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Abstract

A comprehensive study of stimulated Brillouln scattering (SBS) in
nanosecond KrF laser-produced plasma at intensity IL= 10 %/cm® has
been performed. Measurements of reflectivity and time-resolved
backscattered spectra were done for CH, Al, and Au targets at various
angles of incidence 6. The measured backscatter reflectivity ranged
from 0.1%4 to 1.0%4 for Al and C plasma, with higher reflectivity being
observed for larger 6. Au plasma showed significantly lower
reflectivity (= 0.005%). The time-resolved spectra of backscattered
light were found to be correlated with laser intensity and pulse shape.
Numerical codes developed to model the SBS process in homogeneous and
inhomogeneous plasmas dominated by strong inverse bremsstrahlung
absorption predicted an optimum density for SBS amplification.
Two-dimensional hydrodynamic simulations predicted locally planar
density and spherical pressure profiles as a consequence of the large
mass ablation rate and localized plasma heating. Models for SBS in
inhomogeneous plasma and non-uniform laser irradiation were proposed
and used to explain the experimental data. Analytically and
experimentally, we find evidence for the convective nature of the SBS
instability. Supplementary experiments using thin foil targets showed
strong temporal and spatial modulation in transmitted light. It was
found that the laser beam non-uniformity was not smoothed out by the

plasma but remained throughout the laser pulse.
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I. Introduction

1.1. Motivation

One of the critical issues in laser-driven fusion'’ is the problem
of laser-beam propagation and absorption in plasmas. A variety of
parametric instabilitiesz) which can modify laser energy coupling and
transport properties may occur in under-critical density plasmas, where
electron density n_< n_ ( n_= mewﬁ/(4ue2) is the critical density, m_
is electron mass, W, is laser frequency, e 1is electron charge).
Stimulated Brillouin scattering (SBS) is one such instability, which
occurs when intense laser light interacts with ion acoustic waves in
plasmas3). SBS may severely reduce the absorption efficiency in

)

plasmas by reflecting the incident light before it is absorbed®™® .

A large quantity of literature 1is available on tneoretical

treatments of SBSS 7738 g experimental results of (mainly long
wavelength 10um or 1pum) laser-prodvcea plasmassﬂha%ﬁgx
Experimentally observed SBS-1levels have, however, remained

substantially below predictions of simple theoretical models of
Brillouin scattering. The growth and saturation, characteristics of
SBS, especially in the nonlinear regime4’“hzs’3b85) are extremely
complex and are not completely understood.

In recent laser fusion researchse), shorter wavelength lasers (A <
lum) have attracted a great deal of attention because of increased
energy absorption7°). reduced hot electron generation and target
preheat and increased ablation rates and pressure. The KrF laser,

especially, has become one of the primary candidates for a fusion

driver, because of its potential for scaling to high energy at high



electrical efficiency.

Under these circumstances, studies of SBS in KrF laser-produced
plasmas are required because of : a) the general lack of quantitative
agreement between theoretical predictions and experiments for lcnger
wavelength lasers, b) limited experimental results in short wavelength
laser-produced plasmas, c¢) the importance to basic nonlinear plasma

physics, and d) the importance to laser-driven inertial conf inement

fusion.

1.2. Early Work in Stimulated Brillouin Scattering

Early theoretical work by Nishikawa®’ provided a general picture
of electron and ion wave instabilities as a parametric process of
coupled oscillators. He derived the threshold and growth rates for
homogeneous infinite plasma. Rosenbluth’*® extended the treatment
for inhomogeneous plasma by solving the WKB coupled mode equations for
the electromagnetic and electrostatic waves. Pesme et al.g) mode led
the excitation of parametric instabilities in finite plasma, where wave
damping and inhomogeneity effects were taken into account. Drake et
al.3), using the plasma fluid equations, derived a general dispersion
relation for electron and ion wave. Analytical work by Forsiund et

1)

al. extensively investigated stimulated Brillouin and Raman

scattering in both kinetic and fluid 1limits and also numerically

studied the instabilities. Cohen et a1.12) treated the problem with a
Green’s function formulation. These basic theoretical works and early
50)

experimental data were reviewed by Offenberger

More recently, double stimulated Brillouin scattering (DSBS} has

20, 30)

been proposed by 2Zozulya et al This mechanism leads to

fv



increased backward reflection without any assumption about the fixed
spontaneous level of density fluctuation, which <zorresponds to an
absolute instability for oblique incidence of radiation on a plasma
layer.

