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Abstract

The work presented in this thesis investigates dharacterization of laser produced
plasmas and develops applications in opacity expearis using plasma emission as a
back-lighting source. A diagnostic is developednalyse bremsstrahlung emission from
hot electrons produced in the laser plasma intieractCombining a compensating filter
technique with an x-ray diode array allows for bio¢ electron temperature to be deduced
with good accuracy (£0.5keV). A layered target posing 0.8 m Al and 1.0rm Fe is
used to investigate the opacity of iron plasma. la&er of modest irradiance
(~ 10° W cm?) is fired onto the aluminium surface, producingkdl emission (1.5 keV)
which is used to measure the opacity of the conklgt heated iron layer. The
aluminium plasma is characterized using sourcedaoad spectroscopy and continuum
emission analysis. The experimental transmissiata ¢ in good agreement with 2D
modelling using opacities from the lonised MateriBhckage. A line focus back-lighter,
produced using a high power laser system, is ctenaed through imaging the time and
spectrally integrated emission profile of the plasosing a crossed-slit camera. The
emission profile is used to infer a spatially degaamt electron temperature profile.
Finally, a Ti Ky back-lighter is used to investigate the tempovalion of the Rayleigh-
Taylor instability in a laser produced plasma. afget, seeded with an initial perturbation
between layers of copper and plastic exhibited &gl Taylor growth within the first

100ps of the interaction with a growth rate of 19 ns".
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1. Introduction

The first maser (microwave amplification by stimtelh emission of radiation) was
observed by Townes, Zeiger and Gordon [1] at Colarbmiversity, New York in 1954.

Townes went on to share the 1964 Nobel Prize irsipeywith Basov and Prokhorov for
their work which led to the construction of thesfitaser in 1960 by Maiman [2]. Many
advances have been made since this first demaostnasing a ruby rod and a xenon
flash lamp. The advent of the Chirped Pulse Angation (CPA) scheme introduced a
method of amplifying the short pulses that hadeswrifom improvements in active and
passive mode locking. The CPA scheme was firstlempnted by Strickland and
Mourou at the Laboratory for Laser Energetics (LLRpchester and was originally

designed to be analogous to the amplification useddar transmission [3].

A short light pulse produced in a laser oscillasostretched temporally using a system of
gratings before being introduced into the gain mmedi As a result of the increase in
pulse length, the intensity of the pulse remainswehe damage threshold of the gain
medium, the original limiting factor in maximum q@uit intensity. After amplification,
the laser pulse is passed through another seriggabihgs, reversing the dispersive
stretching, reducing the pulse duration to one lamto the input pulse length. This
technique allows the production of high power lgagses in the petawatt regime, and is
now being used to explore fascinating new physiitss inradiances > 13 W cm?®. Such
lasers can potentially heat material to relativistergies (electron velocities approaching
the speed of light) and produce large volume @00« 100rm x 100mm) approximately
uniform plasmas. Similarly, other laser advanaagehenabled the development of cheap

table-top lasers capable of producing interestilagmas. The use of a table-top laser
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with focussed irradiances up to*1@V cmi? is described in this thesis alongside results

from more intense lasers.

High power lasers have been used to produce artak e opacity of dense plasmas.
There are difficulties in modelling the atomic aother physics involved in plasma
opacity calculations, especially in the low tempeara, high density (warm dense matter)
regime [4]. Opacity describes how radiation difsghrough a medium as a function of
temperature, density and composition of the mdteNsorkshops are regularly held [5]
to compare the predictions of opacity from varicc@mputer codes under specific
conditions, and large discrepancies are reguladgns[6]. As a result of this,
experimental benchmarking of these codes is requo@scertain the correct methods for
calculation. In astrophysics, knowledge of plasopacity is required for radiation
diffusion modelling of stars [7], and of particulenterest, is resolving the discrepancy
between helioseismological observations and sotadefling using opacity simulations
[8]. In addition, opacity is relevant to inertizdnfinement fusion (ICF) as accurate data

is required to model radiative hydrodynamics [9f &wohlraum physics [10].

In order to probe plasma opacity experimentallfpaak-lighter of sufficient intensity is
usually required so as to ‘outshine’ the opaqugetaplasma, i.e. the transmitted intensity
of the back-lighter must be greater than the eonssif the opaque plasma. Assuming
black-body emission of a uniform sample plasma,itic&ent back-lighter intensityy,

must be such that

(1.1.1)

where s is the absorption cross-section (see chaptek B,the path length through the
plasma, N is the number density of absorbErs the solid angle subtended by the back-

lighter, andn is the frequency of the radiation. An alternatimethod to experimentally
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measure opacity includes recording emission frotouged layer target and invoking
Kirchhoff's law [11] (see section 2.3.3). Measuyithe propagation time of a radiation
heat wave (Marshak Wave) [12] can also provide aswme of the frequency averaged

(Rosseland) mean opacity.

The method commonly used to investigate opacityleyspx-rays emitted from a second
laser produced plasma created by irradiating a Bigdwget [13-16]. Plasma based EUV
lasers (often referred to as x-ray lasers for hisabreasons) have been generated using a
grazing incidence pumping (GRIP) scheme and usetctsure longitudinal transmission
through plasma at specific wavelengths [17]. Thazigpg incidence pumping scheme
utilises a long laser pulse, normally incident oat®lab target focussed into a line to
create a long scale length plasma, to enhance-thg basing by reducing refraction. A
second shorter pulse is fired into the pre-pulssmhb, at a grazing incidence, producing

the population inversion necessary to generataedasi

The purpose of utilising grazing incidence pumpinghe production of EUV lasers is
two-fold; firstly it establishes a travelling wawaich is used to pump the x-ray laser, and
secondly, by modifying the angle, absorption canmaximised at the optimum density
for lasing. The x-ray laser has been used to pavbepaque target, heated by a second
optical laser, ensuring the beam passes througheateth and heated material
simultaneously to allow for direct comparison oncleashot. The experiment
demonstrated by Edwards et al. [17] utilised aikg-(1$252p°33p°3d™?) silver x-ray
laser (4d — 4p transition) at 13.9nm to probe anbGayer of iron, tamped in plastic,
heated by an 80ps pulse containing 6 - 9J. THmvat for the direct comparison
between the obtained experimental data and sintlldé#a produced by considering

approximately 26 000 tabulated transitions.
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When testing simulation results of opacity, irorofsen used as a test case for a number
of reasons. Firstly, iron is the heaviest elenpeatiuced via stellar nucleosynthesis, so is
particularly relevant to the internal structurestdrs. This is especially seen in the case of
our sun, as although the abundance of iron is €80fmes smaller than that of
hydrogen, iron opacity contributes significantly tioe radiative transfer in the solar
interior, particularly in the region of the intecta layer between the radiative and
convective zones [18]. Secondly, iron makes faractical case study with regards to
simulations, due to the different methods involtedimulating opacity. There are two
commonly used methods in opacity calculations, uheesolved transition array (UTA)
and detailed term accounting (DTA) [4] (see secfdh5). Iron has enough complexity
to enable the averaging methods of UTA and STAetaitidised, but is not so complex as

to make detailed term accounting impractical.

Improvements in the understanding and productiohigii order harmonics [19-21] are
now providing a possible new avenue for investigatiopacity. High harmonic
generation (HHG) can provide a method in which dpacity for a number of different
wavelengths could be investigated simultaneousiyg@osed to a single wavelength per
shot. In a small number of shots, introducing mereamental shift in the fundamental
frequency, enough data can be collected to direothasure the Planck and Rosseland

mean opacities (discussed in Chapter 2).

When an intense laser pulse is focused into a lemsity gas, non-linear interactions
cause the emission of radiation at integer mubkiglethe fundamental frequency of the
laser. The laser electric field gives rise to stattion in the atomic potential which in
turn allows an electron to tunnel ionise. Thisefidectron is accelerated by the lasers
electric field, outwards and back again when tleddfreverses, causing the electron to
recombine with the parent ion, emitting radiationlowever, strong ionisation inhibits

harmonic production in the gas and as a resultiritensity of the laser must be kept
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below 16° — 10° Wem? [22], which in turn limits the intensity of the fmonic, meaning
the relationship denoted in equation 1.1.1 is clifi to achieve. A more suitable option
for utilising harmonics would be those producediaser plasma interactions on solid
surfaces. It is known that a number of differemtciranisms contribute to the production
of harmonics in this interaction [22], including soanance absorption, parametric
instabilities, ionisation fronts and relativistiomlinearities. Some of these processes are
discussed in Chapter 2. From this point onward®mharmonic generation is discussed,

| refer to the laser plasma interaction at a salidace.

The advent of x-ray free electron lasers (XFELsxhsas FLASH in Hamburg and the
LCLS at Stanford, provide further possibilities fopacity experiments. Free electron
lasers are created by passing a relativistic befagteotrons through a transverse, periodic
magnetic field, causing them to follow a sinusoigath. The motion of the electrons
results in the emission of synchrotron radiatitne frequency of which can be tuned by
adjusting the energy of the electron beam or trength of the magnetic fields. Due to
the lack of appropriate x-ray mirrors, the magneinciulator cannot be placed within a
laser cavity to amplify the beam. It is therefolexessary for the XFEL to have a high
enough amplification over a single pass of thetedeacbeam. This is achieved via self-
amplified spontaneous emission (SASE) and microlmgc As the electron beam enters
the magnetic undulator, spontaneous undulator tiadigs produced. This radiation then
acts as a seed for the remaining section of thellatat. The radiation seed initiates the
process of microbunching. Electrons that lose ggnéo the light wave travel on a
sinusoidal path with a larger amplitude than thectebns gaining energy from the light
wave. This difference in amplitude causes a mamulaof the longitudinal velocity,
resulting in the bunching of the electrons closethie position of maximum energy
transfer to the light wave. This increase in radiaenergy enhances the microbunching

effect, causing an exponential increase in the ggnef the pulse until all available
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electrons have been optimised. This process ofoilmiciching produces a high gain

XFEL without the requirement of a laser cavity.

The tuneable nature of the free electron laserddwaliow opacity to be investigated over
a range of wavelengths readily and easily. X-rag tlectron lasers could also be used to
heat opaque target materials to create warm deasenna regime of particular interest
as stated. An experiment performed using FLASH amHurg by Nagler et al. [23]
demonstrates how a sample absorbed the 13.5nm )Y92eM™ys through direct
photoionisation from the inner L-shell. Due toiacrease in ionisation potential after the
first electron was removed, the 92eV photons werable to eject a second electron,
causing the sample to become highly transmissivee photoionised electrons decay via
radiative or Auger decay, the latter transferrimgrgy to the valence electrons, heating

the material to the warm dense matter regime (¥/2dbg¢emperature).

A requirement for all opacity experiments is acteiraformation concerning plasma
conditions in both the back-lighter and the opatarget. For this reason a large portion
of this work is devoted to modelling and analysigission from these plasmas to
provide high quality data concerning plasma paramet As previous experiments have
normally required high powered laser systems witlitiple beams, an investigation has
been carried out to examine the possibility of gsansingle beam, table top laser system

to perform opacity experiments.

The outline of this thesis is as follows, chaptevil2cover the physics of the laser plasma
interaction and a discussion of some of the computedelling codes used. Chapter 3
will describe the development of a solid state diadray for hard x-ray detection for use
in opacity experiments. Chapter 4 will examineogacity experiment which utilises a
single beam laser system of modest parameterspt€&@h& will investigate the spatial

temperature distribution of a Germanium back-ligltean experiment that has a similar
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set-up to the plasma based x-ray laser experimeBidivards et al. [17]. Chapter 6 will
present an experiment which examines the Raylemftef instability within laser
produced plasma through use of a Ti Kack-lighter. Chapter 7 will present the

conclusions of this work.
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2. Plasma Physics and the Laser Plasma Interaction

This chapter reviews some background physics bethiedvork presented in subsequent
chapters. Section 2.1 presents a discussion ef |pRsma interactions, including
electromagnetic wave propagation in plasmas andusprocesses which occur in laser
produced plasmas, such as the generation of fastr@hs. Section 2.2 examines the
atomic physics behind plasma opacity, and inclumlelscussion of the Rosseland and
Planck mean opacities, different methods used ifaulating opacity and the need for
experimental opacity benchmarking. Section 2.3ekes the theory of plasma emissivity.
Detection of plasma emission is a useful diagndsticconditions within plasma, as is
shown in chapters 3, 4, 5 and 6. Section 2.4 dsesispectral line shapes and broadening
effects that can be used to investigate plasmaneas, followed by a description of the
models that can be used to determine populatioardigs within plasma in section 2.5.
The theoretical framework behind three simulatiodes, used for the modelling of laser

produced plasmas in this work, is discussed in@e&.6.

2.1 The Laser Plasma Interaction

A laser pulse incident onto a solid target is pdistireflected and partially absorbed
within the material causing localized heating, @ibtg ionisation, and subsequently, the
expansion of material from the absorption regiotheflaser. This expansion of material
from the target produces a density gradient of @dprate scale length cd, wherecs is

the ion acoustic speed of the plasma &nsl the duration of the expansion. The ion

acoustic speed is a function of ionisationglectron temperaturd,, and ion massn,

with I —%8 cmsh
$ 9

A laser pulse with sufficient duration will prock a density
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gradient before the end of the laser pulse whidissguently interacts with the expanding

plasma.

2.1.1 Electromagnetic Wave Propagation and Absorpbin in Plasma

The linear dispersion relationship for a high fregey, planar electromagnetic wave of
the form( )*+ ( ,-.) I+ 0in a plasma with a uniform density is given by
[ | 123. , Where we is the density dependant plasma frequency desgribi
charge-density fluctuations within the plasma. Tplasma frequency defines the
minimum frequency which a light wave must posse$®mwpropagating through the

plasma as the wave vectbrbecomes imaginary i< npe. The plasma frequency is

.
given by/ 1, ! ;#—26& , Wherene is the local electron density, and is the mass of
#97
.. 5095
the electron. A critical densitg, "295% >?7 @ !%& B ¢ [24], can be

defined, beyond which a light wave of wavelenbthcannot penetrate. Positions within
the plasma wherge < n¢ are described as ‘under-dense’ and positions mgith n;, are

‘over-dense’.

Laser absorption occurs by inverse bremsstrahlseg €ection 2.2) within the under-
dense region and near the critical surface at &miensities 0.01 g crif [2]. Beyond
the critical surface, lies the ‘transport domaiwith densities ranging from ~0.01 g ém
to solid density) where the absorbed energy froenl#iser pulse is transported to the
ablation surface. This energy is generally tranggbvia the diffusive process of thermal
conduction. However, a small component of higheergy electrons (‘hot’ electrons —
see section 2.1.3) can propagate ahead of the aheonduction front, pre-heating the
target. Plasma radiation can also pre-heat tigetahead of thermal conduction. Due to
conservation of momentum, ablating plasma causé®ek wave to propagate away from
the absorption region, into the solid target, éngathe ‘compression domain’ typically at

densities up to 4 times solid. Figure 2.1 demass the different regions.
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Figure 2.1 Different regions, and typical temperatves and densities in the laser
plasma interaction, as simulated by the 1D hydrodyamic code EHYBRID [25] (see
section 2.4) for a pre-pulse of 8x16 Wcm™ with duration 300ps and a main pulse of

1x10" Wem™ of duration 3ps incident 250ps after the peak ofe pre-pulse. The

profiles are shown for a time corresponding to 9pafter the start of the main pulse.

A self-similar solution [24] describing the one-d@dnsional expansion of a planar,

isothermal plasma shows that the electron densiifflg of freely expanding plasma can
be described b§, 8 ! %& We see in figure 2.1 that the electron density

profile does fall approximately exponentially, wehilhe temperature profile is such that
there is a steep rise from the ablation surfaantapproximately constant value followed

by a small drop at larger distances as plasma eigabecomes significant.

A high intensity laser pulse exerts light presd@ren the plasma [2];

G = 31 JKKLMN(Poop—eeS 31 (2.1.1)
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whereR is the reflectivity of the laser. The effect bfst light pressure is to steepen the
density gradient near the critical surface, althologalised heating at the critical density

can also cause steepening (as can be seen in 3dire

Figure 2.2 Airy values as a function off . UV T represents the electric field of the

laser pulse.

The electromagnetic propagation of a laser in @rptadensity profile can be treated

analytically by assuming a linear density profi§ ith8, 8 92{ wherez = 0 is the

plasma-vacuum interface ahdis the scale length of the plasma such that wheri,

thenne = n.. Using this linear relationship, the dielectnimétion of a plasmax

j—’: %V and substitution into the electric field wave atpn gives
Al 5v 3 %! y&( ) C (2.1.2)
yAY 9 o
By changing the variableto the dimensionless varialle where] ! %&A ) :
one obtains,
(] (2.1.3)

1 101 ¢

which is known as the Stokes differential equatidime solution to this equation is given

by the Airy functionsAi andBi, such that
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(] N -] 3M-] (2.1.4)
where a and b are coefficients found by examinhegsolution at the plasma boundaries.

The values foAi andBi, as a function of are shown in figure 2.2.

As -] ab aslab , b =0 inequation 2.1.4, as the laser cannot petiech@yond
the critical density of the plasmalat@ . Therefore the electric field variation of the

laser within the plasma is represented by the Aingtion, - ]

2.1.2 Obliquely Incident Laser-Plasma Interaction

The previous analysis assumes a planar electromiagiigM) wave normally incident
onto a target, with the density gradient opposhedirection of propagation of the laser.
If we consider an obliquely incident planar EM wawveth an angleq between the
direction of the density gradient and the directadnpropagation of the incident laser
pulse, as shown in figure 2.3, the waves are refcabefore reaching the critical density
surface. With an obliquely incident wave, the waretor k has an additional constant

component in the y-direction. Reflection of thghli pulse occurs whek, = 0,
where. y, ! \g&cdef, therefore the light is reflected wh& 8 gcde f as shown in

figure 2.3.

There are two cases to consider for the polarisatibthe electric field with oblique
incidence, s- and p- polarised light. For bothasd p-polarised light there is an
evanescent wave (which decays approximately exp@tighthat penetrates beyond the
light reflection point and swells at the critica ity to give a large electric field. The
swelling of the electric field is due to the resoineesponse of the plasma whep

I
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Figure 2.3 Schematic demonstrating a laser pulse bdpuely incident onto linearly

varying density plasma withgy, g ; JE

For s-polarised light, the electric field is in thalirection, perpendicular to (or ‘out of’)
the plane of incidencey{z plane), as shown in figure 2.3. In this case,léinge electric
field resonantly produced at the critical dens#yrthogonal to the density gradieiftor
p-polarised light, the electric field of the lagarise is parallel to (or ‘in’) the plane of
incidence, as shown in figure 2.3. Here there e®@mponent of the electric field which
drives charge density fluctuations along the diogcbf the density gradient, which can
be in turn resonantly enhanced by the plasma, mingwan electron plasma wave. The
energy of this non-linear plasma wave is then desibthrough collisional and collision-
less processes. This is referred to as resondrsmeion and can provide a source of

‘hot’ electrons.

