman,
P Hatton, C Henandez-Gomez, M H R Hutchinson, W Lester,
P Norreys, M Notley, D A Pepler, D Rodkiss, R Wellstood,
T Winstone, B Wyborn, R W W Wyatt

Design and optimisation of the target interaction facilities on
VULCAN

I N Ross, P Matousek, M Towrie, A JLangley, JL Collier,
C N Danson, D Neely
Multi-PW source using optical parametric chirped pulse

amplifiers

3rd annual international conference on solid state lasersfor
application (SSLA) to inertial confinement fusion (I1CF),
Monterey, USA, (June 1998)

C N Danson, R Allott, S Angood, J Collier, A Damerell,

C B Edwards, J Govans, S Hancock, P Hatton,

M H R Hutchinson, M H Key, C Henandez-Gomez, W Lester,
D Neely, P Norreys, M Notley, D Pepler, C Reason,

D A Rodkiss, M Trentelman, T Winstone, R Wyatt, B Wyborn
Focused intensities of 10?° Wemi with the upgraded Vulcan
CPA interaction facility

M H R Hutchinson, C N Danson, C B Edwards, D Nedly,
B Wyborn

Current statuts and future development of the Vulcan high
power Nd:glass laser

D Neely, C N Danson, R Allott, F Amiranoff, E L Clark,

C Clayton, JL Callier, A E Dangor, A Djaoui, C B Edwards,
P Fintoff, D Gordon, M H R Hutchinson, K Krushelnick,

G Maka, A Modena, Z Majmudin, D A Pepler, | N Ross,

A Santda, M Tatarakis, M Trentelman, T Winstone

Multi terawatt frequency doubling of picosecond pul ses for
plasma interactions

6th international conference on X-ray lasers, Kyoto, Japan
(August 1998)

JL Callier, C N Danson, R M Allott, M H R Hutchinson,

CL SLewis, D Neely, D A Pepler, T B Winstone, J Zhang
Ultra-short pulse line focus travelling-wave implementation on
the Vulcan laser

CLEO/EUROPE’98, Glasgow, UK (September 1998)

T B Winstone, C N Danson, R Allott, G Booth, J Collier,

A Damerell, C B Edwards, A Frackiewicz, P Flintoff,

S Hancock, M Harman, P Hatton, S Hawkes,

M H R Hutchinson, C Hernandez-Gomez, J Leach, W Lester,
D Neely, M Notley, D A Pepler, C Reason, D A Rodkiss,

I N Ross, JWalczak, R Wellstood, R W W Wyatt, B Wyborn
VULCAN: A versatile ultra high power Nd:glass laser system

I N Ross, P Matousek, M Towrie, A JLangley, JL Collier,

C N Danson, D Neely

Optical parametric chirped pulse amplifiers for the generation
of extremes in power intensity and pulse duration

JCollier, C Hernandez-Gomez, | N Ross, K Osvay,

P Matousek, C N Danson, J Walczak

Demonstration of a new ultra short pulse amplification
technique — optical parametric chirped pulse amplification

EQEC’98, Glasgow, UK (September 1998)

D Neely C N Danson, R Allott, JL Collier, C B Edwards,
P Flintoff, M H R Hutchinson, D A Pepler, | Ross,

M Trentelman, T Winstone

Characterisation of large aperture frequency doubled
picosecond pulses

CLF Annua Report 1998/99

226

JCollier, C Hernandez-Gomez, | N Ross, K Osvay,

P Matousek, C N Danson, J Walczak

Demonstration of a new ultra short pulse amplification
technique — optical parametric chirped pulse amplification

W Shaikh, R M Allott, | C E Turcu, M Folkard, K Prise,
K Ledingham, R Donovan, S Wang, N Takeyasu, S Huntingdon
Plasma light source for the VUV spectral region

3rd inter national workshop on thefast ignition of fusion
targets, RAL, Didcot, UK (September 1998)

P Matousek, M Towrie, A Langley, J Callier, C Danson,
D Neely, K Osvay
Optical parametric chirped pulse amplification (OPCPA)

D Nedly, C Danson, R Allott, R Clarke, M Notley, P Norreys,

| Ross, M Stubbs

‘Long’ pulse recompression for fast ignitor and interaction
studies

Developmentsin ultra-high peak power laser science, IOP
half-day meeting, RAL, Didcot, UK (December 1998)

C N Danson
Developments on Vulcan — an ultra-high peak power laser
facility

G JHirst
Progress towards a petawatt femtosecond blue-green laser
based on XeF(C-A)

P Matousek
Prospects for a multi-petawatt source using optical parametric
chirped pulse amplifiers (OPCPA)