A wide variety of SBS experiments have been carried out on targets
ranging in Z2 from hydrogen gas to solid gold, in laser wavelength from
10 to 0.25um, and laser intensity from 1010 to 10'® W/cme. Since SBS
occurs in the underdense region (ne<nc, where ne and nc are electron
density and critical density) . gas targets or pre-formed low density
targets were preferentially used in experiments rather than solid

37-39,42, 45, 46, 48)

targets For solid targets, the pre-formed plasmas

were generated by a prepulse preceding the main pulse“x4%51)

or by an
. . < 63) 60)

independent beam which is directed anti-parallel or perpendicular

to the main beam. By adjusting the time interval between the two

beams or the energy level of the preceding beam, one could control the

plasma parameters. Foam targets or thin foils were also used to make

underdense plasmassz’sg). Tilting the solid target from the laser
. 40,58, 65) <

axis was another technique to control the plasma » Which was

equivalent to changing the plasma scale length and density (changing
the turning point of the laser).

Experimental investigations of the SBS process usually involve the
measurement of reflectivity as a function of iaser intenszlty, because
the motivation of experiments is to determine absorption lrss relevant
to laser fusion. Experiments on gas or pre-formed targets for CO2 and
glass lasersS7) showed backscatter SBS reflectivities of 0.2% to 98%
for focused laser intensities of 1010 to 1016 W/cmz. Experiments on

66) 58, 65)

solid and foam targets for 1um ', 0.53um . 0.35um62ﬂ 0.25um68)



lasers also showed SBS reflectivities of 0.2 to 20 % for the

intensities of 10'% to 10'® W/emZ. A wide variety

of plasma
conditions, as well as different laser pulse characteristics, have thus
vyielded a wide range of SBS reflectivities.

Various kinds of spectra have been observed experimentally. The
spectral features vary markedly depending on laser wavelength and
intensity, target material and geometry, and laser angle of incidence
and direction of scattering. In CO2 laser experiments on magnetically
confined low density plasma (R. Fedose jevs et al,cg)h good agreement
was found between the experimental spectrum and the theoretical profile
calculated wusing the frequency dependent growth rate’’’. An
interesting spectrum with two peaks separated from the nominal ion
acoustic frequency by the bounce frequency of the oscillating trapped

’ In the experiment done by

ions was observed by J.Handke et al.56
G.R.Mitchel®’, solid targets were obliquely irradiated by high
intensity CO2 laser radiation. It was otserved that the SBS spectra
for backscatter and near specular directions showed different frequency
shifts. In glass laser experiments, broader SBS spectra were observed
under higher intensity irradiance by R.E.Turner“% suggesting strong
pump wave dominated SBS. An interesting comparison was presented by
D.N.Phillion“), in which red-shifted spectra were observed for
spherical targets (glass microballoons), whereas blue-shifted spectra
were observed for plane disk targets. The balance of the Doppler
shift due to plasma expansion and that due to ion waves seems to depend
on target geometry. In the 0.53um laser experiment performed by
W.C.Mead et al.san target tilt angle and material dependence of the

bacikscattered spectra were demonstrated. Tilting targets resulted in



reduced Doppler blue-shift, and low 2 targets showed a blue-shifted
plateau in the spectrum, whereas high Z targets showed mainly a single
broad red-shifted peak. A comparison of SBS spectra for solid and
underdense foam targets irradiated by O0.35um laser was presented by
K. A.Tanaka et al.62% Differences in spectra were explained by the
existence of a «critical surface and different densities in the
interaction region.

Since the amplitude of the Thomson scattered light from a plasma
is proportional to the square of the density fluctuations, it can be
used to investigate 1ion fluctuations cansed by SBS. Several
researchers have performed experiments by this technique with ruby

laser (A=0.694um) as a probe beam53—55‘64‘67’ .