2.1.3 Hot Electrons

The term ‘hot electron’ describes an electron thas gained a high kinetic energy
through its interaction with the electric field thie laser. Unlike inverse bremsstrahlung,
where the absorbed energy is used to heat thedbuhe electrons, resonance absorption

transfers the absorbed energy to a small groudeatrens, resulting in high energies.
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The hot electrons are produced by the resonamartien of the laser electric field with
the plasma and therefore the electron energy hipendence on the valueldf of the
laser. This stems from the ponderomotive forceiaed by the high frequency field of
the laser, and the relation can be seen simplyxhynaing the equation of motion in the
direction of the laser electric field for an electrwith chargee and massn. we have that,

( (2.1.5)
Bz/Fem/pr

whereE is the linearly polarised electric field amplituded v is the angular frequency
of oscillation of the laser electric field. The mueromotive energy),, is the cycle
averaged kinetic energy

o\
; ( (2.1.6)
-B,l
P1 2 ENN

where the electric field of the laser is relatedhi® intensity by

%8 ( (2.1.7)

wheren is the refractive index of the medium, thus

e (2.1.8)
X 8B,/ . sx 8Bt

P1

A number of scaling laws have been experimentadiguted [26-28], relatinty ? of the

laser to the hot electron temperature. Two comgnaotepted scaling laws are [2]

v=<3 S 2 5 2 2 (2.1.9)
u .v @IW(E (fOfl/ "‘101 Wcm mn)
and
<5 n ) 5 o (2.1.10)
u .v @IW(E (fOfl/ o 101 Wcm mn)

Hot electron generation in laser produced plasnmasthe subsequent interaction with
matter is currently a much debated topic due toréthevance with inertial confinement

fusion [27]. These high energy particles propagatsad of the laser induced shock wave
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and pre-heat the target material, changing the cesspn hydrodynamics of the fusion
capsule. High velocity electrons could also bedute transfer energy into the high
density fuel created through the laser ablationthef outer shell of the fusion capsule,

igniting the fusion reaction (known as fast ignijid29].

2.1.4 Generation of High Harmonics

The process of resonance absorption discussed abals of particular significance to
the generation of high harmonics at the criticalsitly. Resonance absorption provides a
large ponderomotive force which causes a localssdlation around the critical density.
If a component of the electric field lies in theradition of the density gradient, an
electrostatic charge separation is produced anavéwe is no longer entirely sinusoidal
and as the EM wave cannot penetrate the over desggen of the plasma, a non-
propagating, localised, electrostatic oscillatian eistablished. As the motion of the
electrons is along the direction of the plasma hgggadient, the oscillation generated is
non-sinusoidal and so contains high order Foumengonents which generate harmonics
of the fundamental frequencyw. It is useful to note that these non-sinusoidal
oscillations can also be produced via vacuum hgabinthe Lorentz force when the

electrons move relativistically [30].

High harmonic generation is of particular interasbpacity experiments. If one were
able to achieve a high enough intensity of the baios to achieve the condition
described by equation 1.1.1, then it would enabilenge of frequencies to be probed in a
single shot. Introducing a slight shift in the damental frequency, would cause the
produced harmonics to also shift, meaning enoudh dauld be acquired to directly
measure the Planck and Rosseland mean opacitesui¢ded in the next section) in a

small number of shots [31].
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2.2 Plasma Opacity

Opacity describes the interaction of radiation with medium, i.e. the scattering and
absorption processes, and is a frequency-depemizasure of the impenetrability of a
medium to electromagnetic radiation. Plasma opacin be difficult to model

computationally due to the sheer number of posdifaesitions and processes within a

hot, dense plasma with a range of ionisation sgetéenperatures and densities.

As radiation propagates through plasma, photonsabs®rbed resulting in a loss of
overall radiation intensity when exiting the mediuifhe reduction in intensity, described
by the transmissionT=I/lo, wherely is the initial intensity and is the transmitted
intensity, is given by

D D (2.2.1

wherek, is the opacity (cAtg), 7 is the material density (g/&nx is the thickness of the
medium, andh, is the absorption coefficient (€ The absorption coefficient of plasma
can be calculated using [32]

, 8 . — t.8%" (2.22)
qt

where n; is the number density of particles of typesy is the cross-section for the
scattering/absorption process being considereddmtwvenergy levelsandk, () is the
absorption line profile (see section 2.4) a@d(,k) is the EinsteinB coefficient. The
difficulty in calculating the opacity using equati@.2.2 comes from calculating atomic
energy level populations, degrees of ionisation arditation, and in determining the

cross-sections for the various processes.

2.2.1 Free-Free Absorption

Inverse bremsstrahlung (free-free absorption), @l@ephoton is absorbed by an electron

in the presence of an ion, is particularly relev@anphoton energies of a couple of eV or



2. Plasma Physics and the Laser Plasma Interaction 32

less. The cross-section for this process is relf@te¢he ion and electron density andne,

the ionisation, , and the photon frequency; and is given by [33]

Kt G« - / (2.2.3)
KSR Bz th W ' =2 (/ o ¢

%0¢
wheregy is the Gaunt factor with value approximately egoalnity [34].

2.2.2 Bound-Free Absorption

Photo-ionisation processes (bound-free absorptedibit a series of absorption edges in
the absorption coefficients corresponding to déférionisation stages. Photoionisation is
particularly relevant in optically thick plasmas Z ~ , whereD is the thickness of the

plasma) due to the mean free path of the photarmglenaller than the dimensions of the
plasma. There are a number of different methodsiktulate the cross-section for photo-
ionisation, each with a different level of accuradyhe simplest method is to calculate the
cross-section for K-shell electrons only, where #&mphoton with energy above the

binding energy of the K-shell, the cross-sectiogiv&n by [33]

.Cc 2¢ / st FRURY €B 2 h (224)
o ¢ KB, ” !
and with a photon energy below the binding energ'/f(, z @. In equation 2.2.4a

is the fine structure constant a@dis the atomic number of the plasma. A more
sophisticated model includes an analysis of theli@xgydrogenic wavefunction to
calculate the cross-section for hydrogen-like iofidie cross section for H-like ions is
given by [33]

2.2.5
" CYE 2 'q t 81( _( "C 4~7 ( )

e K™ By <l

TN

which considers the binding enerdyc 4 - , of an electron in shefl,. Work has been

carried out to extend the theory further to considaeer shell electrons in complex ions

[35-37]. The main difficulty in calculating the ted bound-free cross section is
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performing a weighted sum of the absorption coeffits of all ionisation stages and

excitation levels contained within a plasma.

2.2.3 Bound-Bound Absorption

Line photo-absorption occurs when an incident phobtas the same energy as the
difference between two bound electron states, tiaguin an electron excited from a
lower energy level to a higher level. In ordemtxduce the line photo-absorption cross-
section, one needs to determine the degeneracawn, for the upper and lower levels,
the oscillator strengtH,., for the transition and assign a normalised linfile, £ <

(discussed in section 2.4). The cross-sectiolnes given by [33],

8
o t C« 8—v>§a‘i </ (2.2.5)
S
whereO "B is the electron electromagnetic radius.

The final process to consider is scattering of kigat by electrons (Thompson or
Compton scattering if the electron is relativistid)ich can dominate at very high plasma
temperatures. The Thompson scattering cross-sestindependent of temperature with
the classical cross section [33];,

st (2.2.6)
P

It has been found that free electron degeneracyanageffect on the contribution of
Thompson scattering to the total opacity [38]. sTiki especially relevant in high density
plasmas such as those found in the central regfotheo sun. For accurate opacity
calculations, this must be taken into account Wgoducing a correction factor [39] to

equation 2.2.6 that is dependent upon the temperand density of the plasma.

2.2.4 Rosseland and Planck Mean Opacities

As the opacity of plasma is photon frequency depetdt is useful to be able to refer to
some average value that can be determined fortaircdrequency range. There are two

such averages that can be considered, each validifferent plasma conditions. The
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Rosseland mean opacity is applicable when plasnuptisally thick, (when, Z ~
whereD is the thickness of the plasma) and radiation @gagion can be treated as a
diffusion process. The Rosseland mean opacityhasaverage opacity, harmonically
weighted by the temperature derivative of the Rdabtack body equation. The
Rosseland mean opacitg, can be expressed as [33]

(2.2.7)

where &, is the frequency dependant opacity as in equ&i@ril andB, is the Planck
black body function. The Planck mean opacky, is more relevant when plasma is
optically thin, (when, ZZ ) and is weighted using the Planck black body dgqnat
such that [33]

ee s (2.2.8)

In both equations 2.2.7 and 2.2.8, the Planck emuand its temperature derivative is

(2.2.9)

_ (2.2.10)

E—

n

It is often useful to use approximations when examg opacity. One such
approximation is Kramer’s law [40], which statesatth ,u €, and that the
Rosseland mean opacity, ,u € , whereris the density of the material. The
Kramer opacity is generally applicable when fresefrabsorption is the dominant

absorption process.

2.2.5 Opacity Simulations

Numerous computer codes have been written to simolpacity. There are some large

discrepancies between the codes that need resppamgcularly when simulating warm
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dense matter [41]. The codes available use on8 gtneral methods for opacity
simulation. The average atom (AA) model assumésatalms within a plasma are
identical and have the same ionisation and excitads the average values of the plasma
before calculating the opacity. This method is patticularly accurate due to the

complex distribution of ionisation species and ls\# excitation within a plasma.

The unresolved transition array (UTA) method doesresolve each individual term or
multiplet within the bound-bound opacity calculaticand therefore does not require a
detailed line shape. It instead assumes that Bsssciated with terms and multiplets
overlap, and can be treated as a single line wiaassian line shape. This is the case
when the number of bound electrons increases 40 aseate a spectrum with a large
number of closely spaced lines, with spacing smahan their width, making them
unresolvable. Each transition array is primarta@acterised by the first two moments of
the spectral distribution, i.e. the average enemyy the spectral width [42]. However, in
some cases [43] the skewness (third moment anduneeas asymmetry in the spectral

distribution) must be considered to allow for a ymmetrical line shape.

The third method for opacity calculation is gengralkccepted as the most accurate but
the most computationally intensive. Detailed termoaanting (DTA) takes into account
every possible process a photon could undergo wiaeersing a plasma. This method
requires detailed line shapes for all transitiortsclv must include any line broadening
mechanisms (discussed in section 2.4). The UTAsgh is more suitable for the
heavier atoms with large numbers of lines pressamt,the DTA approach is more suitable

for the lighter elements.

The issue that arises from using computer coddwisack of experimental evidence. In
an astronomical sense, plasma opacity is not djredtservable and thus makes it

difficult to compare theory and experiment directiligh power laser experiments, with
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carefully controlled conditions, allow for plasmpazity data to be collected in order to

benchmark these codes and confirm their accuracy.

2.3 Emissivity of Plasma

Section 2.2 discussed radiation absorption prosesgin a plasma. A similar analysis
can be applied to emission radiating from a plasas,the inverse of the opacity

processes.

2.3.1 Free-Free Emission

Bremsstrahlung (free-free emission) produces a imanin of radiation where the
logarithm of the x-ray energy spectrum is a stralgie when the electron distribution is a
Maxwellian. Often laser produced plasmas are kegstesented using a bi-Maxwellian
structure due to the presence of hot electronsqseton 2.1). The plasma is described
by two temperature components, a thermal (or ‘¢aieinperature],, representing the
bulk of the plasma electrons, and a suprathermmdh¢d’) temperatureTy, describing the
smaller number of high energy electrons producethbyinteraction of the laser electric
field with the plasma. A sample bremsstrahlungy-spectrum for aluminium is shown
in figure 2.4, assuming a bi-Maxwellian structuas, electron density of 1xbcmi®,
(critical density for a dm laser), a thermal temperature of 500eV and aasgmal
temperature of 10keV. This spectrum shows that,tfi@ example considered, the
emission of photons with enerdy? < 1keV is dominated by the thermal region of the
plasma and the emission of photons with energies/ealikeV is dominated by the
suprathermal component. The free-free emissiom fpdasma can be calculated [33]
using

A : | n (/ (231)
C

G / / K't8
D60%0 < K
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wherePy is the energy (eV) emitted in a 1eV spectral reqagoound the photon energy
</ per unit volume and time,,Rs the Rydberg energy, and the other symbols hagd

the same meanings as in equation 2.2.3. As wdé-firre absorption, a multiplicative
Gaunt factor,gg, can be introduced to account for quantum mechamffects. To

account for a two-temperature electron distribytequation 2.3.1 is calculated for both
temperatures and the total emission is given bysthamation (figure 2.4), taking into
account the smaller number of hot electrams,in comparison to the number of cold

electronsn, by introducing a relative fractiof,such thaB8 >8 .

10% 5

— Thermal electrons (T = 500eV)
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Figure 2.4 Two-temperature component x-ray energypectrum due to free-free
emission (bremsstrahlung) for an aluminium plasma \ith density ne=1x10"* cm?
and assuming the number of hot electrons consist$ ©20% of the number of cold

electrons.
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Figure 2.5 Bound-free contribution to continuum emssion showing edge structure.
Calculated using the spectral modelling code FLYCHHKA44] for aluminium with

ne=1x10""cm®, T;=500eV,T,=10keV, and with the number of suprathermal electras

as 10% of the total number of electrons.

2.3.2 Free-Bound Emission

Recombination radiation (free-bound) occurs wherekatron recombines with an ion,
emitting a photon, and contributes to the continuemmssion spectrum. This type of
emission contains an ‘edge’ structure (figure 2dyyesponding to the binding energies of
the various ionisation states. For photons witlkergy greater than the binding

energy,(-c «g, Of the ion after recombination, the power emittkee to a free-bound
process is given by [33]

q t " s £a.
G Tilg ¢ 8(82013(C$ SRV,

KoK L (2.3.2)

</
2 e —_g! "
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wherem indicates the quantum numbers of the state8 *",©a is the continuum

lowering due to an increased plasma densityRungls the population probability of the
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final bound state. The contribution to the totahttnuum emission by recombination
radiation is shown in figure 2.5 and is calculatesing the spectral modelling code

FLYCHK [44] (discussed in section 2.6.2).

2.3.3 Bound-Bound Emission

Spectral line emission (bound-bound) is emittedméie electron decays from an excited
state to a lower energy level, emitting a photothwenergy equal to the difference

between the levels. The power of line emissionl@&nalculated using [33]

C. wga<] wgang  Ba B 1 </ (2.3.3)
where z is the ion chargem and m are the lower and upper states respectively,

< wggng IS the energy of the transition and thus the @ahithoton energy, .. = is the

density of ions with charge and statg ), _ *B“a *B is the Einstein A
coefficient for the decay from state to mandf <  is the normalised line shape. Line
emission is characteristic of the element and tlesrpa conditions from which it
originated and as such can be used to charactbaskser produced plasma. K-alpha
(Ka) emission is of particular interest to this wode¢ chapters 4 and 6) and originates
when an electron has a transition from the L-sbélan ion to fill a vacancy in the
innermost K-shell, emitting characteristic radiatiat a specific wavelength. In laser
plasmas, the vacancies in the K-shell are predantliineaused by the interaction with hot
electrons generated by the laser electric fieldKgeemission can be assumed to only
occur during the laser interaction, giving a weldfided time of emission.

Now that absorption and emission processes witkasmpa have been discussed, it is
useful to note that even though it is stated inige@.2 that plasma opacity is not directly
observable; Kirchhoff's Law can be used to estim@sma opacity. Kirchhoff's Law

states that, in equilibrium, the emissivity of agha is related to its absorptivity by
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- ] (2.3.4)

R _ iu

where#h, is the emission coefficient, related to the Eimsfecoefficient in a relationship
similar to that of the absorption coefficiera,, in equation 2.2.2. By detecting the

radiation emitted from plasma, one can estimatalitorption and thus the opacity.

2.4 Spectral Line Shapes and Line Broadening Effest

The profile associated with line emission can bedut diagnose conditions within
plasma. One such method examines broadening &tfeat have different dependences
on the conditions surrounding the ion emitting thdiation. The line profile introduced
in sections 2.2 and 2.3 is a function normalizedundty and describes the shape of a
spectral line such that

/1 ¥/ (2.4.1)
wherel(w) is the number of photons emitted within the fragryerangewto wtd wand
lo is the total number of photons emitted in the gpédne. The line profile function is
generally described by either a Gaussian or Loiamdistribution or a convolution of the

two known as a Voigt function.

2.4.1 Line Broadening

There are a number of broadening mechanisms timaaftact the shape and width of a
spectral line. The minimum width a spectral lirsn dave is determined by natural line
broadening and is due to the finite lifetime of iomexcited states and results in a
Lorentzian profile. This process is the smalldgsthe broadening mechanisms and as a

result is generally difficult to detect due to etfefrom other processes.

Doppler broadening originates from the motion o #mitting ions which results in a

difference in frequency between the detected phdatothe laboratory frame and the
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emitted photon in the moving frame of the emittiog. For a Maxwellian distribution of
velocities, the net result is the broadening ofgpectral line into a Gaussian shape with a
width dependent upon the temperature of the plasmathe higher the temperature, the

faster the ion, the greater the line width.

Two additional broadening mechanisms are due tanteeaction of the emitting ion with
surrounding particles within the plasma and arelecavely known as pressure
broadening. Electron impact broadening occurs wthen emitting ion undergoes a
collision with a free electron within the plasméhe effect of this process is to produce a
shifted Lorentzian profile with a width which isqportional to the electron density and
inversely proportional to the square root of thaspta temperature [33]. Quasi-static
Stark broadening occurs when the radiating ionraats with another slow moving ion.
The slow moving ion generates a fluctuating staléctric field on the emitting ion which
in turn causes the energy levels to split and gsfdescribed by the Stark effect. The
result of this process is to produce an almost hizian line profile with a slightly
stronger decrease in the wings of the line whicpreagortional to the distribution of the

electric field strength within the plasma [33].

One final broadening effect that is relevant to theerimental measurement of line
width, as is shown in chapter 4, is that of sousoeadening. In this case, the linear
source size of the plasma causes photons of the semelength, originating from
discrete regions of the plasma, to strike differargas on the dispersion element (see
figure 2.6). As the dispersion angle is the saongohotons of the same energy, the line is
broadened on the recording media (e.g. CCD) aswtreThis results in a broadening
mechanism that acts as an ‘emission map’ of ther lagoduced plasma. This effect is

covered in more detail in chapter 4.
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Figure 2.6 Source size line broadening (not to s&glshowing the effect on two
different wavelengthsll ; andl », with Bragg anglesqs: and gg» respectively,

resulting in Gaussian line profiles at the detector

2.5 Population Dynamics

As discussed in the previous sections, one ofstees when modelling laser produced
plasmas is the complex distribution of ionisatidages and levels of excitation. There
are a number of approximations that can be usearder to establish the population

distribution within plasma at a specific temperatur

2.5.1 Local Thermodynamic Equilibrium (LTE)

Thermodynamic equilibrium occurs when the rate atheprocess within a plasma is
exactly equal to its inverse process, the elecaod ion velocities are described by a
Maxwell-Boltzmann distribution, and the photons &aa Planck energy distribution.