A JLangley
Development of a terawatt femtosecond Ti:sapphire laser at
RAL

Intense laser fields— X-ray generation and applications,
Les Houches, France (March 1999)

I N Ross, JL Collier, P Matousek, K Osvay, C N Danson,
D Nedly, RM Allott, D A Pepler
Experimental investigation of a terawatt OPCPA system

R Allott, R Clarke, J Collier, C N Danson, C B Edwards,

A Hall, S Hancock, M Harman, P Hatton, M H R Hutchinson,
C Hernandez-Gomez, W Lester, P Matousek, D Neely,

P Norreys, M Notley, K Osvay, M Parkinson, M Payne,

D A Pepler, M Randerson, C Reason, D A Rodkiss, | N Ross,

J Springall, M Stubbs, T B Winstone, R W W Wyatt, B Wyborn
High intensity developments on Vulcan for X-ray generation
and nuclear interactions

26th IOP plasma physics conference, Pitlochry, UK
(March 1999)

M Notley, R Allott, R Clarke, JL Collier, C N Danson,
C B Edwards, P Flintoff, M H R Hutchinson, D Neely,
D A Pepler, | Ross, J Springall, T Winstone
Characterisation and application of second harmonic
picosecond pulses generated for plasma interactions



Panel Membership

PANEL MEMBERSHIP

HIGH POWER LASER DIRECT ACCESS PANEL 1998/99

Professor G J Pert (Chairman)
Department of Physics
University of York

Professor W Graham
Plasma & Laser Interaction Physics
Queens University, Belfast

Dr J-C J Gauthier
LULI
Paris, France

Secretary: Dr G Hirst
Rutherford Appleton Laboratory

Professor D Phillips (Chairman)
Department of Chemistry
Imperial College

Dr R Bisby
Department of Biological Sciences
University of Salford

Professor K Codling
Department of Physics
University of Reading

Secretary: Dr | Clark
Rutherford Appleton Laboratory

Professor C L S Lewis (Chairman)

Mr P C Thompson
AWE
Aldermaston

Professor S Rose
Clarendon Laboratory
University of Oxford

Professor M G Haines
Plasma Physics Group
Imperial College

Mrs C Exton
Cross Programmes Group
EPSRC

LASERSfor SCIENCE FACILITY PANEL 1998/99

Dr R Devonshire
Department of Chemistry
Sheffield University

Professor JA Cairns

Department of Applied Physics and Electronic and Mechanical
Engineering

University of Dundee

Mrs P Backway, Mrs C Exton
Cross Programmes Group
EPSRC

CLF EURO EXPERIMENTS PANEL 1998/99

Department of Pure and Applied Physics

Queen’s University of Belfast

Professor C Fotakis

Institute of Electronic Structure and Laser

FORTH, Greece

Professor D Phillips
Department of Chemistry
Imperial College

Secretary: Dr RM Allott
Rutherford Appleton Laboratory
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Dr E Rachlew-Kallne
Department of Physics
Royal Institute of Technology, Sweden

Dr G Matthieussent
Laboratoire Physique Gaz et Plasmas, Universite Paris XI -
CNRS, France

Dr R Sigel

Max-Planck-Institut fur Quantenoptik
Garching, Germany
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CLF Structure

CENTRAL LASER FACILITY STRUCTURE

Director
Prof Henry Hutchinson
m.h.r.hutchinson@rl.ac.uk

Associate Director — High Power Lasers
Dr Chris Edwards
c.b.edwards@rl.ac.uk

Associate Director — Physics
Prof Steven Rose
s.j.rose@rl.ac.uk

Administration
Finance & Admin: Mrs Alison Brown
aj.brown@rl.ac.uk

PA to Director: Mrs Katharine Horton
k.horton@rl.ac.uk

Admin support:
Mrs Chris Naboulsi (p/t) c.nabouls @rl.ac.uk
Mrs Ruth Tubb (p/t) r.etubb@rl.ac.uk

Astra

Prof Henry Hutchinson
m.h.r.hutchinson@rl.ac.uk

Lasersfor Science Facility

Dr Tony Parker
aw.parker@rl.ac.uk

Target Area

Dr David Neely
d.neely@rl.ac.uk

Vulcan

Mr Colin Danson
c.n.danson@rl.ac.uk
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Engineering and Technology

Mr Brian Wyborn
b.ewyborn@rl.ac.uk

Laser Research & Development

Dr lan Ross
i.n.ross@rl.ac.uk

Physics

Prof Steven Rose
s.j.rose@rl.ac.uk