These
investigations, however, have been limited to CO2 laser experiments
because the wavelength of the probe beam must be much shorter than that
of the main beam (to minimize absorption and refraction). Good
correlation between the density fluctuation and the SBS reflectivity,
which showed saturation at higher intensity, was demonstrated.
Similar trends have been observed in most experiments.

When experiments are done on solid targets in which the laser or
plasma parameters vary rapidly, resulting in a time-dependent mode
structure for the SBS, time-resolved measurements are required to give

us better information. Time-resolved backscatter and Thomson

scattering measurements of SBS and ion density fluctuations driven by

)

SBS were made in experiments using a 10um laser by J.Handke et al.>®

C.J.Walsh et al.>®, C.R.Giles et al.®®, J.E.Bernard et al.%®, and

H.A.Bald1557); lum laser by D.R.Gray et al.*®” and R.E.Turner et

37)

al. ; 0.53um laser by G.P.Banfiesn and 0.55um and 0.26um lasers by



C.Labaune et al.sm. In one CO2 laser experimentsn, several quite

distinct lines of the red-shifted component were observed at higher
laser intensity, each appearing later in time as the shift increased.
In a glass laser experimenfu), on the other hand, a short burst of
blue shifted light was observed occurring very early in the incident
pulse, followed by a long, red-shifted component which generally lasted
throughout the incident pulse. The two components were observed to
occur at different times. In the 0.53um laser experimentGS), spiking
behavier in time and wavelength were observed at low intensity and
reflectivity. In the 0.26um laser experlmentea), a red shift
increasing in time (which is a Doppler shift related to the target
motion) was observed for a thin foil target. This is due to a strong
specular reflection from the critical surface; SBS backscatter was
relatively too weak to be detected. For a pre-formed target, a red
shift constant in time related to pure Brillouin backscattering was
observed. In this case a pre-formed plasma was generated by a beam
directed anti-parallel to the main beam.

When the experimental conditions do not permit analytical
calculations, numerical simulation becomes a powerful tool to
investigate the phenomena; ® numerical code is used to solve the basic
coupling equations (with or without accounting for laser propagation
and hydrodynamics). The plasma scale length dependence of SBS
reflectivity (quantitatively applicable to the convective instability)
has been widely studied. Lower than expected levels of reflection in

experiments have been explained by a variety of saturating mechanisms

72,73) )

such as light wave damping . anisotropy74n plasma density73, and

harmonic generation75). It may be that many of these mechanisms occur

()



simultanecusly. Absolute instabilities have also been studied in the

form of the time history of the scattered light. J.A.Heikkinen et

PV investigated the absolute instability in the presence of second
harmonic generation. K. Baumgirtel et al.lan and C.J.Randall et
a1.%® investigated the absolute 1instability taking into account

reflected light from the critical density layer or density steepening
in underdense plasma. The intensity dependence of reflectivity was
studied by M.S.Sodha et al.22). who showed that temporal non-uniformity
of the pump wave .eads to an optimum value of intensity at which the
growth rate 1is w2»imum. SBS in inhomogenecus flowing plasma was
studied by R.L.Berger27% who presented thresholds in practical units
and anguiar dependence of the wavelergth shift for ease of comparisocn
with experimental resuliis. Another approach involved a fluid code
simulation to which simple equations or scalings of SBS models were
adapted. Intensity and wavelength scaling of SBS were investigated by
K. Estabrook et a1.76n using the LASNEX fluid code, which showed lower
SBS levels are expected for shorter wavelength lasers.

In summary, experimental results are many and varied, Eeing highly
dependent on laser/target conditions. Solid target experiments
generally suffer from strong gradients in plasma parameters that make
detailed quantitative comparison with theory more difficult. As a
consequence, quantitative agreement between theory and experiment has

generally been more satisfactory for gas target experiments.

1.3. Objective of This Work
Although a wide variety of theoretical and numerical predictions

and experimental results have been accumulated, general quantitative



agreement between theory and experiment 1is still lacking. This
quantitative wunderstanding of SBS is nNecessary for engineering
application (e.g. laser fusion). Unfortunately, for short wavelength
lasers which are the primarv -ndidates for a fusicen driver, very few
experimental results exist.