Local thermodynamic equilibrium is applicable whee size of a plasma is smaller than
the mean free path of photons emitted from witthe plasma, yet larger than the
collision length of the electrons and ions and pbeulation densities of quantum states
(but not the radiation field) are in thermal eduilim [33]. For plasma in LTE, the ratio

between the partial ion densities of each ionisattage N, can be deduced using the

Saha equation,
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B 1y " p o (e £9c (2.5.1)
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wherep. V! $;°’9(—9§& - | [®—#& is the partition function of an ion of charge

zin quantum staten in a plasma with volum¥. The Saha equation can be used for each
ionisation state to form a set of homogenous linequations which can be solved
provided the following conditions are met

* (2.5.2)

° . 8g
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Figure 2.7 Fractional ionisation plot for germanium(Z=32) atns=1x10** cm®,

assuming LTE.

The relationships denoted by equations 2.4.2 —42have been incorporated into a

computer code written in FORTRAN in order to dedtice fractional ionisation of an
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element for a range of temperatures (figure 28)e behaviour of the average ionisation

according to the LTE approximation for germaniurshewn in figure 2.7.

Once the charge state distribution for an elemest lleen determined, the Boltzmann
equation can be used to deduce the distributiomxoited states. The notatioN;,, IS
used to represent the density of ions with chargequantum staten (where m=0 is the
ground state), where

‘e (2.5.4)
g
$ 2
and M; is the maximum number of excited states for ai@ddr ionisation level. The

Boltzmann equation states

vy g (v (2.5.5)

F
p- - U

S

whereg.n is the statistical weight of state within an ion of charge. Combining the
Saha and Boltzmann equations (2.5.1 and 2.5.5) lesab full description of the

population distribution for a plasma with temperafic to be deduced.

2.5.2 Coronal Equilibrium

The coronal equilibrium approximation is applicabte low density, optically thin
plasmas. Due to the low plasma density, collisibesveen particles are infrequent and
thus the collisional excitation rate is low in caanigon to the spontaneous decay rate. As
a result, the majority of the ions can be assuroeoetin their ground state, simplifying
the population distribution. The process of callgl de-excitation can also be neglected
as the rate of radiative de-excitation is much tgrearhe main processes occurring in
coronal plasmas are electron impact ionisation, aadiative and dielectronic
recombination, the rates of which are equated ieloito deduce the charge state
distribution. Hence for coronal equilibrium, thistdibution of charge states is given by

[33]
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s
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where".c o~ is the rate of electron impact ionisatiqn,g..C Is the rate of radiative

recombination angi ﬁc is the rate of dielectronic recombination. Caatioin of these

different rates can be somewhat problematic, howthere are approximations that can
be used [33]. The behaviour of the average ioibisats calculated using the coronal
equilibrium approximation, as a function of tempgara is shown in figure 2.7 with a

comparison to the average ionisation as calculayatie LTE approximation.
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Figure 2.8 Average ionisation as a function of tengrature for germanium at an

electron density ofne=5x10"° cm™ using the LTE and coronal approximations.

2.5.3 Collisional-radiative steady state (CRSS)

The collisional-radiative steady state (CRSS) aypipnation relies on all of the rates of
population and de-population being equal in a stestdte plasma in order to determine
the population distribution. Due to the large nemlnf processes involved, the
calculations can become rather complex and asudt adsen the excited state distribution

is not considered using this model and obtainedwdisre (for example from the LTE
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model). This reduces the number of rate coeffisi¢a those involving ionisation and
recombination only. The ionisation distributiontiien obtained by considering the rates

of, electron impact ionisation,.. , radiative and dielectronic recombination (two-pod
interactions)u. .. and 3-body recombinatign. .. respectively. The distribution is

then determined by

g (2.5.7)
I'l". a" 382“". a"

where again approximations [33] are used to esértia various rate coefficients.

2.6 Computer Simulation Codes

There are a number of different computer codeslaai for the simulation of a wide
range of plasma parameters. The purpose of thisoreis to introduce three of these

codes that are used in the work contained in Hasis.

2.6.1 EHYBRID
EHYBRID is a hydrodynamic/atomic code developedGay. Pert at the University of

York, UK. The code is used to simulate detaileahat interactions and hydrodynamic
expansion for high temperature laser produced f@asnit treats single and multi-layer
targets by dividing the material into 98 Lagrangeatis and evolving them according to
the hybrid model of flow [25], producing a plasmepfde for each time step. In the
Hybrid model of flow, the Lagrangian cell matrix @rientated and evolved in the
direction normal to the target surface, paralletite direction of the driving laser. The
evolving plasma is assumed to be isothermal indinection parallel to the target so
expansion in the transverse direction can be telayeassuming a self-similar Gaussian
profile. The density and temperature informati@mputed is used to perform detailed
atomic calculations in order to determine the lgagsam x-ray lines such as those seen in
Ni-, Ne-, and F-like systems. The atomic calcolasiuse a collisional-radiative model to

give a full time-dependant ionisation balance facleLagrangian cell. In addition to the
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terms considered in equation 2.5.7, collisionalitexion and de-excitation are taken into
account in order to determine level populationsdorarbitrary number of atomic levels
within each ionisation stage. The collisional éxtton and ionisation rates are calculated
via either a Gaunt factor approximation or an amedy fit to the collision strengths for a
range of temperatures [45]. Three body recomhionatates are deduced using the
principle of detailed balance. Dielectronic recamabion is approximated using
Hagelsteins model [46] for specified ionisationgsets (e.g. Ne-like) and uses an average
atom model for all other ionisation stages. RawBatecombination is accounted for
using Griem’'s method [47] and modified by a tragpifactor [48]. An example

calculation using EHYBRID, undertaken by the autli®shown in figure 2.1.

2.6.2 FLYCHK

FLYCHK is a population kinetics and spectral mouiglcode produced by the National
Institute of Standards and Technology (NIST) in tHe [44] and is accessible through a
web interface. The code uses the LTE and CRSSoripmations stated in section 2.5
(user specifies) to deduce the ionization and i distributions of a specified
element at different temperatures and densitiesene dimension. The collisional and
radiative rate equations are solved for steadyestatd time dependant cases (user
specifies) using locally stored atomic data to mtevthe user with a range of

spectroscopically observable output.

2.6.3 LPIC ++

LPIC++ is an electromagnetic, relativistic 1D3V §gpatial, 3 velocity dimension)

particle-in-cell (PIC) simulation code [49], writtein C++, for the laser-plasma
interaction created at the Max-Planck-Institut f@uantenoptik, Germany. The code
solves Maxwell's equations for particles within agma in order to deduce electric and
magnetic field strengths, particle velocities, jgdet and current densities, etc. The

algorithms of Birdsall and Langdon [50], and Vika®r and Bunemann [51] are used. A
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relativistic Lorentz transformation is used to aatiofor obliquely incident laser pulses

and thus can be used to investigate hot electrdrnmi harmonic production.

2.7 Conclusion and Summary

This chapter has outlined the theoretical pringpehind the work presented in the
subsequent chapters. It has defined terminology a@emonstrated how an
electromagnetic wave propagates and is absorbédhvaitlaser produced plasma. Plasma
opacity gives a frequency-dependant measure ofirtipenetrability of a medium to
electromagnetic radiation and can be a difficulamity to model computationally. For
this reason, experiments using high powered lasaist be designed and carefully
controlled in order to benchmark the numerous ce@dedable and aid with solving the
discrepancies observed. For these experiment® teubcessful, accurate methods of
characterising the laser produced plasmas mustnioged. The theory of plasma
emission is well understood and by resolving plasméssion, either spectrally, spatially,
or temporally, one can gain an accurate insighd the inner processes within plasma.
This further understanding of plasma opacity caantbe carried forward and used in

other areas such as radiation diffusion modelsas§r in energy generation using ICF.
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3. Development of a Solid State Diode Array for Hal x-ray

Detection

3.1 Introduction

This chapter outlines the development of a silitmersion layer photodiode array for the

detection of bremsstrahlung emission from a lasedyced plasma. The aim is to

determine the temperature of the hot electron compbof the laser-plasma. Accurate

measurement of the temperature of hot electronlptipns in laser-plasmas is needed as
the hot electrons are responsible foy &mission [24,52-54], for preheating the target
ahead of the thermal conduction front [54-57] aad denerating ion sources [57,58].

The diagnostic development described here is dedigmbe used with our Nd:YAG laser

system in operation at the University of York. Shable top, high repetition rate (5 Hz)

laser system fires 0.5J energy in a 170ps pulsaeg# focussed irradiance of *£010"

Wem2.

The x-ray diagnostic consists of 4 silicon inversiayer photodiodes (XUV-100, OSI

Optoelectronics) mounted on a plastic flange plasing BNC feedthroughs, inside a
vacuum chamber, directed towards the front sidéagjets. The diode array housing
prevents light leakage and employs different fitigrover each diode to investigate the
hot electron energy spectrum in order to deducddh®erature. Electronics outside of
the vacuum chamber amplify the diode signals andypre voltage pulses proportional to
the amount of energy incident on each diode, wlach in turn captured using an

oscilloscope and can be read by a computer foysisal

This chapter will introduce the theory behind thg\VEenhanced silicon inversion layer
photodiodes and the electronics built in situ @ used in this diagnostic. Section 3.4

will describe the diode array housing and the amrsitions undertaken to ensure lowest
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possible noise signals. Section 3.5 will discimesftitering used in conjunction with the
photodiodes and the method used to determine theléctron temperature in the laser-
plasma. Section 3.6 presents data taken duringta$iing phase of the diagnostic,
including a comparison to a single photon countihgrge coupled device (CCD). The

chapter will conclude with proposals for future exmentation.

3.2 Photodiode theory

A p-n junction exists where there is a transitisani a p-type material to an n-type
material within a single crystal of semiconductaX. p-type semiconductor is a material
which is doped in such a way to have an excessostitipely charged holes in its
equilibrium state and an n-type semiconductor ipedoto have an excess of free
electrons at equilibrium. When a p-n junctionasnfied, the majority carriers (holes in p-
type region, electrons in n-type region) diffus¢oithe opposite region due to the
difference in Fermi levels (chemical potentials)twieen the two regions. This
recombination of electrons and holes continuesl anpotential (known as the built-in
potential) is established across the junction whidtibits the diffusion currents [59].
The built-in potential is formed by the regionsheit side of the junction becoming
charged. These charged areas extend a shortatisteneither side of the junction (see
figure 3.1) and form the depletion layer of the @mductor. When an incident photon
has sufficient energy to excite an electron fromhlence band of the semiconductor to
the conduction band, an electron-hole pair is eckat If this electron-hole pair is
generated within the depletion layer of the p-ncjion then the built-in potential
separates the hole and electron generating a plroéot proportional to the incident
energy of the photon. In silicon, one electrorehpair is created for every 3.63 eV of

incident energy for photons of energy >30eV [60].
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Figure 3.1 p-n junction diode cross-section operatg under reverse bias.

Photodiodes are operated in either a photovoltaicplmotoconductive mode. The
photovoltaic mode has no bias across the diodeaandcident light generates electron-
hole pairs, the voltage increases across the patign. This increased voltage causes a
dark current to flow. The photoconductive moddisgts a reverse bias across the diode
and is primarily used for the detection of lightths photocurrent produced is linearly
proportional to the incident luminous flux [59]. oTreverse bias a photodiode, the
negative terminal of the voltage source (e.g. bgtie connected to the p-type side of the
p-n junction and the positive terminal is connectedhe n-type side (figure 3.1). By
introducing this additional voltage across the @iothe holes and electrons in the p-type
and n-type material respectively are pulled awaynfithe depletion layer. This in turn
increases the width of the depletion layer and ipitshcurrent from flowing when light is
not incident due to the increase in potential exrib® p-n junction. Increasing the
voltage across the diode increases the width oflémdetion layer up until a critical value
(breakdown voltage) where the depletion region kseown and current can once again

flow through the p-n junction [59].
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In order to fully utilise a p-n junction as a phdimde, careful attention must be given to
the design of the diode itself. For example,ghticannot reach the depletion region then
no signal will be detected. Figure 3.2 shows a<rgection of a silicon inversion layer
photodiode similar to those used in the diaghatiicussed in this chapter. Electron-hole
pairs are created as the incident radiation petestridrough to the depletion layer and
excites electrons from the valence band to the wctiwh band of the semiconductor. As
the diagnostic discussed in this chapter examineshard x-ray region of the spectrum,
the depletion layer must be large enough so agrafisant number of photons interact

within the depletion region.

As photon energy increases, silicon becomes mamesitnissive. However, in some
regions in the UV, silicon is highly effective atsrbing the radiation as can be seen by
the transmission plot formin thickness of silicon in figure 3.3. This meang tadiation

at these wavelengths is absorbed very close tsuhiace of the silicon and does not
penetrate through to the depletion layer and suwlesdty is not detected. This effect is
counteracted through the use of an induced inversxyer which inhibits surface
recombination [61]. Using a thermally grown silicoxide (SiQ) on the surface of p-type
silicon, a surface state charge is introduced,as within the oxide [61]. At the
interface between the SiCGand Si, a spatially shallow junction (of nm thielss) is
created and is sufficient to collect any photo geteal carriers near the surface [61]. This
junction is due to a thin layer of electrons forgian n-type inversion layer due to the
charge contained within the oxide at the surfa€his technique increases the sensitivity

of the diodes in the spectral regions where Sigibsm is high.
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Figure 3.3 Transmission plot for Irm thickness of silicon highlighting the efficient

absorption of silicon for photons of wavelength 6 10nm and above 60nm [62].
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We used an XUV-100 diode (manufactured by OSI Optbtenics) for the diagnostic
described in this chapter. This diode has a depletepth of around 5mm [60]. With
such a large depletion region, ~ 100% of photortk @mergies up to 18keV are absorbed
[62], above which photons begin to pass throughsileon layer with a fraction being
absorbed. This type of diode has very high staplantum efficiencies, with one
electron-hole pair produced for every 3.63eV ofideat radiation for photon energies

above ~30eV [60].

3.3 Reverse Biasing and Charge Sensitive Pre-amjpdif

As mentioned in the previous section, photodiodesrarmally operated under reverse
bias for radiation detection and require some fafnturrent amplification in order to
detect low light or x-ray signals. For these reaselectrical circuitry has been designed
to collect, temporally integrate, and amplify thedé charge pulse signals before
providing output to an oscilloscope for measuremerte circuit used for each diode is
shown in figure 3.4 and is split up into 7 differ@emponents. Firstly, the reverse bias,
shown as component 1 in figure 3.4, consists oCabBttery supply (in order to ensure a
low noise level) of 3.8V, chosen taking into accotme breakdown voltage of the
photodiode of 5V. Component 2 is a low pass Rterfiwvhich is used to remove high
frequency noise from the bias source. This compbisepredominantly in place in case
an AC power supply is to be used in place of thitebas. The third component is the
detector bias resistor and provides AC couplinthefdetector to the bias supply. This is
opposed to DC coupling which involves connecting tletector to the bias directly,
giving rise to an offset of the preamplifier outgignal. The detector bias resistor works
in conjunction with the coupling capacitor (compohel). The feedback capacitor
(component 5), the feedback resistor (componentari) the operational amplifier

(component 7) form a charge sensitive pre-ampldigt all work together to amplify the
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signal generated by the photodiode. Radiatiokistithe diode produces charge pulses
which raise the input-end potential of the chargeplgier causing a reverse polarity
potential to generate at the output end [63]. Wesdperational amplifier has a very large
open loop gain (~700,000), this reverse polarityeptial works through the feedback
loop reducing the input-end potential to zero, nmgnthe charges produced are
integrated into the feedback capacitor. The it charge is then output as a voltage
pulse,Vour, With an opposite polarity to the input voltageluced by the charge pulse
from the diodes. As the feedback resistor is cotmte in parallel to the feedback
capacitor, the capacitor slowly discharges, meathiegoutput voltage pulse has a decay

constant of ! ¢l ¢, whereC; and R are the feedback capacitance and resistance

respectively. For the set-up demonstrated in 8ddid, the decay constant 100vs.

Vout

Figure 3.4: Pre-amplifier and reverse bias circuiffor a silicon inversion layer

photodiode, numbered boxes are referred to in theekt.

The gain produced by the circuitry shown in fig@d comes from using the feedback
capacitance; in the circuitry to produce the output voltagegsubs opposed to the in-
built capacitance of the diod€y. The voltage across a capacitor is determined by,
V=Q/C, whereQ is the charge an@ is the capacitance. The XUV-100 diodes used here

have an internal capacitance of typically 6nF [@0 as this is being substituted by a
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Figure 3.5 Charge sensitive pre-amplifier and revese bias for x-ray diode array
with BNC input/output and separate power supply forop-amps. Batteries of size

AA shown on the left hand side of the box illustrat the scale.

feedback capacitance of 2pF, the circuit will givgain of ~3000. A useful parameter to
consider in this case is the sensitivig, of the whole system, taking into account the
charge released by the detector knowing that a@wreh-hole pair is produced for every
3.63eV of incident energy. The output voltager can be calculated by using equation

3.3.1,

Yy,
: 1( — (3.3.1)
% %7

Vo,,

whereE is the incident energy on the diode (in eV) ad 3.63eV is the amount of
energy required to produce an electron-hole gaar. the components used (values shown

in figure 3.4),

Vo, 3.
C@Bv¢.v ? (3.3.2)

meaning for every keV of incident x-ray energy &2V output voltage signal is

produced.
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The circuitry shown in figure 3.4 has been dupéchfor each of the four diodes (using a
common bias for all channels) and placed in a mmalto minimise noise (figure 3.5).
As is seen in figure 3.5, the charge sensitivegm@lifier has BNC input/output to allow

for coaxial cables to connect the box to the dictesoscilloscope.

3.4 Diode array housing and isolation

One of the main issues arising when using a diggntdsat involves amplification of a
low level signal is that of electrical noise. Tla@gest source of noise for the diode
system was found to be voltage pulses originatimagnfthe flash lamps of the laser
charging/discharging acting on the diodes througjtaund loop. The laser electronics
were at first found to produce a signal in the d®dvhich is then amplified before
reaching the oscilloscope as is seen in figure 8déninating over any other signal
present. This source of noise was removed by cdsalplesolating the diode array from
anything grounded, including the vacuum chamberarel consideration had to be
given to the design of the x-ray diode (XRD) hogsinThe diodes are mounted on a
plastic (Tufset — Rigid Polyurethane) flange with BNC vacuum compatible
feedthroughs. By mounting the diodes on a plaffiege, not only are ground loops
prevented, but also capacitive coupling betweertttaxial cables, by ensuring the diodes
are isolated from one another. An aluminium cylnderrounds all diodes and an
aluminium plate, on the front, held by a post tlglothe centre is used to cover the diodes
and to hold filters in place. The housing is desijto keep a 1mm separation between
the diodes and the front plate so as not to complet ground loop. Aluminium piping is
also used to restrict the solid angle of the dioeprovide direct line of sight to the
target only so that the diodes do not act as aagergceiving radio frequency noise. The

housing and diodes are shown in figure 3.7.
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Figure 3.6 Signal (saturated) due to voltage pulseawused by the laser flash lamps, as
seen on the oscilloscope after amplification. Theertical axis is voltage with a scale

of 0.2V per division and the horizontal axis is tine with a scale of 8m per division.

3.5 Hot Electron Temperature

In order to deduce the temperature of the hot m@actomponent within the plasma
produced by a 0.5J, 170ps laser focussed {6 \W@m?, the x-ray diodes (XRDs) are
used to measure bremsstrahlung emission from #ma with photon energies above
5keV. Each of the four XRDs is covered with a elént filter to restrict the spectral
region which is recorded. The measurements inréifiespectral regions allows for the
slope of the Maxwellian distribution to be deduggdng the temperature as described by
equation 2.3.1 in Chapter 2. As the XRD are reiogrdhe emission of photons above
5keV, there is a negligible contribution from tHeetmal temperature plasma to the

readings.
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Figure 3.7 X-ray diodes (left) mounted on plasticT{ufset) flange with BNC

feedthroughs and the covering aluminium housing (ght). Each diode has an active

area of 12mm.

Photon energy dependant transmission of solid magteran easily be calculated using
Beer’s Law, given by equation 2.2.1 in Chapter Bhabsorption coefficient data readily
available online [62]. The four filters chosen fitvis diagnostic consist of different
combinations of metal foils and plastic and havenbgpecifically chosen to optimise the
process of hot electron temperature determinatidhe temperature regime between 5 to

15 keV. The filters chosen are shown in table 3.1.

Filter Number | Filter Components

Channel 1 200rm Polyimide and 1'5m Ni

Channel 2 200rm Polyimide and 3®m Sn

Channel 3 15rm Ag and 16m Al

Channel 4 50mm Cu and 100m Ti

Table 3.1 Filter components used for XRD diagnostjoptimised for hot electron

temperatures between 5 and 15keV
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Figure 3.8 Transmitted emissivity due to bremsstralung from a laser produced
plasma with a hot electron temperature of 10keV, auming a plasma volume of
8.8x10% cm™ and a time of emission of 170ps. Filters 1, 2, &1d 4 are shown by the
black solid line, blue dashed line, red dotted linand the green dash-dot line
respectively. The transmission of the 5mm depletiolayer of the photodiode is taken

into account.

The transmission of each filter (including the samssion of the 5mm depletion depth of
the diode) can be combined with equation 2.3.1ite g transmitted emissivity plot as a
function of photon energy incident on the XRDs (§igare 3.8). Filter number 2 has

been carefully selected to match the high energgpoment of filter number 1 as is seen
in figure 3.8. This is to allow the signal recalvéy the diode behind filter 2 to

compensate the diode behind filter 1 by removirgghigh energy component, thus giving
a clear measurement of the emission of 5 - 8keMagis Using this compensation
technigue gives a measurement of the bremsstraldomgsion in three distinct spectral

regions as is shown in figure 3.9.
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One of the main sources of error in determining flo¢ electron temperature using
absolute numbers of photons comes from the estimafithe plasma size and the plasma

time of emission. This can be avoided by calcotatatios between the different diode
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Figure 3.9 Transmitted emissivity plot showing a cmpensated signal for channel 1.
There are 3 signal peaks in distinct regions of thikot electron spectrum. Plasma

parameters and symbols are the same as in figures3.

signals, as the plasma volume and emission tinmsteancel out, assuming all emission
originates from the same volume of plasma oversdmae time period for a single shot.
The variation of the diode signal ratios as a fiomcof hot electron temperature is shown
in figure 3.10. The most accurate method for daimg uses the ratios between channels
3 and 4 R1) and between the compensated signal from chanaeidlchannel 4R2).
Assuming a 10% error on the oscilloscope readingwshthat the hot electron
temperature can be measured to an accuracy ofwmiitbkeV. Hot electron temperatures

can be measured on a shot to shot basis and deldwaickly using figure 3.10.
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Figure 3.10 Variation of diode signal ratios as auinction of hot electron
temperature. Red dashed line is the rati®k1 = (Channel 3)/(Channel 4) and black

solid line is the ratioR2 = (Compensated Channel 1)/(Channel 4)

3.6 Diode Array Testing

The XRD array described above has been used touneet®e hot electron temperature
produced by a 0.5J, 170ps, Nd:YAG (EKSPLA SL-31BBgr focussed with an /4 lens
on to solid aluminium targets. The maximum on earmtensity achievable with this
laser is ~1x18 Wcm?, as we found best focussing to a spot size ofiiSliameter,
approximately four times the diffraction limit. &lscaling law given by equation 2.1.10
predicts a hot electron temperature of 5 — 10kepragluced by a laser with an on target

intensity ranging from '8 — 10° Wemi.
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3.6.1 Experimental Set-up

The 1.064m Nd:YAG laser is passed through a Faraday isola¢fore focussing by an
fl4 positive ‘bestform’ lens (CVI Melles Griot — BE-25.4-100.0-UV) onto an
aluminium disk at an angle of ~30° to the targetmed (figure 3.11). A bestform lens
minimises coma, spherical aberration and astigmatslowing the laser to be focussed
to the smallest focal spot size possible with #eet pulse. The lens has a low-loss, high
damage threshold anti-reflective coating. The 2mmick aluminium target disk is
mounted on a rotational stage which can be trigheranually or automatically using the
laser trigger and an arbitrary time delay. Ashewn in figure 3.11, a leakage beam is
taken from the fourth mirror (point x) along pathafdd sent to a photodiode (path B),
calibrated using a calorimeter inside the targetndber, to calculate the on target laser
energy per shot. Back reflected infra-red liglainirthe target travels back along path A
in the opposite direction to the incident lasermewhere the Faraday isolator prevents
back scattered light from re-entering the laserillatar and causing damage. The
Faraday isolator utilises the magneto-optic Faraafégct to rotate the linear polarisation
of the laser as it propagates through the mediByjncombining this effect with an input
and output polariser, laser light can only passne direction (towards the target), thus

preventing back-scattered light from re-enterirg ldser oscillator.

Before the back-scattered laser light enters tmadgy isolator, a second leakage beam is
established and focussed onto a CCD (Basler ScituiSeny ICX 267 Sensor) as shown
by optical path C in figure 3.11. Lens 2 shownoptical path C is set at best focus using
direct reflection of the laser beam by placing arani(M1 in figure 3.11) on the laser side
of lens 1 and focussing the back reflection on®@CD. Once lens 2 is set at best focus,
the mirror M1 is removed, giving the CCD on patla@ne of sight to the target. When
the focussed laser is incident upon the target diffusely scattered ovepzsteradians

and as a result, this set-up can be thought of @dlianation system for a point source
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situated at the focal point of lens 1. Only raysck pass through the focal point of lens
1 will have an image distance tending to infinindawill be collimated by lens 1 and thus
follow approximately parallel beam paths back alpatgh A to C. Any rays not passing
through the focal point will not be collimated nk 1 and thus will propagate out of the
path A to C and so will not be detected by the C@B.lens 1 approaches best focus, the
spot size becomes smaller and moves closer tata position of the lens. More of the
diffusely reflected laser light passes throughftwal point of lens 1, meaning more light
reaches the CCD. When lens 1 is defocused, thessp® moves away from the focal
point and becomes larger. As a result, less ligisses through the focal point of lens 1
and thus less light reaches the CCD. This effemtiycces a spot seen on the CCD which

varies in intensity as lens 1 is moved in and ddibcous as shown in figure 3.12.

Counting CCD

ESKPLA SL-312P
Nd:YAG Laser

Figure 3.11 Experimental laser set-up used for th¥RD array testing. The green
components are lenses and the blue components anéra-red mirrors. The solid red

line represents the main laser optical path (path A the dotted lines are leakage

beams for energy calibration (path B) and retro-foassing (path C). The dotted

component M1 is a removable mirror used to set-uphe retro-focussing system.
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Figure 3.12 False colour images from retro-focussgnCCD (left) showing best focus
(middle) and a lateral movement of lens 1 of +4®n and -40Gm (top and bottom
respectively), a negative movement brings the lem$oser to the target. Plots of
intensity for various lens positions (right), the lack line is at best focus, red lines are
200mm movements and blue are 4Gm movements, dashed are negative movements
(target closer to lens than best focus) and solithes are positive movements (target

further from lens than best focus).

The x-ray diode array is positioned facing the freide of the target as shown in figure
3.11. Short co-axial cables are then used to aintiee BNC feedthroughs to the
circuitry described in section 3.3. This partlod system is very sensitive to noise as any
electronic fluctuations picked up at this stageaamplified by the circuitry along with the
diode signal. For this reason short co-axial cablee used and the diodes are isolated
from one another as capacitive coupling betweencthexial cables can produce such
fluctuations. After amplification, the signals aent to oscilloscopes (Tektronix TDS-

220) for capture and processing.
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3.6.2 Comparison with Single Photon Counting

In order to compare the effectiveness of the diaday in calculating hot electron
temperature, a single photon counting charge cdugdeice (CCD) was set-up as shown
in figure 3.11 and calibrated using&e radioactive source. Single photon counting is a
technique which uses moderate filtering over a gdaoupled detector in order to
attenuate the signal to reduce the probabilitynaf photons striking the same pixel. As
the charge produced within each pixel of the silitmsed device is proportional to the
incident photon energy, an energy spectrum canrbduged through analysis of the

image recorded [64-66].
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Figure 3.13 Single photon counting spectrum integtad over 900 laser shots on a
2mm thick Al disk. Filtering covering the CCD was56mm aluminium and 100nm

polyimide. The disk is rotated once a second to pvide a fresh surface every 5

shots.
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The on target laser intensity in this experimerapproximately 18 W cmi?, which is a
few orders of magnitude less than the experimdatalities normally used in conjunction
with this technique. As a result, the plasma tenapees achieved are cooler, resulting in
less high energy photon emission. Due to the Heel of thermal emission in
comparison to suprathermal emission, heavy filgeoh56rm Al and 100mm Polyimide

is required to remove the lower energy photonsam$equently a large number of laser
shots needed to be integrated to achieve a signwal from which a bremsstrahlung
spectrum could be produced and a hot electron texnpe determined. The resulting
single photon counting spectrum in this work wasgnated over 900 shots (3 minutes at
5Hz) and predicted an average temperature oveshibies of 7 + 1 keV as shown in figure
3.13. The aluminium target disk was rotated oncgeeond to provide a fresh target

surface every 5 shots.
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Figure 3.14 Single photon counting spectrum showingl emission lines at 1.5 keV,

integrated over 5 shots on a 2mm thick Al disk. Té filtering used was 14m Al and

2mm aluminised mylar.
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During the testing phase of the single photon dagntiiagnostic when much lighter
filtering (14nmm aluminium and 2m aluminised mylar) was being used, an aluminium
emission peak at 1.5keV was observed in the pratispectrum, integrated over 5 shots
(figure 3.14). This peak is due to aluminiurg &mission originating from the interaction
of the hot electrons with the solid target. Al Hes lines would have been present also,
however, the energy of these transitions are abloweAl K-edge and thus would have
been heavily filtered by the t#n of aluminium used as a filter for the CCD. The
resolution of the technique does not allow for &ltgonumbers of K photons to be
determined. Figure 3.14 demonstrates the requmefoe heavy filtering as the power
spectral density for thermal emissidm(< 5keV) is similar to that shown in figure 3.13,
integrated over 900 shots. This represents thkebiglevel of exposure for the CCD

before the analysis can no longer distinguish betwedividual photons.

For comparison to the CCD single photon countirg sttray diode array signals were

averaged over 128 shots (25.6 seconds at 5SHz) ridthe being utilised for temperature

measurement of single shots. Averaging over 128sslthe average temperature of the
plasma over a large number of shots can be moBlyemmpared to the single photon

counting result averaged over 900 shots. The drktTDS-2000 oscilloscope was used
and allowed for the voltage signhals to be averamest a maximum of 128 shots. The
signals obtained are shown in figure 3.15 and pteth average temperature of 7.5 + 0.5
keV in agreement with the single photon countinggdbstic. The comparison between
the single photon counting diagnostic and the xeliage array results is viable due to the
high reproducibility of the laser system. Figurd@&@demonstrates the variation of on

target laser energy, where the variation in lagergy between shots is within 10%.
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Figure 3.15 X-ray diode signals averaged over 128ats giving an average
temperature of 7.5 + 0.5 keV. The filter combinatns (table 3.1) shown are channel

1 (black), channel 2 (red), channel 3 (green), archannel 4 (blue).
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Figure 3.16 Variation of on target laser energy. e average energy on target seen is

379mJ and the variation shot to shot is within 10%.
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A feature of the diode signals is the MHz frequepegk that appears before the decay
curve of the signal. Figure 3.17 shows the diodput on a shorter timescale and shows
the signal from two different diodes for the samsel shot. The signal itself follows the
same trend on both diodes with different peak galtaand is thought to be a feature of
the response of the electronics. As the voltagelyred by the diode is read from a base
line to the peak of the decay curve and that thegnated noise sighal shown in figure

3.17 is approximately zero, this noise signal hasgligible effect on the overall result.
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Figure 3.17 Noise signal from two separate diodesin the same laser shot, the

signal has a 10 MHz frequency and the integratedgmnal is approximately zero.

3.6.3 X-ray diode results

The main disadvantage of using the single photamimog CCD to determine the hot
electron temperature of plasmas produced by lageénsensity ~ 16> W cmi? is the large

number of shots required to obtain an analysabéetgpm. This method cannot be
operated in a single shot mode for this laser sitgmegime and the analysis is difficult

to do in real time due to image processing requar@s) The x-ray diodes offer a method
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to deduce the hot electron temperature quickly @mé shot by shot basis. The diodes
have been specifically designed to detect and &mpkry low radiation levels in

different regions of the spectrum and by comparihg 4 signals, a suprathermal
temperature can be determined quickly and accyraéeld can be automated using a

program to read off the oscilloscope traces antbparreal time analysis.

10 4

Temperature (keV)

o
1
= e  H

5 — T T T T T T
0 10 20 30 40 50 60 70 80

Shot Number

Figure 3.18 Comparison between hot electron tempetare calculations as the laser
burns through the target. The red points are expamental data calculated usingR1
and the black points useR2 (see figure 3.10). The vertical dashed line represts the

shot number at which the laser has burnt through tle 2mm thick aluminium target.

As is discussed in section 3.5, two different matlmetween the channels are used to
determine the hot electron temperature. A comparif the calculated temperatures
from each ratio can be used as an additional s #he quality of the result obtained.
Figure 3.18 shows a series of measurements takerevihe laser was repeatedly fired
on to the same area of the target disk, until geerl burnt through the 2mm thick

aluminium.  Figure 3.18 shows, firstly, a good a&gnent between the calculated
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temperatures from the two ratios and secondly,téneperature decreases as the laser
burns through the target. As the laser is noboesdsed after each shot, the on target
intensity decreases as the focal position of the Ie progressively further away from the

target surface due to the ablation of the tardéiis lower on target intensity causes a
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Figure 3.19 Change in diode signal when the laseulms through the 2mm

aluminium target. The black lines are the signal®n each of the four channels
(numbered 1 to 4 as in table 3.1 reading left to giht) from the first (in focus) shot

and the red lines are the diode signals on the shafter burn through.

reduction in the hot electron temperature. Theuctdn in hot electron temperature
observed as the laser becomes de-focussed is maitdg be expected using the scaling
laws in section 2.1.3. One would expect to seeaedhse in hot electron temperature
until the electron energy was low enough to eftedy thermalise within the thermal

plasma making it indistinguishable from the therp@pulation of electrons. This is most
likely not observed due to the combination of tikefacussed laser pulse interacting with

the sloped walls of the conical cavity, which ha&eio shown to increase hot electron
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generation [67], and thermal self-focusing of thser within the laser produced plasma
[68]. This combination results in a smaller reduetin hot electron temperature as the
laser de-focuses. This trend is only seen to woatiuntil the point at which the laser
burns through the target where the temperaturecases to ~ 7 keV, and remains
approximately constant and the individual diodenalg rapidly increase by a factor of ~ 4
(see figure 3.19). This increase in signal is \&rgden (figure 3.20) and occurs on the
shot where visible emission is first seen on tle sde of the target indicating the laser
has burnt through the target. As the relative agbetween the diodes remain the same
(similar temperature), this rapid increase in sigsadue to the diodes detecting the
emission originating from a larger number of hactlons than before the laser ablates

through the target.

Figure 3.20 Variation in diode signal on channel tlemonstrating the rapid

enhancement of hot electron generation upon targdturn through.
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The cavity the laser produces is approximately @nin shape, shown in figure 3.21,
with a front aperture of diameter 0.55 + 0.02 mrd arrear aperture of 0.18 + 0.02 mm.
As a result of this open ended conical cavity, onical frustum, the plasma density
profile changes dramatically and as a result chartpe mechanisms behind the hot

electron generation.

Figure 3.21 Cavity produced by laser ‘burn through’as viewed from the front

surface (a), and the rear surface (b). The thickres of the aluminium target is 2mm.

The laser continues to interact with the slopedsaai the conical frustum producing hot
electrons via resonance absorption (see sectioB)2a$ is observed before burn through
noted by the small reduction in hot electron terapege and number as the cavity is
forming and the laser is de-focussing. As is shanifigure 3.22, the plasma density
profile along the laser axis would be expected hange from an approximately
exponential profile to a more Gaussian like profiiéh a sub-critical peak density. When
a calorimeter is placed at the rear side of thgetait is found that ~ 3% of the incident
laser energy emerges from the hole produced byaiter burning through the target.
This is an indication that the plasma within theiga along the laser axis, is sub-critical
and can also be shown by estimating the plasmansipafrom the ion sound speed,

shown in figure 3.22.
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Figure 3.22 Scale diagrams demonstrating the lasbeam expansion within the
conical cavity before (a) and after (b) burn throudn. The plasma expansion is
directed along the blue arrows and the plasma expaion is shown by the blue dots
representing the scale length of the produced plasan The graph inserts show the

expected density profiles schematically.