One of the goals of this study is to establish a good SBS database
for KrF laser~produced plasmas, including backscattered spectra and
reflect ' vity, time-dependent characteristics, and evidence for the
nature of the instability (absolute or convective). Numerical and
analytical modeling has been also pursued to enable comparison with the
experimental data. These results should contribute to an increased
understanding of nonlinear laser/plasma physics and the significance of
SBS in using the short wavelength KrF laser as an ICF driver.

Chapter 2 summarizes theoretical results used to analyze the
experimental data. Details of numerical modeling of SBS are described
in chapter 3. Results for homogeneous plasma are presented here.
Results of two-dimensional hydrodynamic simulations, which characterize
our laser/plasma conditions, are provided in chapter 4. These
numerical results are used to guide interpretation of experimental
data. Experimental methods are described in chapter 5.
Characteristics of the KrF laser facility are reviewed here. The
experimental results, which include measurements of X-ray 1images,
electron temperature, and reflectivity and time-resolved spectrum of
backscattered light, are presented in chapter 6. Detailed discussicas
of experimental results are presented in chapter 7 and 8. Chaptar 7
contains analytical modeling of SBS for homogeneous plzsma, whereas

chapter 8 presents analytical and numerical modeling for inhomogeneous

]



plasma. Chapter 9 provides a conclusion for this work and suggestions

for follow-up studies.
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I11. Theory

In this chapter, theoretical descriptions of stimulated Brillouin
scattering are reviewed and summarized with emphasis on those aspects
relevant to the interpretation of experimental results. Analytical
equations are presented that are important fer giving physical insight
to the SBS process (threshold, growth rate, etc.). Since, in general,
the coupled equations cannot be solved analytically, it is necessary to
use numerical methods, these will be discussed in the following
chapter. Collisional and Landau damping of the ion wave are both
important and thus are discussed here. Source of noise from which

instability can grow are also briefly reviewed here.

2.1. Coupling of Three Waves
Stimulated Brillouin scattering is a three-wave interaction
process through which a high-intensity electromagnetic (pump) wave can

decay into an ion acoustic wave and another (scattered) electromagnetic

wave. The ion acou ic wave characterizes a density perturbation
(dn/n) in the plasma. A resonant interaction occurs for waves
satisfying
w, =W F e (2.1)
k =k +k (2.2)
0 1 s

where subscripts o, 1, s refer to the pump, scattered and sound (ion

acoustic) waves, respectively; w is the angular frequency and k is the

wave number vector. Each wave satisfies dispersion relations
w = w o+ k> ¢l (2.3)
0,1 pe 0,1
w° = k% ¢ (2.4)
S S s
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where wpe ( = (lenneez/m)u2 ) is the electron plasma frequency and c (
S

= [(ZT@*—BTl)/Ml 1'% ) is the sound velocity.

The coupling of these three waves is described by second order
(space and time) partial differential equations which can be derived
from Maxwell and fluid equations. This set of equations

includes

nonlinearity of the coupling of the linearly excited waves and pump

1,2)
waves
2 2 n A.
d a 2 2 8 2 e 1
(— + 2 9y — +wW -c"Z—)A =- —= (2.5a)
atz A0 3t pe ax?_ o) pe NO 2
-
2 2 n A
a8 3 2 2 4 2 e o}
(— +2 737 2 +w -c — VA =- 0 —Z=  ———- (2.5b)
at2 A1 Ot pe sz 1 pe N0 2
2 2
a
( — * 2y gf -7 ve é—; ) n + w (n - n )=
at p e % e pe e
2
e N0 a2 .
>3 5 AO'A1 (2.5¢c)
2 m ¢ 8x
e
32n1 5 aznl >
—s - 3 v 5 + W l( n o-n } =0 (2.5d)
at ax P <
2 2 1/2 . .
where wpi ( = (4nn12 e /M‘) ) is ion plasma frequency; ¥, and y are
P

the damping rates of 1light and sound waves ( phenomenclogically
introduced ); ¥ is the ratio of specific heats for electrons; m_ and M‘
are electron and ion mass; v, ( = (1;/h2)1/2 } and v, ( = ('I‘l/Ml)U2 )
are thermal velocities of electrons and ions, Yo ( = eEo/mw ) is the
oscillating velocity of an electron in the electric field of the pump
wave; and Ao and A1 are vector potentials of pump and scattered EM
waves ( A = A-exp(iwt-ikx) , A = - cE/w, or c+E = - 3/3t-A. E is the
wave electric field ). The electron density Ne is given as Ne = N +

()
n_. where ne is the local perturbed defisity.