It has been shown that the interaction of a las#sepin this irradiance regime with a
density profile as shown in figure 3.22(b) can eaaseduction in the irradiance threshold
for Stimulated Raman Scattering (SRS) [69]. Thmulteof this would be to increase the
volume over which the hot electrons are generataas increasing the number of hot

electrons as observed.

Work has been carried out more recently investigathe effect of low density foams
within a cone-in-shell target for laser fusion lagtfignition [70]. The purpose of the low

density foams is to produce near-critical densigsma when they are irradiated by a
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laser pulse [70-72]. This near-critical densitggrha is seen to enhance laser coupling in
the plasma and has been found to produce an apmatedy 3 fold increase in the number
of hot electrons with little variation in hot eleash temperature [70,72]. A similar effect
is observed in this experiment using a lower imade (~ 1& W cmi®) than previously
investigated and without the low density foam teduce plasma with reduced mass
density. In this experiment, the sub-critical dgnglasma is produced through the
interaction of an expanding laser beam with th@esbwalls of an open ended conical
cavity. This technique could potentially be scaledhigher irradiance to produce a larger
number of hot electrons whilst maintaining hot #&lee temperature, which increases
with irradiance. This is highly desirable for faghition ICF as the energy of the fast
electrons must be carefully controlled in ordehgat the ignition region within an ICF

capsule [29,73].

3.7 Future Experimentation

As the experiment outlined is a highly reproducibteirce of hot electrons, it is also a
reproducible source of Kemission as outlined in section 2.3.3. Hot etawdrwith a
temperature of ~7 - 8keV as described here aramib& efficient at producing Al K
emission at 1.5keV as the cross section for thatione of a K-vacancy by electron impact
peaks for electrons of temperature 7 - 10keV [7#.laser produced source of hot
electrons and Kemission of this sort has a number of experimespalications which

will now be discussed.

3.7.1 Opacity Measurements

Ka emission can be used as an x-ray back-lighterabegothe opacity of plasma at a
specific wavelength. This technique involves meiaguthe transmission of Kphotons

through a plasma produced via a secondary heatechamism, for example a second
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laser, or plasma heated via thermal conduction frieenfront side of the laser produced
Ka source. A feasibility study of this type of exipeent was performed at the Bhabha
Atomic Research Centre (BARC), Mumbai and is presgm chapter 4 and in reference

[75].

3.7.2 Hot Electron Interactions

The interaction of hot electrons within a solidgetris of particular importance to inertial
confinement fusion [54]. For example, heating gyt electrons is of particular
importance [54,73] as the concept of fast ignitiehes on using an ultra-intense laser
pulse to ignite the high densities required forhhgain. This is done by generating a
beam of electrons (or more recently protons [7@})ciw propagate towards the core and
deposit their energy, heating the fuel, causingtigm [77]. Although the electrons
generated in this experimental set-up have a teatyner of 7 - 8 keV as opposed to the
MeV required for fast ignition [78], the electroousce can be used to test theories of hot
electron heating in the lower temperature regimbis could be achieved by irradiating a
thin foil of Al to produce the hot electrons andspmning a thin foil of some metal to be
tested at the rear side and measuring the temperabange. The temperature increase
could be determined by absolute time gated imagirfye visible and assuming a black

body.

Another interesting aspect concerning the hot mlecgeneration and interaction with
matter is that of the divergence of the electroanbe This could be tested using the
experimental arrangement described with a seriemrgets created with buried tracer
layers at different depths, for example silicorilicBn has a K energy of 1.74keV, and
the electron impact K-shell ionisation cross-secti® at its highest for electrons with
7 - 10 keV energies [74]. Using an imaging speuatter at the rear side of the target to
image the Si K signal at different depths within the target wogide information

regarding the divergence of the electron beam.
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As is described in section 3.6.3, when the laséteath through the aluminium disk, the
diode signals increased rapidly. Additional workeds to be done to investigate this
further, and is part of a subsequent project. Tukides the use of different targets with
different conical angles and made from differentterials as is seen in some recent
experimental studies using high power laser systfg6%69-71]. The advantage of
having a table-top laser system with this capabitieans a wide variety of targets can be
tested, from which better decisions can be madardaty the construction of targets for
experiments using the larger facilities. Similgperimentation using large scale facilities
will allow an investigation into the feasibility aitaling the method described to higher

irradiances more relevant to fast ignition inertiahfinement fusion.

3.8 Conclusion

The x-ray diode array described in this chapter besn used to determine the hot
electron temperature of a laser produced plasmaavitigh level of accuracy. The laser
system used has demonstrated a high reproducjmbityonly in energy on target (within
10% variation) but also in the produced hot electti®mperature which is seen to vary
less than 4% over 5 shots on the same target dbe. to this high reproducibility, a
comparison of the average hot electron temperatiaee made between a single photon
counting spectrum averaged over 900 shots and geveliade signals obtained over 128
shots (128 shots due to a restriction on the oscitipe). This comparison showed a good
agreement in the hot electron temperature, wehiwiexperimental error. The XRD
array is effective, robust and can be used in glesishot mode to determine the

temperature of the hot electron component withissar produced plasma in real time.

The high reproducibility of the laser system wagddy due to the effectiveness of the

retro-focussing system, allowing for best focusb& achieved easily and reproducibly
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under vacuum. Although the initial set-up can benglex, once completed, the system
works well. The simple retro system can be aclielbg using a simple webcam as

opposed to a more expensive CCD.

Once installed and tested, the XRD array showedpa renhancement in hot electron
generation when the laser burnt through the alummniarget producing a cone shaped
cavity with an exit aperture. Approximately 3% tbe incident laser energy is seen to
emerge from the rear side of the target, indicasimg-critical plasma. This enhancement
in the number of hot electrons generated within ld@nsity plasma is currently of
particular interest to fast ignition fusion resdardrevious work involved the use of low
density foams to produce a near critical densi@agpia which enhanced the number of hot
electrons produced. This technique produces dagimiifect without the need for a foam
target and could potentially be scaled for largeadiances more relevant to the hot

electron temperatures required for fast ignition.

Possible future avenues of research have beensdetuncluding the use of,Kemission

as an opacity probe. The initial feasibility expggnt demonstrating this procedure is
discussed in chapter 4. The laser set-up and ostige described here were used to
prepare for an experiment at the Central LaseriadRutherford Appleton Laboratory,
detailed in chapter 6. The experiment discussethapter 6 discerns between the effects
of relativistic particle heating and the effectstbérmal radiation and hydrodynamics
within a laser produced plasma by examining theld&gly-Taylor instability using a Ti

Ka back-lighter.
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4. Ky Emission as a Back Lighter to Probe Plasma Opacitgf a

Conductively Heated Target

4.1 Introduction

As discussed in Chapter 1 and 2, the experimeetairchinations of opacity for a range
of plasma parameters are necessary for a wide rah@gplications. Methods used
previously [13,14] to determine plasma opacity uae the use of x-rays emitted from
laser produced plasmas as back lighters to probeetidargets. More recently, EUV
lasers have been utilised to probe buried layegetar heated by a laser pulse [17].
Multiple beam, high powered lasers have usuallynbeeeded to undertake opacity
measurements due to the requirement to heat thetpparget and the x-ray back lighter
source separately [13,14,17]. Some single lasemi@asma opacity measurements have
been undertaken using recorded emission from buaiger targets. Here the plasma is
assumed to be in LTE and Kirchoff's law is usedhfer opacity from the emissivity [11].
The work presented in this chapter has been puddist Journal of Physics B: Atomic,

Molecular and Optical Physics [75].

In this work, we report plasma opacity measuremegterded using a single laser beam
to heat the material and produce the back lighterrc®. We use a single target
comprising two layers as a heating source for trebgd material, through thermal

conduction, and for the probing x-ray emission seurThe iron plasma conditions are
estimated using 2D fluid code simulations perfornigd L. M. R. Gartside at the

University of York and are summarised in sectioB.3.. With the technique presented
here, it is possible to record the opacity of colaaterial, where emission is too weak for

single beam opacity measurements utilising Kircedéw [11].
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4.2 Experimental Design

The experiment was carried out using an Nd:glassrlaystem situated at the Bhabha
Atomic Research Centre (BARC). This laser providesoutput energy of 8 J per pulse
with a duration of 500 ps. The p-polarized lasaswncident onto targets at an angle of
45’ t0 the target normal and focused to a spot sizZE26fum using an /5 lens, yielding
an on target peak intensity of 1.4 X4W cmi®>. The targets comprised 0.8 um thick Al
coated using a thermal evaporation plant, ontuenlayer of Fe foil, supported by photo
etched copper mounts with a circular target aredgiasheter 1 mm. The aluminium side
of the targets was irradiated by the laser. Pilumiaium foils of thickness 0.8 pm,

mounted in a similar manner, were used as targetsoimparative purposes.

A crystal spectrometer was utilised to measure alium He- and Li- like lines and the

solid Ka emission transmitted through the aluminium and #ayers. The spectrometer

was positioned at the rear side of the target atbagaxis of the laser at 4@ the target
normal. Time integrated spectra in the wavelengtige 7 — 9 A, were recorded by
dispersing the x-rays with a flat TAP crystatl(2 25.75 ) onto a P-11 phosphor screen
followed by an image intensifier tube and a CCD eem{PixelFly QE). Scattered visible
light was prevented from entering the spectrometsing B10 filters (aluminised
polycarbonate, Alexander Vacuum Research, Inc.)he Bpectral resolution of the
spectrometer was dominated by the source size iidh 400. Four silicon
photodiodes (XUV-100, OSI Optoelectronics), undarerse bias, were used to measure
the time and space integrated emissivity of thenalium plasma. Filters of Bm &
20mm Al, 5 mm Ni, and 12mm Ti were used to control the spectral range rembi(dee
figure 4.2). The filtering used in this experimetitfers from that described in chapter 3

due to availability of foils at the facility. Thdiode active area is 100mMnbut different
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sized apertures were utilised to avoid detectanradibn. The diodes viewed the front

side of the irradiated targets.

Aluminium K, emission, at 1.5 keV, from pure Qré thick aluminium targets was used
to calibrate the backward directed emission witreruiron layer so that the transmission
of iron heated by thermal conduction from the ahiom plasma could be recorded when
shots with the iron and aluminium targets were eygd. Al Ky emission occurs during

the laser pulse as it relies on the hot electrtgraction with solid Al and so is used for
our time integrated transmission measurements becthe time of emission is well

defined. Test measurement of transmission thrautteated iron placed 7mm behind a
pure aluminium target showed that the iron transiois T, measured by this technique,

is within 14% of the valueTE0.067) predicted by Henke et al. [62] (see figld).

4.3 Analysis

The relatively long laser pulse length of 500 pkved time for sufficient plasma
expansion during the initial rise time of the puisgrovide the large under dense plasma
necessary for whole beam self-focussing [79]. nkaion of the ion sound speed
(~ 8 x 1d ms") yields a scale length of ~ 48m at the peak of the laser pulse. A two
temperature electron distribution is observed wittiie Al plasma. Source broadened
spectroscopy provides an ‘emission map’ of therp&asnd shows a central hot plasma
surrounded by cooler material, while measuremeftsootinuum emission show the

presence of two temperature components.

4.3.1 Diode Array

Due to the differing filters used for the x-ray d&s in this experiment, both bound-free
and free-free emission must be considered as skl Xemission is not as effectively

attenuated as for the filters described in chafterContinuum emission from the Al
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plasma is measured using filtered EUV enhancedosilinversion layer photodiodes.
Assuming Maxwellian electron distributions, the tiomum emission from the Al plasma

can be modelled using [80]:

st B R
- — F S F _S/C'n 0
1 82805 €qt X f KSKB tu u %0%0
. E (4.3.2)
A aE A s L IR
A — I — ° A — —fE
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wherem is the electron mas&, is the Rydberg energy; is the number of holes in the
ground state of principal quantum numberbn,q is the free-free Gaunt factor and is
assumed to be G, andG, are bound-free Gaunt factors wh@&g= 0 forhn< Z°R/n?
andGn= 1 (or 1.4 ifT > 400eV) forhn> ZZRy/mZ, G, = 0 for photon energies less than
the ground state ionisation potenti@al otherwiseG,=1. Analysis of the continuum
emission from the Al plasma using equation 1 anchgaring the ratios between diode
signals indicates the requirement for two tempeeategions in order to reproduce the
observed signals. The ionisation lexv&l,and number densities of electrons and iogs,
andn;, are determined by assuming LTE within that regidwaapting this model to allow
for two temperature regions of. and T, with relative number fractiorf, and
incorporating the energy dependant transmissiohdbthe filters () allows for the ratio

between diode channels to be determined using:

m
>

(4.3.2)

>

Wl w
v

>

cC | c
m ™

A Uy’
° u%o ’A u9’



4. Ky Emission as a Back-lighter to Probe Plasma Opacity 84
where A u " u ©3 F —S/je 3 &5& |ﬁ
' o e 8 .u " (4.3.3)
. T T
o A i _ P
3 " EuE S ELTE

and the subscriptd, f2refer to different filters.

Equation 4.3.2 is numerically integrated also tgkinto account the effect of the

photodiode depletion depth. By comparing calculatatios, R, to experimentally

measured diode signal ratios, it is possible toudedhe parameteig, T,, andf. For

example, analysing the ratio between the two higbesrgy diode channeByigh, (5mm

Ni and 12m Ti) enables a hot electron temperatig,of 1keV to be deduced to within

0.1keV accuracy, as there is negligible effect lus tatio due to a change T3 or f, as

shown in figure 4.1.
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Figure 4.1. Variation of diode signal ratio for the two highest energy channels

(5mm Ni and 12m Ti) as a function of the hot electron temperature The solid line

represents a cold electron temperature of .= 140eV and relative fraction of hot to

cold number, f = 0.008, while the dashed line represenis = 240eV andf = 0.008 and

the dotted line representsT.= 140eV andf = 0.05
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Figure 4.2. Continuum emission from the laser prodced aluminium plasma as
predicted by equation 1, incorporating two temperatire regions within the plasma
(thick solid line) with a comparison of total emisgn as predicted by FLYCHK [44]

(thin solid line). Conditions used arel = 140eV,T,, = 1000eV and = 0.008. The

peak of the transmitted emissivity curves for the obde filters of 5im Al (dashed

line), 20mm Al (dotted line), 12nm Ti (dash-dot line) and 5mm Ni (dash-dot-dot

line) are indicated.

To determine the remaining 2 parametéisandf), a minimisation routine is performed
using ratios from all channels to find a best fittbe model (equation 4.3.2) to the
experimental data. This yields a thermal tempeeaddiT. = 140 + 10eV and a fraction of
f = 0.008 £ 0.001, consistent over multiple shotbe peak of the spectral range detected
by the diodes for the filters and experimental paters is illustrated in figure 4.2. A
comparison of equation 4.3.1, with temperatlge 140eV, T, = 1keV andf = 0.008, is
also made on figure 4.2 with the total emissivisypgedicted by the FLYCHK code [44].
The model shows good agreement with continuum émmis®mitting line radiation as

expected. When the energy dependant filter trag®aom is included, the integrated diode
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signals as predicted by our model using equati8ridand FLYCHK agree to within 4%,
so our omission of the small contribution to thedd signal from line emission is not

significant.

Figure 4.2 shows the photon energies where trexififj for each diode gives maximum
recorded x-ray flux and illustrates how we can theefour diode signals to measuiig

T. andf. The spacing of these peaks allows the determmaff the hot temperatur@y,
component (from signal ratidR for the two highest energy channels), the cold
temperaturel., component (from the signal rati® of the two lowest energy channels)
and the ratiof, the number of hot to cold electrons (from théoraf the two intermediate

channels).

4.3.2 TAP Crystal Spectrometer

A crystal spectrometer utilises the Bragg conditem enof , wheren is an integer
representing the order numbérjs the wavelength of ligh is the inter-atomic spacing
of the crystal andy is the Bragg angle. When light incident on a talykas a wavelength
comparable to the inter-atomic spacing of that talyghe light is diffracted, causing
constructive interference in accordance with thadggrcondition. Optimisation of the
crystal angle with respect to a laser producedndaallows for the light to be dispersed
producing a spectrum. In this experiment, a flatllium acid phthalate (TAP) crystal
(2d = 25.75 A) is used to disperse x-rays emitted froenléiser produced plasma and is
optimised to record the spectral region of 144@®201leV, corresponding to a number of

aluminium spectral lines.

The recorded time integrated aluminium spectrume ($gure 4.3 for example)
predominantly comprises a series of lines origimgatrom helium-like and lithium-like
ions. The most prominent of these lines is thelikkeresonance line (w), purposefully

instrument saturated to enable an improved resoiudf the intercombination line (X, y)
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and the Li-like satellites (abcd, jkl, op, qr), dtbtandard letter designation used here for

He-like satellite lines has been tabulated by Galp8il]). Line ratios between the Li-like

and He-like lines enable the determination of psiharacteristics through comparison

with the spectral modelling code FLYCHK [44]. UHihg the relative intensity of the

He-like intercombination line and the Li-like sdttels provides a useful diagnostic tool
giving a measure of the electron densities and ¢eatpres in the aluminium at the time
and position of peak emission. FLYCHK does notudate the aluminium Kemission

which is produced by the hot electron interactiath\solid aluminium.
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Figure 4.3. Experimental aluminium spectrum (solidine) and superimposed
simulation (dashed line) of temperatured .= 140 eV andTl, = 1keV using FLYCHK.

The fraction of suprathermal to thermal electrons s f = 0.008 [44,82].

In order to obtain a fit to the spectra, such gsré 4.3, using FLYCHK, a parameter scan
was performed trialing a range of temperatures (50500 eV) and densities
(10*2- 10** cm®). The simulated spectra were instrument broadevigdour estimated

resolution (~ 3eV) using a post-processor [83] tralpeak to peak ratios were deduced
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and compared with the experimental spectra. Alsitigermal temperature component
could not reproduce the observed spectra. Anrelealensity ofn.= 5x1G° cm® was
found to best fit the spectra, consistent withtin@ing point density for a 45° obliquely
incident 1.06m Nd:glass laser. As the emission is proportional ne and
ne= 5x1G°%cm?* is the highest density directly heated by therlase assume emission
from this single density is a reasonable approxonab a spatial integration of emission.
A parameter scan of the hot electron temperatiike, (0.5 - 2keV) and hot to cold
component fractionf, (0.005 - 0.1) was performed and found to requijre 1keV and

f=0.008 forT.= 140eV (see e.qg. figure 4.4).

FLYCHK Ratio - Experimental Ratio
o

0 " 10 200 30 40 500
Thermal Temperature (eV)

Figure 4.4. Plot of the difference between the gtite ratio determined via
FLYCHK and our experimentally measured ratio for satellite lines qgr/jkl (solid
line), xy/jkl (dashed line), and xy/gr (dotted ling as a function of thermal
temperature. The case shown is foFp,=1keV andf=0.008 (best fit). The ratio

differences indicate thatT.=140eV.
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Figure 4.5. Expanded experimental spectrum as a migtion of distance on the CCD

detector with a distance scale corresponding to th&urce broadening effect on the
spectra. A double Gaussian profile foiT;=140eV and 126m width at the target

(dotted line) and of Th=1keV and 25m width at the target (dashed line) combine to
form the emission profile observed. The Kpeak is best represented by a single

Gaussian (dash-dot-dot line) with a spatial width b60mm.

4.3.3 Spectral Line Profiles

It was found that He-like satellite spectra wersthmodelled using a double Gaussian
line profile. The spectral profiles are strongbusce broadened (D/ 400), so the line
profile represents a mapping of the spatial emmsgimfiles of the lines, indicating two
temperature regions. The superposition of sourcadening effects due to argh
diameter plasma region of electron temperalyrdkeV and a 120m diameter region of
electron temperatur&=140eV is shown on figure 4.5 to fit the experinadigtmeasured
line profiles. The relative abundance of the nundiéhot and cold electrons used for this
calculation isf = 0.008, with intensity information obtained frorhYfCHK. This relative

abundance of hot and cold electrons is approxiyateinsistent with the spatial
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dimensions of hot electrons (a circular regionaxfiusr = 12ym) and cold electrons (a

circular annulus region of radius betwaeal2ym andR = 601m). Assuming uniform

ﬂ 5
;0e5C;T 5

ablation, we would expect I @@qbut this could readily drop o= 0.008 if

the Ty value is produced late in the irradiation historyat limited spatial distance from
the target surface. Assuming the plasma emissoeylindrically symmetric, the 1D
double Gaussian plasma profile, shown in figure ¢ab be extended to map the 2D

temperature profile as shown in figure 4.6.

Figure 4.6 Two dimensional temperature profile forthe aluminium plasma with a
double Gaussian structure of T;=140eV with 120m width and of T,=1keV with

25mm width.
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4.3.4 Aluminium K5 Transmission Measurements

The spectrally integrated Al Kintensity recorded by the spectrometer after trassion

through the iron layer was measured for differeaget pulse energies and directly
compared with the integrated, Kignal originating from a pure Al target createthg the

same laser energy. A comparison of the transmétet uninhibited spectra for a laser
energy of 7.7 J is shown in figure 4.6. Figure 4i@monstrates the change in
transmission over the laser energy range investigahd shows a comparison to cold Fe
transmission. It is seen that an increase in las@mrgy of 1.3 J causes sufficient
additional heating to the iron layer through enk@hthermal conduction to produce an

increase in transmission by almost a factor of 3.
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Figure 4.6. Experimentally observed, transmitted Aspectrum through an Fe
plasma (solid line) and the spectrum from an alumiium target without iron (dotted

line) for a laser energy of 7.7J.
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Figure 4.7. Transmission of K photons (1.5 keV) as a function of laser pulse ey
as determined by experiment. Experimentally measwd cold Fe transmission
(dashed line) is compared with cold Fe transmissiopredicted (dotted line) by

Henke et al. [62]. The open squares show calculaté@nsmissions from h2d
simulation, with line of best fit (solid line).

4.3.5 h2d Simulations

Two dimensional fluid code simulations have beesdus estimate the plasma conditions
of the aluminium-iron target using the h2d code][8%he h2d code uses a Lagrangian
coordinate system in cylindrical geometry to defaethe plasma density, temperature
and ionisation as a function of distance and timeydrodynamic variables are then
calculated using the SESAME equation of state ppekdeveloped by the T-1 group at
Los Alamos National Laboratory [85]. Opacity d&t@am the lonised Materials Package
code (IMP) [86] was then used to calculate thestraasion of Al K, through the heated

Fe layer. Full details of the simulations sumneditere are available in a published

paper [75].

A laser of pulse length 500ps and a focal spot 26in is assumed incident onto a

cylindrical target of aluminium and iron, 200 in diameter, for the h2d simulations.
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The h2d simulations predict similar conditions withihe aluminium plasma to those

predicted by the spectral profile analysis andxtinay diode array (figure 4.8).

Temperature (keV)

Radial distance from centre of target (um)

Figure 4.8 Radial temperature profiles produced bya 500ps pulse incident onto the
Al side of an Al and Fe target. The simulated crital surface temperatures at the
peak of the heating pulse are shown for the lasenergies 7.3J (solid line), 8J (dotted

line) and 8.6J (dashed line).

The Ka emission originating from the aluminium is estigthtusing the conditions
predicted by the 2D simulations, assuming a Maxamltlistribution of electrons and a
constant cross section for, roduction forE > Ex,, whereE is the electron energy and

Ex. is the Al K, photon energy.

The transmission as predicted using IMP tabulajgatcities is shown in figure 4.9 and
demonstrates the peak of transmission is closd@opeak of the heating pulse. The
transmission data shown in figure 4.9 is in agregmdath the experimentally deduced
transmission measurements shown in figure 4.7ur€ig.10 shows the axial temperature

profiles of the Fe layer at the time of peak Al tkansmission as predicted by h2d.
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Figure 4.9 Relative emission of Al Ka photons throgh the conductively heated Fe
layer as predicted by h2d and IMP opacities. Theransmitted flux (dashed line) is

the product of the Al K; emission (solid line) and the Fe transmission (digd line).
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Figure 4.10 Axial temperature profile within the Felayer at the time of peak Al Ky
transmission. Laser pulse energies of 7.3J (solide), 8J (dotted line) and 8.6J

(dashed line) are shown.
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4.4 Discussion

Experimental temperature and, kransmission data agree well with simulations gsin
h2d and opacities from the lonised Material Pack#@ig®). A two temperature spatially
separate thermal distribution of electron tempeestiuas observed here, has recently been

reported by Colgan, et al [87].

Aluminium K, emission has been used in this experiment as tlardeen a significant
amount of previous study into the, Kspectra of aluminium, and the photon energy
(1.49keV) results in photo-ionisation from the gnduo continuum of Fe up to Fe XIX
[88] so that there will be significant absorptiohtbe radiation in iron plasmas up to
electron temperatures90eV. Once temperatures excee#lOeV, iron becomes close to
transparent, so ourkransmission measurements are a good diagnostengferatures

> 90eV.

The assumption that Al Kis emitted over a different timescale to that dfestspectral
lines, due to the hot electron interaction, hasilFecked by examining the transmission
of He-like satellite lines through the iron. Thdses were found to be more strongly
transmitted by a factor of 2, compared with tkansmission, suggesting more emission at

later times when the iron transmission is greater.

The experiment has demonstrated the feasibiligyenforming opacity experiments using
a table top laser system with modest parametessguhis technique, we have been able
to accurately characterise the Al back lighter @edform transmission measurements
using a laser system with a high reproducibilit§@) on a shot to shot basis. A number
of issues need to be addressed to obtain high aocuopacity information [89].

Simulations have demonstrated using this technigsalts in large temperature and
density gradients in the axial and radial directwhich would have to be accurately

measured. Gradients in the axial direction cameloleiced by introducing a plastic tamp
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layer on the rear side of the target, inhibiting e plasma expansion, reducing the
temperature gradient and providing conditions taat be validated more readily as LTE.
Radial temperature gradients can be addressediby asdifferent heating mechanism
than thermal self-focussing. Using a shorter pldsgth laser would prevent whole beam
self-focussing and could be optimised for resonaabsorption to produce a higher
number of hot electrons and to produce a shortisepack lighter. These hot electrons
would increase the Ksignal and propagate into the Fe layer, heatirgy tdrget,
producing plasma with higher radial uniformity. elrshorter pulse back lighter would
provide better temporal resolution. Diagnosing pleesma conditions within the Fe layer
has relied on using computer codes to simulatéhtmenal conduction from the front side
Al plasma. An independent plasma diagnostic fer e layer is therefore required in
order to determine the plasma conditions indepethdef hydrodynamic simulations.
This could be achieved using absolute time gated)ing, probably in the visible, of the

iron target to deduce a temperature assuming emissi a black-body.

4.5 Conclusion

A method for the characterisation of a plasma bisghter and the determination of
plasma opacity using a single laser beam and addytarget has been investigated.
Thermal conduction from laser produced aluminiumspia has been used as a heating
mechanism for an iron target layer, K-rays produced from the Al layer are used to
measure transmission through the iron plasma. &heam self-focusing of the laser has
reduced the effective spot size and increased tbegg deposition into the iron. The
temperature increase in the iron allows for opagigasurement over a temperature range
~ 10 — 150 eV. Combining source broadened spexpyswith continuum emission

analysis has enabled a plasma back lighter prodogedhole beam self-focussing to be
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characterised. The experimental data is in goaeeagent with 2D modelling using

opacities from the lonised Material Package codd 6 keV photon energy.
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5. Characterisation of a Line Focussed EUV Back-ligter for

Plasma Opacity Measurements

5.1 Introduction

As discussed in earlier chapters, opacity measurema EUV wavelengths of high

energy density plasmas are difficult to undertakeh® probe has to overcome the high
self-emission of the opaque plasma and it is diffito create sufficiently uniform and

well characterised plasma for accurate measuremdmaser produced EUV and x-ray
back-lighters have been used previously to perfopacity measurements [13,14], when
the flux of x-rays generated is sufficient to ‘dute’ the plasma self-emission. More
recently, much brighter plasma based EUV laser® Haen employed to probe iron
plasma [17]. In the present experiment, we set@uise a short duration (3ps) Ne-like

Ge laser at 19.6nm to probe the opacity of lasatdakiron.

This experiment generated an extreme ultra-vid&t\() back-lighter in a set-up similar
to that used to create a plasma based x-ray lagdQut lasing being observed. A line
focus back-lighter pointing at a sample can produaght emission over a broad spectral
range, from a small area, as the more intenserspéoe intensities approach black-body
intensities due to the high optical depth alonggl@sma line. This chapter is primarily
concerned with the characterisation of the badktéig with the aim of improving our
understanding of the line focus EUV back-lighted aa investigate why lasing was not
observed. Accurate information regarding the pasonditions within the EUV source

is required for high quality opacity measurements.

This chapter firstly discusses the experimentahragement used in the experiment in
Target Area West (TAW) at the Central Laser Fagilincluding a description of the

diagnostics used. Section 5.3 discusses in démitharacterisation method used for the
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x-ray back-lighter. Section 5.4 briefly discussbe images obtained from the pinhole
camera followed by a summary of the EUV transmisanalysis (Section 5.5) carried
out in conjunction with E. Wagenaars, University Yddrk. Results presented in this

chapter are available in published form [90,91].

5.2 Experimental Set-up

The back-lighter was created using two optical @utsom the VULCAN Nd:Glass laser
system at the Rutherford Appleton Laboratory taadrate a germanium target of
thickness 500nm deposited onto a glass slab of @vdth. A pre-pulse of duration
300ps and energy of 20J was focussed into a li®arh0x 6mm, using a refracting lens
and a spherical mirror, giving an irradiance of x 80** W cm®. A main (chirped pulse
amplification or CPA) pulse of 3ps duration hademergy of 35J and was focused into a
line of similar dimensions using a single /3 offisaparabola, giving an irradiance of
~1x 16° W cmi®. The line foci of both beams were over lappedtmntarget, with a

delay between the pulsesaf= 400 ps.

A 50nm thick iron foil, tamped with 100nm thick péne-N (GHs) on both sides,
mounted in a 0.5mm wide copper mount, was heatid) @other CPA beam from the
VULCAN laser and the plasma created probed withEk®/ back-lighter. The second
CPA beam contained 25J energy in a duration ofaljgswas focused to a spot size of
about 20@m in diameter on the opacity target. The delayben the heating pulse and
the main CPA pulse was varied between 5 and 20pko probing at different stages of

iron plasma evolution.

5.2.1 Crossed slit and Pinhole Cameras

In order to verify the homogeneity and to enabé& ¢haracterisation of the line focus on a
shot-to-shot basis, a crossed slit camera is eragdloyhe crossed slit camera allows for

different levels of magnification in the horizontahd vertical directions using two
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orthogonal slits of different slit widths at difeant distances from the source. The layout

is as shown in figure 5.1.

Figure 5.1 Configuration and definition of terms fa a simple crossed slit camera

Using the terms as defined in figure 5.1, the miggation in the vertical and horizontal

directions are calculated by

N3 - 2.1
L Tcdel L N3N (5.2.1)

cde,,

A crossed-slit camera with an Andor CCD was poséd at an angle of 22 degrees with
respect to the plane of the target normal. Thacadrand horizontal resolution wasriré
and 180m respectively. The crossed-slit camera was dttarsing &m aluminium and
25mm beryllium so that emission in the range 0.5 eV was recorded. The CCD had
an exposure time of 500ms so we record time intedr&e emission over the laser
plasma lifetime. The parameters for the experingave a horizontal magnification of

1.2 and a vertical magnification of 3.6.

The pinhole camera uses a similar premise as th&sed slit camera, by replacing the
double slits with a single pinhole. The pinholeguces a magnification dependent upon

the distances defined in figure 5.2, where the nfi@gtion is given by

N (5.2.2)
L X



5. Characterisation of a Line Focussed EUV Bachtég 101

Figure 5.2 Geometry of a simple pinhole camera

5.2.2 Flat-field Spectrometer

The flat-field spectrometer provides spectral reSoh in the vertical direction and

angular resolution in the horizontal direction.ra§s are dispersed using an aperiodically
ruled concave grating which is illuminated undegrazing angle by the source under
investigation. An aperiodically ruled grating ised in order to compensate for the
rapidly varying focal lengths between the central/glength and those at the limits of the
crystal position. The differing focal lengths letmda curved focal plane, which reduces
the resolving power of the spectrometer. The gpigcdesigned grating with varied

groove spacing corrects for the differing focalgdrs and focuses the x-rays onto a plane

normal to that of the x-ray source.

5.3 Germanium Back-Lighter Characterisation

The crossed-slit images provide an ‘emission méphe Ge back-lighter and have been
characterized using simulated data from the spectodelling code FLYCHK [44]. The
code was used to evaluate total emission from tbeplasma as a function of photon

energy and temperature for the density in the regfchighest gain and emission as
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Figure 5.3 Spectrally integrated emission, transmied through filters of 3imm Al and

25mm Be as a function of temperature for Ge as determed with the FLYCHK code

[44] and using filter transmission data from Henkeet al. [62]. The electron density
assumed is that seen in the region of highest gaas predicted by

Ehybrid (5 x 10?* cm’®) [25].

Figure 5.4 Emission of radiation from a Ge plasmaransmitted through the filter
combination for our crossed-slit camera as a funabin of time calculated by the

Ehybrid [25] code.
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predicted by the Ehybrid code [25.(= 5 x 1G* cm®). Multiplying the photon energy
dependant transmission [62] of the filter with tte#al emission and integrating over
frequency gives the total transmitted emissioneg Dy the crossed-slit camera per unit
volume (see figure 5.3). For our filter combinatiotine relationship between the
transmitted emission and temperature is approxisnatear in the temperature range of
150 — 500eV, with a threshold for any significantigsion at 120eV. We assume that
the plasma emission through the crossed-slit fi@mbination (Bm Al, 250m Be) is
dominated both spatially and temporally by the ésittemperature and highest density
(5 x 16 cm®) plasma. The area of plasma viewed by each pmixekthe CCD is
calculated using the geometry of the crossed-aitara. A thickness of emitting plasma
can be determined by calculating the plasma exparfsobm the turning point density by
calculating the ion sound speed, for each temperature and considering a charatiteri
length scale, £+ (where x = 400ps, is the time between the pre-pulse andriaie
pulse). The time of emission of the plasma (100p$pund from simulations using the
1D hydrodynamic code Ehybrid [25] (figure5.4).

A calibration factor for the CCD (8eV/count) is dst® deduce the absolute number of
counts per pixel associated with the transmitteds&inity. Figure 5.3 then enables the
crossed-slit images of recorded emission to be eted to a spatial variation of electron
temperature (figure 5.5 and 5.6). This converssérlCCD counts to temperature is
reasonably accurate (x10%) due to the rapid limeaease of emission with temperature
and the threshold temperature for any significantssion (see figure 5.3). The error
estimate for the temperature measurement of £108¢ dot include the error associated
with our assumption of a spatially and temporatipstant density and temperature. The
incident laser irradiance profile has a width ofom®h and comparing this with the
deduced temperature profile width of b%0, the relationship,, ', results in

b =0.44 £ 0.05 in agreement with temperature sgaksults [92].
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Simulations using Ehybrid demonstrate peak iorosalevels in agreement with the
FLYCHK model used to determine the temperatureileroff the back-lighter. The peak
temperature of the pre-pulse only back-lighter ¥easd to be 120eV or less. A peak
temperature of 155+ 20eV is found when the twes@uket-up is used. These
temperatures explain the presence of spectral fnoes Ge XX to Ge XXIII [93-97] as

seen in the spectrum shown in figure 5.7 and teifstant change in emission between
the pre-pulse and double pulse plasma. The figufespectrum was recorded with a flat

field spectrometer viewing down the line focus gsise section 5.4).

Figure 5.5 Emission cross-section over the line piite and the resulting temperature

profile deduced as discussed in the text.

Although the experimental set-up was similar td tsed to generate a plasma based x-
ray laser, no x-ray lasing was observed. A tenipesaanalysis of the pre-pulse only
shots shows the temperature to be < 120eV, anddingao ionisation curves simulated
using the collisional-radiative code FLYCHK, thagina then consists mainly of &eor
lower ionisation stages. This ionisation is cotesis with the peak ionisation determined
via simulations using Ehybrid. For lasing the mpuise has to couple enough energy
into the plasma to raise the ionisation level upht® Ne-like ionisation stage (&8 and

provide the population inversion necessary fomigswithin the 3ps pulse length.
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Figure 5.6 2D temperature profile for the Ge backighter.

Figure 5.7 Ge spectrum as recorded by a flat fieldpectrometer. The red line
demonstrates the spectrum originating from a backighter created using the two-
pulse setup and the black line shows the spectrunoim a back-lighter created using
only the pre-pulse. The drop in intensity at 18nms due to the CCD chip being
partially covered with aluminium. The intensity drop at 17nm is the aluminium K

edge.
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Figure 5.8 Density and small signal gain profile athe time of peak gain, t = 409 ps,
6 ps after the end of the main CPA pulse as simulad by Ehybrid for the conditions
of the experiment.

Due to the short pulse duration (3ps) of the labermain pulse energy is largely coupled
at higher densities, meaning any x-ray laser preopsaduced may be refracted out of the
gain medium, reducing amplification. This effeetsibeen reported previously by Smith
et al. [98] and so has been investigated througtulations with Ehybrid (figure 5.8).
Ehybrid demonstrates that the experiment producesntaximum gain within the Ge
plasma at a density of 5 x 4@m?®. The region of gain as simulated by Ehybrid has
width Os  4mm (figure 5.8) and has a peak gain valu&af 200cnt. Refraction at

such high densities is significant. We can wiitattthe refraction anglgis related to the

density scale lengthk and electron density by [99]

8
f3_°2 (5.3.1)
Cl 8y

where n. is the x-ray laser critical density. Setting theximum refraction angle
f £D ' , gives that the x-ray laser propagation distdngethe gain region is such that
(5.3.2)

- 89
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For [5 = 4mm, ne = 5x10* cm?® and density gradient as shown in figure 5.8, wiaiab
L 100mm, implying maximum gain length produ@L 2 which would not be

observable.

5.4 Pinhole Camera

A pinhole camera was used to image the focal spittedlaser incident onto the iron layer
in order to investigate the radial uniformity oétheating. The filtering used to cover the
pinhole was B8m thick Al foil, predominantly attenuating radiatiavith photon energies
of < ~ 1keV. Figure 5.9(a) shows a single imaganfrthe pinhole camera and figure
5.9(b) shows a horizontal line out across the eeotthe image. Figure 5.9 demonstrates

the uniformity of the heating of the second CPAspuh the radial direction.

(b)

Figure 5.9 Pinhole camera image of the heated irgplasma (a) and a horizontal line

out (b) across the centre of the image.
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5.5 Transmission Results

The transmission of EUV light through the heatedidtewas characterised using a flat-
field spectrometer with an Andor CCD (Andor DX-4B5¥). The flat-field spectrometer
used a 1200 grooves/mm aberration corrected congeating (Hitachi 001-0437) to
spectrally disperse the EUV emission in the vektaigection on the CCD chip and
provided spatial information in the horizontal ditien. Filtering of 500nm aluminium
was used to prevent visible light from entering flag¢-field spectrometer. A sample
image from the flat field spectrometer demonstratime position of the opacity target, a

fiducial wire and the heated target region is shawiigure 5.10.

The iron target was heated to a temperature of evV5&s simulated using the 2D
Lagrangian hydrodynamic code h2d [84] with a fluxiler of 0.1. Opacity data was
generated using the IMP opacity code, and the SEHSABH] equation of state tables.
The electron temperature and mass density radiafilgs as simulated by h2d for
different positions within target are shown in figu5.11 (a) and 5.11 (b). These
demonstrate a roughly uniform temperature profilghe radial direction, in agreement
with the pinhole camera images, and densities ngnigom 5 - 25% of solid density [91].
A steep temperature gradient is seen in the lodmiall direction through the target.
Combining the hydrodynamic data from h2d with IM&te opacities (as in Chapter 4) a
theoretical value for the transmission is generddeccomparison with the experimental

as is shown in figure 5.12.
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Figure 5.10 Sample image from the flat field spectrmeter with spatial information
in the horizontal direction and dispersed spectrall in the vertical direction. The
position of the target and fiducial wire is shownwith the wavelength range and the

transmission region of the opacity target.
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Figure 5.11 Electron temperature (a) and mass dertgi(b) radial profiles as
simulated using h2d for the iron target using a flx limiter of 0.1 and the

experimental parameters outlined in the text.
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Figure 5.12 Experimental values (black circles) fothe iron transmission at different
time delays after the heating pulse att = 0. Calwed squares represent h2d and

IMP simulations of transmission for three different wavelengths.

5.6 Conclusion

This experiment has demonstrated how a plasma lagaler can be well characterized

through imaging the time and spectrally integragadssion profile of the plasma using a
crossed-slit camera. By applying a detailed modielnaission to the back-lighter images,

a spatially dependant electron temperature profle be inferred and used as a useful
diagnostic of the plasma. Further study has shdwnpulse duration of the main CPA

pulse not to be ideal for lasing. Simulations uskigybrid demonstrate that the short
pulse duration and other conditions of the expentmesult in energy coupling at higher

densities where the increased refraction deflexstd) photons out of the gain region

inhibiting amplification.

Experimental transmission results show some agreeméth theoretical values

calculated using h2d, IMP and SESAME codes. Algothis experiment utilised targets
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tamped with plastic to inhibit plasma expansiore thrget design was not optimal.
Modelling using h2d demonstrates a steep temperagwadient in the longitudinal
direction, decreasing the accuracy, as it is diffito convert the measured transmission
values into opacity measurements. Additional hgignamic simulations can be
performed before the experiment in order to opentise target design, allowing for more

uniform plasma to be created.
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6. Investigation of Radiation Hydrodynamics UsingTitanium

Ka Emission

6.1 Introduction

An instability which occurs when a lighter fluid gporting a heavier fluid undergoes
acceleration in the direction of the heavier flisdknown as the Rayleigh-Taylor (RT)
instability [100]. This effect is caused by accat®n mechanisms such as the
acceleration due to gravity in ordinary fluids be tinstability seen in inertial confinement
fusion when accelerated plasma of a lower densitypresses higher density plasma
[101]. The Rayleigh-Taylor instability in plasma&sobserved in astrophysics such as
within the outer portion of a collapsed, massivar $102] or in the Crab Nebula [103].
The Rayleigh-Taylor instability in laser-produceldgmas has recently had to be taken
into account in order to explain the expansion beha of thick (25 and 58m) layered
targets [104]. In the experiment of Lancaster|dtl@4], a plastic and copper layered
target was found to be RT unstable as the copper leocoled quickly via radiative
emission and was therefore ‘pushed’ by the higbeperature, lower Z plastic, creating

the instability.

The aim of this experiment is to investigate theiRStability in the configuration used by
Lancaster et al [104], by imaging titanium K.51keV) emission through a RT unstable
target. As in the Lancaster et al. experimenistpaand copper layered targets were used
to create the Rayleigh Taylor unstable plasma. in$tability is seeded by introducing an
approximately sinusoidal variation in thicknesswistn the copper and plastic layers. In
order to achieve approximately uniform heating asre target, a reduced mass target of

dimensions 20@m x 200m is used to encourage hot electron refluxing [10%}.
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Myatt et al [106], demonstrated that in mass-lichitargets 90% on the hot electron
energy is converted into thermal energy withintdrget. Hot electron refluxing is due to
strong space charge fields established as a hotrateleaves the target causing a
significant number of electrons to return [108]. add limited targets encourage hot
electron refluxing due to a minimal volume of caooteaterial to provide a cold return
current, which neutralises the space charge field®y measuring and imaging the
transmission of Ti K radiation through the RT unstable target at dafifiertimes, the
evolution of the Rayleigh-Taylor instability can hevestigated. Plasma conditions
within the copper layer of the RT unstable target ealculated using PIC simulations
(see section 6.4) and spectral modelling of He-likes. This experiment demonstrates
how knowledge of K back-lighters and plasma opacity can be usedvestigate plasma

phenomena.

6.2 Measuring the Rayleigh-Taylor Instability

6.2.1 The Rayleigh-Taylor Instability

The Rayleigh-Taylor instability occurs when a lighfluid is accelerating a heavier fluid,
causing instability between two layers. In somsteys both fluids are acted upon by
gravity where the force experienced by the heafhied is higher causing the heavier
fluid to be pulled downwards, displacing the lightieid. The instability begins as slight
irregularities between the planar layers which ease in time, creating ‘finger-like’

columns between the immiscible fluids [102].

The process described above evolves in the sam@eanam laser produced plasmas,
where the acceleration force is thermodynamicatlyesh. A sinusoidal interface, with
wave numbek, between two layers will grow with a rate proponal to O+ [109].

The growth rateg is a function of the acceleratiog,the wave number of the oscillation,
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k, and the properties of the target material whitfees the growth equation given in 6.2.1

through the Atwood numbeA given by equation 6.2.2 [110].

C O (6.2.1)

where,

e (6.2.2)

andry andr, are the densities of the heavier and lighter Sugspectively.

6.2.2 Fast Fourier Transform Analysis

In order to detect variations in transmission astbe back lit target, Fourier analysis can
be used on the image from a 2D crystal imager (dest in section 6.3.2). Fourier
analysis can be used to convert an image from plagiat domain into the frequency
domain and is used to detect repetitive signalfiwian image (see figure 6.1). The
Fourier transform analysis used to examine the églydTaylor growth of a sinusoidal

variation of copper and plastic is introduced aested in this section.

Figure 6.1 (a) Sinusoidal oscillation over an arbrary distance with a wavelength of
/I = 11. (b) FFT of oscillation showing asymmetric €lta peaks corresponding to the

wave number ofk = 0.09.

Mathematically, a discrete Fourier Transform isegi\y:
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oc - t8 (6.2.3)
° > 8 F S

2
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wheren is the indexN is the number of input data pointsjs the wave number of the
perturbation and(n) is the signal. The Fast Fourier Transforms irs tthapter are
calculated using Origin software 6.1 [111]. A sd&mgignal over an arbitrary distance is
shown in figure 6.1 (a) with its corresponding Reuiransform shown in figure 6.1 (b).
It is seen that the sinusoidal variation with dis& produces two asymmetrical delta

peaks ak = £0.09 which correspond to the wavelength of tetin/ = 11.

6.3 Experimental Set-up

The Ky back-lighter was created using a pulse from the AN Nd:Glass laser system
at the Rutherford Appleton Laboratory to irradiatetanium target of thickness@2s. A
CPA pulse of duration 2ps and energy of 100J wasiseed to a spot ~ 206 in
diameter, using an /3 parabolic mirror, giving ieradiance of ~ 2 x 6 W cm%. A
second (chirped pulse amplification or CPA) pul$&ms duration with energy of 300J
was focused into a spot ~rii® in diameter (~ 1 x T8 W cmi?) onto the RT unstable
target described in the following section. Theagiebetween the heating pulse and the
back-lighting pulse was varied between 50 and 2@0pstudy the evolution of the RT
instability. A schematic for the experimental layshowing the relative positions of the

targets, the 2D crystal imager and the HOPG spaetier is shown in figure 6.2.
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Figure 6.2 Experimental schematic showing the relate positions of the diagnostics

wherea = 90 —qs and gs is the Bragg angle for Ti Ka.

6.3.1 Target Design

The RT unstable targets comprisedr2bthick plastic covered with avén thick copper
layer with a sinusoidal oscillation of thicknessttwamplitude 300nm and wavelength
30mm at the interface between the two layers (seedigu3). The oscillation between the
layers varies the copper thickness by 600nm fromkp® trough, thus varying the
transmission of K photons through the target as shown in figure 6T4e sinusoidal
oscillation between the two layers seeds the Rgiyd@aylor instability which grows on a
timescale longer than the heating pulse when mtadiby a laser pulse as also illustrated
in figure 6.3. It is expected that hot electrofiureng will approximately uniformly heat
the target in the direction of the laser. As timstability grows, the change in
transmission across the target increases and lingathe time delay between the heating
pulse and the pulse used to generate the, Thd€k-lighter, the evolution of the instability
can be investigated. The expected variation instrassion across a cold target is shown

in figure 6.4.
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Figure 6.3 Rayleigh-Taylor unstable target designCopper (dark region) of
thickness ~ 2 is coated onto plastic (light region) of thicknes~ 2%mm with a
sinusoidally oscillating interface of amplitude 306m and wavelength of 3@m. Red
arrow indicates direction of heating laser and bluearrow indicates direction of Ti

Ka back-lighter.

Figure 6.4 Variation in transmission across a coldRT target and the corresponding
change in CCD signal across the target as the badikthter passes through the
varying thickness of copper. The theoretical chargin transmission, O, is

calculated to beDr = 0.065 for a cold target.
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The targets are prepared as 200 x 8@ squares supported on a Bt wire. The
sinusoidal oscillations run horizontally, paraliel the heating CPA pulse which is
incident onto the front surface as shown in fig6r8. The laser pulse heats the two
regions simultaneously to the same temperature tly dlectron propagation and
refluxing. The denser copper layer cools quickentthe plastic layer due to more
effective radiative cooling (see the Z dependenceramiation emission discussion in
section 2.3). The lighter and hotter plastic damntaccelerate the denser, cooler copper

layer, enhanced by the initial perturbations, anggtthe Rayleigh-Taylor instability.

The Ti K, back-lighter passes through the RT unstable targethe direction
perpendicular to the laser axis (figure 6.3). As instability evolves, and the ‘finger-
like’ columns emerge, the copper thickness canXpeaed to increase and decrease in
different areas of the target, changing the trassimn and thus the amplitude of the
oscillation. By imaging the back-lighter at the RaFget position at different times, the

evolution of the instability is investigated.

6.3.2 2D K; Imager

A spherically bent Si@quartz (2023) crystal with a radius of curvatur@8cm was used
to image titanium K radiation generated from the back-lighter foikeafpassing through
the RT unstable target onto an image plate. Tistaroperated at an angle of 1.5° from
target normal and had a target to crystal distarfc2lcm and a crystal to image plate
distance of 297cm, giving a magnification o14. A spherically curved crystal disperses
x-rays according to Bragg's law with the curvatwkthe crystal acting as a lens,
focussing a high resolution image of the back-kghanto an image plate filtered with

12mm aluminium foil.
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Figure 6.5 Image (a) and a 2D intensity plot (b) c& copper mesh with i m wires
and 40mm spacing using Ti Ky emission as a back-lighter and a 2D spherical K

imaging crystal as a collecting optic.

In order to ascertain the resolution of thg ikhaging system, a copper mesh witimbd
copper wires with 40m spacing was placed at the RT target positioniaraded (see
figure 6.5). The modulation transfer function (MTd¥ an optical system is a measure of
the ability of the system to transfer contrast friiita sample to the image plane and is a
function of spatial frequency. The MTF as a fumictof spatial frequency,, is defined

as [112],

L &sox: | ’ (6.3.1)

whereM is the modulation (contrast) of the image or othjdefined by [112],

$OD  $E4, (6.3.2)
$OD 3 $E4

where Imax and Imin are the image/object irradiances (see figure 6.6dr example, a
system of periodic strips of black and white spapiofiles, such as shown in figure
6.6(a), would lose contrast when imaged due tootptecal system being imperfect, as

shown in figure 6.6(b). The MTF is a measure a@$ tbss of contrast as a function of

spatial frequency, i.e. the spacing between tleslin figure 6.6(a).



6. Radiation Hydrodynamics Studies Using Ti K-alfmaission 120

Figure 6.6 (a) Object of periodic strips of black ad white (above) and associated

lineout (below) and (b) image of object (above) andssociated lineout (below).

Taking into account the transmission afmd of copper at 4.51keV [62], a fast Fourier
transform (FFT) of an ideal mesh lineout similar ttat shown in figure 6.6(a) is

calculated and compared to the FFT of the expetiahémage of the mesh as shown in
figure 6.7. The MTF for this system as a functadrspatial frequency is shown in figure
6.8 and shows that the MTF for the initial pertuita wave number of 0.038m*

(I =30mm) is 0.88 £ 0.02.

Figure 6.7 Fast Fourier transform of an ideal mesltompared with an FFT of a

lineout from the mesh image shown in figure 6.5.



6. Radiation Hydrodynamics Studies Using Ti K-alfmaission 121

Figure 6.8 Modulation transfer function for the 2D crystal K, imaging system as

determined from the FFT of the mesh image shown ifigure 6.5

6.3.3 HOPG Spectrometer
A HOPG (highly ordered pyrolytic graphite) specteiar was positioned above the target

plane aligned pointing downward at the RT unstdblget. The HOPG crystal with
2d = 6.71A, was optimised to disperse coppgpKotons onto an image plate filtered by
12mm aluminium foil. The HOPG crystal is a mosaigeleed polycrystalline with a well-
defined layer spacing and high stability underrayeaof environmental conditions and is

ideal for dispersing copper.Kadiation at 1.54A.

Using dynamical crystal theory, a rocking curve das deduced and describes the
diffracting properties of a crystal. The rockingree of a HOPG crystal is characterised
by a Gaussian rocking curve due to the random eatidirthe mosaicity, of width
W=0.4°. The peak reflectivity and the integratetlectivity areP = 0.29 andR = 0.41,
respectively [113] for Cu Kphotons at 4.51keV with a Bragg anglegaf= 13.3°. A

sample rocking curve is shown in figure 6.9.
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Figure 6.9 Sample rocking curve for a HOPG crystaj113].

6.4 LPIC++

The code to be used in this work is LPIC++ [49pre spatial dimension, relativistic,
electromagnetic PIC code, written in C++ and depetbby Roland Lichters, at the Max-
Planck-Institut fur Quantenoptik during his PhDdise[114]. The one spatial dimension
of the code means that the integration of Maxwedigiations involves integrating the
transverse field&, ;andBy, and the longitudinal fiel&, [49] and uses the algorithms of
Birdsall and Langdon [50] and Villasenor and Bunamg5l]. The code has
considerable flexibility, largely due to the clgapgram structure and convenient method
of varying the input data. All of the input paraers are described by dimensionless
guantities. The user can specify up to two lasgsgs incident onto the target, one front
side and one at the rear, defined in terms of @alaon, shape, rise time and duration,
and the dimensionless field amplitudg, Collisions between ions, electrons and free

electrons are modelled assuming the Coulombicanten.

The field amplitude for use in PIC code simulatiemdefined by [114]
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( (6.4.1)
B,/

which can be related to the intensity and waveleodthe laser by [114]
r N? K(? @"RUB BF€ (6.4.2)

wheree andme are the electron charge and mdssis the amplitude of the laser electric
field and wand/ are frequency and wavelength, respectively, oflaser. As the PIC
code does not consider atomic physics, which hdspgndence on photon frequency,
only ap needs to be specified and not the laser wavelenptie rise time and duration of
the laser pulse incident onto the target is defingérms of laser periods, the polarisation
can be set to s-, p-, or circular and the tempsinape of the pulse can be described by

linear, sine, or sirfeedges.

In addition to specifying the parameters of theidant laser pulse(s), the target
parameters and simulation time must be definede I[€hgth of the simulation time can
be longer or shorter than the duration of the lgsédse, and is again specified by a
number of laser periods. The target parameterseified by an arbitrary number of
cells, whose size is defined by the parameter)s‘qger wavelength” (laboratory frame)
which states how many cells equals a distance efwmawvelength. The user can then go
on to specify the total number of cells, the numiecells in the linear density ramp and
the number of cells available as vacuum. The ¢thensi specified by defining the

maximum ion density over the critical density/rf).

The particle species (electrons and ions) are testby a maximum number of macro-
particles per cell and by the parametet.r» which represents the initial temperature of

the plasma in terms @fc, wherev is the velocity of the particle and can be calmday

) . K
~BU';3". 37,y —.u (6.4.3)
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wherevy, = vy = v, = v andvinerm = V/C. The ions have two further parameters to specify,
one is the ionisatiorg, and the second is the mass of the ion in terms/ok which

defines the element under consideration.

6.4.1 Obliquely Incident Laser Pulses

When examining the interaction of a laser pulsehwiksma, the angle of incidence is
often an important factor, especially in the cabdat electron generation (see section
2.1.3). As LPIC++ operates in one spatial dimemsiowould not normally lend itself to
oblique angles of incidence. However, a Lorer@ngformation can be used to bring the
laser pulse normal to the target surface again diffarent frame (figure 6.10). By
introducing a frame veIocitAy eno, , in they direction, wherea is the angle of
incidence, the laser is now firing normally inteestming plasma in frame M as opposed
to oblique incidence in the laboratory frame. Tiame velocity is represented in the
code by additional ion and electron currents aidic Bourdier’'s method [115]. This
means the laser wavelength and frequency are Doglpliéed in the moving frame M by
[49],

r

cde,,
(6.4.4)

/| cde,
where the/o and ng are the wavelength and frequency in the laboratoayne
respectively.

6.4.2 LPIC++ Output

LPIC++ provides a variety of output and the usec#jies what is required. The main
output of interest to this work is that of the é¢ten velocity distribution. A small
program has been written in Fortran by the autlorcdnvert the electron velocity
distribution file produced by LPIC++ into an elemtrenergy spectrum (see figure 6.12),

in order to determine the hot electron temperature.
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Figure 6.10 Lorentz transformation to account for an oblique angle of incidence.

6.5 HOPG Spectrometer Results

The HOPG spectrometer was used to investigate tharid He-like spectrum of the
copper. Figure 6.11 shows the spectrum contaitiegCu K line (8.05 keV), He-like
intercombination (x,y - 8.35 keV) and resonance @39 keV) lines and Li-like satellites

(e,f,u) around 8.30 keV. The standard lettergtegtion is as defined by Gabriel [81].

6.5.1 Kz Photon Number

The particle-in-cell code, LPIC++, described inadleih section 6.4, was used to simulate
the laser interaction with a copper target in otdezalculate the hot electron temperature.
The simulated hot electron energy spectrum is shiowfigure 6.12 and indicates a hot
electron temperature of, = 65 keV and a hot electron fraction faf = 0.28. The
parameters used for this simulation wage= 10.33, angle of incidence = 20.00°, pulse
duration = 848 periods (corresponding to 3ps) ittise time of 60 periodsi/n. = 100
and 2000 cells of plasma (500 cells per laser veanggh) with an initial steep ramp of 20

cells.
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Figure 6.11 Calibrated spectrum obtained from HOPGcrystal spectrometer
showing the Cu K, line, He-like resonance line (w), He-like intercorination line
(x,y) and Li-like dielectronic recombination satelites (e,f,u). Letter designation is as

defined by Gabriel [81]. Insert is an image of theaw HOPG spectrum.

Figure 6.12 Hot electron energy spectrum simulatetly LPIC++ using the laser
parameters defined in text. A hot electron temperare of 65keV is calculated where
the fraction of hot electrons {,) compared with the total number of electrons is

fn = 0.28.
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The valuesl;, = 65 keV and}, = 0.28, as calculated by LPIC++ are used in a motle
Kaphoton production as described in previous work6[117]. It is assumed that

refluxing of hot electrons ensures that all of tleiergy is dumped in the target.

Ka production in a refluxing target can be describgdi116]:

E [7

c (6.5.1)
b 8 . > ( ( < ( F(BS (

whereN;, is the number of hot electrons,is the ion densityyk is the K, fluorescence
yield for copperf(Ep) is the initial normalised electron distributiosk(E) is the K-shell
ionisation cross-section an@lE/ds) is the electron stopping power. For copper,
w = 0.44 [118],n = 8.4 x 16° cm?®, anddE/dscan be approximated WE/dsi aE?

[119].

Using electron stopping power data from NIST [120je stopping power can be

calculated foilEg< 100 keV by:

(E @B ( Cc

(6.5.2)

whereE, is the initial electron energy. The total numbg&hot electrons is determined by
incorporating the fractional abundance of hot et from the LPIC simulations into a
deflagration model of laser ablation [121]. Thdlatgation model calculates the mass
ablation rate by assuming the laser energy absorpitcurs at the critical surface and is

given by [121]

B A (6.5.3)
T S

wherer. is the mass density at the critical surface land the absorbed laser intensity.
The fractional laser absorption at the critical face due to the excitation of an

electrostatic wave can be deduced by examiningrésenance functionf(¢), which
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describes the strength of the absorption as aimaf incident angle and plasma scale

length [24]. The fractional absorptiom, of the laser is given by [24],

a, (6.5.4)
¢
where
- (6.5.5)
a 5 Ks € Kf
/ N
F—S end ’ (6.5.6)

5

w is the laser frequency, is the scale length of the plasma amds the angle of
incidence. Using the parameters of this experina@dtestimating the scale length of the
plasma from the ion sound speed] '.u B & ", gives a fractional absorption of
f,=0.61 and thus, = 6.1 x 16° W cm? anddm/dt= 1.26 x 10 g cm® s*. Using this
mass ablation rate, the total mass ablated duhiedaser pulse isn = 1.47 x 13* g or
total number of copper iond)i = 1.39 x 18" (N. = ZN = 4.04 x 1&) which gives the

total number of hot electrond, = 1.13 x 162

The K-shell ionisation cross-section is calculatesthg a Relativistic Binary Encounter

Bethe (RBEB) model [122], and is given by,

- - = a—éac€ = I ac MeéF  —S3 —
13731, M~ °© | Ff F ° +
(6.5.7)
ao+ 3 +a 3 Ma + 5
+3 3+ 3 +#
where
TF A Pl TF J _+(< U/\B 4
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The terms used in the RBEB model are as folloayss the Bohr radiusa is the fine
structure constanty is the occupation numbeN = 2 for a full K-shell),T is the kinetic
energy of the incident electroB is the binding energy of the K-shell electrd® £
8.980keV for copper [122])) is the kinetic energy of the K-shell electrash£ 11.32keV
for copper [122]) and theterms are the speeds of electrons with kineticgges of T, B

or U depending on the subscript. Figure 6.13 showsddéygendence of the K-shell
ionisation cross-section as a function of eleceoergy as calculated using equation 6.5.7

and agrees well with previously published work [123].

Figure 6.13 K-shell ionisation cross section as arfction of electron energy as

calculated using the RBEB model.
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|ic

By numerically integrating'[7 . (  and using the relationship denoted in

equation 6.5.1, the total number of ghoton produced sk, = 2.15 x 1&° photons over
4 steradians. Using the rocking curve of the HORGtal to define the crystal distance
in the spectrally dispersive direction and the tvidf the crystal in the spatial direction, a
solid angle of detection of = 0.00776 sr is calculated for the spectromefeking into
account, this solid angle, the reflectivity of tHOPG crystal, and the transmission of the
12.5m aluminium filter, the predicted @ detected at the image plate is

Nka = 4.8x 10° photons.

The Ky line on the raw spectrum as shown on the insefigure 6.11 is integrated to
obtain a total number of photostimulated luminesee(PSL) counts. Using a known
conversion of PSL counts to photon number [124¢ tbtal number of K photons
detected is calculated to bedyry= (5 £ 1) x 16 photons, in excellent agreement with
the theoretical result. This measurement givedidemce to the values off, = 65keV

andf = 0.28.

6.5.2 FLYCHK Simulations

The spectral modelling code FLYCHK [44], was usedsimulate the He-like lines
generated in the copper plasma. Using the valliés 065 keV and = 0.28 and varying
the thermal temperaturé,, and the electron density,, the dependence of the line ratios
upon these parameters is shown in figure 6.14. eatdd supercritical density
(ne> 10" cm®) is required to reproduce the observed line ratiodicating significant
heating beyond the critical surface. The FLYCHHKslations indicate a temperature of
betweenT, = 300 — 400 eV and a density &f = 102 — 167 cm®. The high density
reinforces the idea of hot electron heating witthe target as it is above the critical
density of the laser. As the recorded spectrdime averaged, the instantaneous peak in

emission will be close at higher density.
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Figure 6.14 Dependence of spectral line ratios oredsity and thermal temperature
(T¢) as simulated using FLYCHK with the fixed parametes of T, = 65keV and
f =0.28. The line ratios shown are the Li-like saliges to the intercombination line
(Il — solid lines), and the intercombination line tolie resonance linel(/Ir — dashed

lines).

6.5 2D K; Imager Results

A sample image of the Ti Kback-lighter passing through the RT unstable targe

shown in figure 6.15. With the conditions discukge section 6.3 and the target design
in 6.3.1, it was found that the contrast betweeakpeand troughs in the back-lighter
transmission was not sufficient to allow for 2D Feu analysis. As a result the back-
lighter signal over a section of the images waggrdted along the direction of the
grooves (see figure 6.15) so as to enhance theasbrtf any perturbations present. The
section of image selected for the integration isite the laser interaction region, the size
of which is shown in figure 6.15. A 1D Fourier isdorm is then performed on the

resulting line out in order to analyse any spdtedjuencies present.
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Figure 6.15 Sample images from 2D spherical crystahager, left shows Ti Ky
back-lighter passing through the RT unstable targetright shows the same image
with a schematic of the target overlaid indicatinghe perturbation orientation. The
delay between the heating pulse and the pulse torgeate the Ti Ky back-lighter is
150ps and the heating laser is incident on the leffitand side of the target. The blue
box demonstrates the integration area (integrations parallel to the oscillation) for

FFT analysis.

The portion of the back-lighter in each image whilcies not pass through the RT target
is used to calculate a mean PSL value for thealnitack-lighter intensity which is then
used to normalise the images with the original Hagier intensity,lo = 1. The
amplitude of the Fourier transform then represehés amplitude of the oscillation in
terms of change in transmission, whépPe = 2 x FFT amplitude andrT is defined in
figure 6.4. Figure 6.16 shows an example of an Bfhe theoretical transmission plot
shown in figure 6.4. As the sinusoidal functiowh in figure 6.4 is restricted to a finite
space (i.e. over the target length) the functiorstning thought of as a top hat function
multiplied by a sine function. The resulting FHTown in figure 6.16 is a sinc function
originating from the top hat component convolvedhva pair of antisymmetrical delta
functions corresponding to the frequency and aomditof the sinusoidal oscillation. By

normalising the Ti K images taken at different time intervals, inteipgbver a section
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of the target and performing a 1D FFT on the rasyltine out, the evolution of the

perturbations within the target can be investigated

Figure 6.16 Theoretical target cross-sections (ahewing a planar target (red) and a

target with sinusoidal perturbation (black) and the corresponding FFT (b) showing

a sinc function and indicating the delta function die to the perturbation frequency
(arrows show position). The valueDr is twice the amplitude of the oscillation as

shown in figure 6.4 and represents the change inansmission from peak to trough.
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6.5.1 Fast Fourier Transform Results

The delay between the RT target heating pulse lmgtlse used to generate the Ti K
back-lighter was varied to probe the instabilitytla different time intervals of 75, 100,
150 and 200ps. For comparison purposes, the, id€k-lighter was used to back-light a
cold RT unstable target, the results of which d@ns in figure 6.17 and are found to
agree with the theoretical modelling for a colag&r The cold perturbation wavelength
was calculated to he= (245 + 6.1)mm and the change in transmission was
Or =(0.062 £ 0.007) in agreement with the informaticupplied by the target
manufacturer A = 30mim with OT = 0.065 arising from the thickness modulation)he T
FFTs for each of the four time delays are shownfigmre 6.18, the perturbation

wavelengths and7values are summarised in figure 6.19.

Figure 6.17 FFT of the Ti Ky image back-lighting a cold RT unstable target. Th
frequency peak due to the target oscillation is shwen (arrows) and corresponds to

DF = (0.062 % 0.007) arltl = (24.5 + 6.1)ym.



6. Radiation Hydrodynamics Studies Using Ti K-alfmaission 135

Figure 6.18 FFTs of the Ti Ky images at different time delays between the RT

heating beam and the Ti K back-lighter beam.

The transmission data indicates that classical digiyTaylor growth dominates within
the first 100ps of the interaction; an increasédinmeans an increase in the oscillation
between the two different layers and indicatespii@sence of RT ‘finger-like’ structures.
The measured increase T corresponds to an increase in copper thickness of
350 = 100 nm. This results in an instability arnyale of 650 + 100 nm after 100ps and

gives a Rayleigh-Taylor growth rate of 10 + 2 ng.
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Figure 6.19 Summary of theDr results from the FFT analysis. TheI values shown
here are twice the amplitude from the FFTs and repesent the total change in
transmission from peak to trough of the target pertrbation. The dashed line

represents the experimentally measured value @X for the cold RT target.

Future work for this experiment involves collabaratwith a research group who has
access to a 2D hydrodynamic code in order to mtideinteraction. Further work will

optimise the target design (or detection methodasdo improve the contrast and thus
make a 2D Fourier transform feasible, potentiafiglding spatial resolution through the
target thickness. A 2D Fourier transform would egimore information regarding

frequencies present along the direction of the llason and would help to

experimentally investigate the processes occuaftgy the period of RT growth, but this
would require an initially greater thickness vaaat in the copper. Changing the
perturbation wavelength of the RT unstable targetild result in separating the delta and
the sinc function within the Fourier transform whiewould be advantageous for smaller

perturbation amplitudes.
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6.5 Conclusion

The experiment outlined in this Chapter has utlliaditanium K, source as a back-lighter
to investigate the temporal evolution of the Ragferaylor instability in a laser-
produced plasma. A laser plasma of paramefiys; 300 - 400eV,T, = 65keV and
f =np/ne = 0.28 is produced by heating a Rayleigh-Taylatable target using the Vulcan
laser system with an irradiance of 1 x*%®V cm® A target, seeded with an initial
perturbation of amplitude 300nm between layers affper and plastic, demonstrated
Rayleigh-Taylor growth within the first 100ps ofetlinteraction with a growth rate of
10 + 2 ng. Future work will include modelling this experinteusing a 2 dimensional

hydrodynamic code and improvements in the targeigdeand detection method.
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7. Conclusion

7.1 Summary

The work presented in this thesis has investigatethods of characterising and utilising
emission in laser plasma experiments involving mesmeents of opacity. Three high
power laser experiments have been undertaken ardutdised plasma based x-ray and
EUV back-lighters to investigate plasma opacity amgbrodynamics. Diagnostic

development has been undertaken in order to dewelogwv and more accurate method
for determining a plasma hot electron temperatyraralysing bremsstrahlung emission

using filtered x-ray diodes.

A new method of compensating filters has been d@esl to investigate the

bremsstrahlung emission spectrum from hot electrdige compensating filters are used
in conjunction with an x-ray diode array which hasen developed for use with the
Nd:YAG laser system at the University of York. Tdiede array and filtering has been
optimised to calculate hot electron temperaturethéen5 — 15keV range and is found to
agree well with single photon counting and has @uiacy of 0.5keV. The x-ray diode

array demonstrated a rapid enhancement in hotrefegeneration when the laser ablated

through a 2mm thick aluminium target, resultinghe laser firing into a conical frustum.

An experiment has been undertaken to explaitekission as a back-lighter to probe
plasma opacity of a heated target. A two layegeticonsisting of 0.8m Al and 1nmm

Fe was heated using the laser system at the Bhatioimic Research Centre. The laser
was incident onto the aluminium surface producingekission and conductively heating
the iron layer on the rear side of the target. cBsbining spectroscopic techniques with
continuum analysis, the aluminium,Kback-lighter was fully characterised and the

plasma parameters determined were used in hydradgnasimulations. The
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experimental data for the opacity of iron was foundbe in good agreement with

opacities from the lonised Material Package codeafb.5keV photon energy.

A line focus EUV back-lighter created using the &arl laser has been well characterised
through imaging the time and spectrally integradeussion profile using a crossed slit
camera. A spatially dependant electron tempergtiofle has been inferred by applying
a detailed model of emission to the crossed shieza images. This temperature profile
is a useful diagnostic indicating a low temperatame low ionisation, part of the reason
why lasing was not observed. Simulations usingbEdydemonstrated the laser energy
was most effectively coupled at too high densityiclvhalso inhibited amplification as

photons were refracted out of the gain region.

The Rayleigh-Taylor (RT) instability has been ingeted using a Ti Kback-lighter to
probe a RT unstable target, both of which are ldeateng two CPA pulses from the
Vulcan laser system. The RT unstable target ctatssf a 2m layer of copper on 50n
plastic with a sinusoidal perturbation at the ifagee of wavelength 36m and amplitude
300nm. The copper layer cools quicker via rad@attooling and establishes the RT
instability. Rayleigh-Taylor growth is observedtire first 100 ps of the interaction with

agrowthrateo®© @| 8B°.

7.2 Future Work

Further experiments investigating plasma opacity e carried out at the University of
York, utilising the techniques outlined in Chapt8rand 4. Initially experimentation will
investigate the enhanced, ISource produced on ablative burn-through of amadiwm
target. Using spectroscopic methods, the absd{ytesignal will be determined and

compared to theory similar to the analysis in Caait. The directionality of the K
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source will be investigated to determine if theseany angular dependence or if there is
an even distribution overpdsteradians. Once the;ksource has been characterised,
opacity experiments of a similar design to thatcdbsd in Chapter 4 will be undertaken.

The irradiance regime of the laser situated atBhabha Atomic Research Centre is
similar to that of the table top system at the @rsity of York. This means a similar

style of experiment is possible with the added athge of a shorter pulse length of
170ps. However, the issues discussed in Chaptarch, as axial and radial temperature

gradients, need addressing.

The future opacity experiments using the York lasgstem could utilise tamped
microdots to address the issue of temperature emtgliwithin the produced plasma.
Using a thin double layer target tamped both suwligés plastic will help to address the
issue of axial temperature gradients by inhibitthg expansion of the iron layer. The
radial temperature gradients can be addressedginitine use of microdot targets held in
plastic. The significantly smaller target area Waeduce the temperature gradient in the
radial direction as the irradiance would be appr@ately constant across the area of the
dot. The opaque region would be detachable froenstirrounding plastic due to the
difference in transmission. The plasma temperatdiréne iron layer could be deduced
via time-gated optical imaging as discussed in @ra or by applying a detailed model
of emission to an image integrated over a largectspl region as described in Chapter 5.
Provided the temperature gradients were minimisgdiding thin targets, the analysis
described in Chapter 5 would be sufficiently acteit® deduce the temperature of the

iron layer.

Further work investigating the Rayleigh-Taylor (Rm3tability as described in Chapter 6
is planned in the near future. Different paransetee to be investigated, such as different

perturbation wavelengths and amplitudes in ordermdoertain the effects on the RT
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growth rate. Modelling using a 2 dimensional hybtynaamic code is to be carried out in

order to compare the predicted growth rate withetkgerimental rate observed.
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