This set »>f coupled equations can be reduced to a set of

14



first-order equations for the approximation of slow amplitude

variation:

v 8k w2
a a 1 g 4] — _ 1 "pe .
(St Vaax *Tw '3k 3% %" " du A" (2.6a)
2
v Jdk w
a 3 1 g 1 = 1 pe "
(3t " Veax "7 IR B 0T To "% (2.60)
2 2
c Jdk m Kk v
a 8 1 7s s _1 e s O »
(e % 2k o N A "o, % (269

Here, v (= c~(1-ne/n ) ) and c_ are the group velocities of light
9

and sound in the plasma, 7. and ¥_ are the inverse bremsstrahlung

absorption rate and ion acoustic wave damplng rate, respectively. a,=
A (x,t)/A (0,0), a = A (x,t)/A (0,0), and n = n/N_ is the density
¢ o 1 1 o i o

fluctuation. It is assumed that W= W, ko= k1'

2.2. Instability Threshold Criteria, Growth Rate and Region of
Applicability

It is helpful to briefly summarize analytical results for laser
intensity threshold and growth rate for the SBS instability in various

plasma conditions.

For laser intensity Io' the associated field strength Eo is given

by

E2
0

T I0 (CGS units) (2.7)

for linearly polarized wave and the oscillating velocity of an electron

in the pump field Eo is given by

eEo 172
v = — x A1
0 mw oo

25.6 (1A5)Y?  (cmss) (2.8)

where I 1is in N/cmz. A in um The intensity threshold for the

15



instability 1is usually described in terms of v0 ( which removes the

dependence on wavelength ) rather than I0 itself.

Assuming time dependence of the form eiwt, solution of eqgs.2.6
gives a threshold condition (for Imw=0),
2 s . (2.9)
£ LARCATS ©T

which reflects a balance between growth rate ¥y which 1s specified

later, and damping ¥ and 7lb.
S

a) For infinite homogeneous plasma, eq.2.9 for absolute

instability reduces to an equivalent threshold of”

vz Y Vv ;
— > 4 2 _= (2.10)
2 W O w
v S (o]
e
with growth rate given by
1 vo wo 12 ne 172
= —_ —_— —_— - — 1
= 3= (52) o, (1-2) (2.11)
s c
where, vei (=4 (21!)“26.-4 z n_ InA /7 3 m:Q 13/2 } is the electron-ion

collision frequency.

b) For inhomogeneous plasma, convective instability is predicted,

if conditionsa)
¥ ¥
2 7 >[—‘3+ s]-(v c ) (2.12)
o v C g - .
g s
and
2n702
G = —— 2 > (2.13)
<" | [v e, |
are satisfied. In this situation, the gain is limited to e’. «’ is
the space derivative of wavenumber mismatch x ( = go- 51- Es ) where

ko1 is determined by the local dispersion relation 1in the
- » )s

16



inhomogenenus plasma. For a linear phase mismatch in space (k =

x'x), from eqgs. (2.3) and (2.4), k' is given bya)

I
L LT n_ n_y-1 1
K = ko' + n ’[ 1 - o ] "—I_—' (2-14)
1 - M c c n

for ksz 2k0. where M is the Mach number, and Lv, LT, and Ln are scale
length of velocity, temperature and electron density, defined as Lv =
[(@v/ax)sc 17!, L = ((dT/dx)/T17", and L_ = [(dn/dx)/n] ™. If both
wave damping and vlasma inhomogeneity are allowed in a finite iength

plasma, the effective growth rate can be shown to be4)

_ ﬁo_,[l___}__]_[i&*ﬁ]
Tin = 1/2 172,273 v c
(v c ) A g s
g s
v ¢
[——"—i} (2.15)
v + C
g S
where A = yi/lx'vgcsL The effects of plasma inhomogeneity will be

discussed in detail in chapters 4 and 8, since the phase mismatch is a

dominant factor in determining the SBS level.

c) For finite homogeneous plasma, both absolute and convective

instability can occur. In the case of weak damping, the criteria are
given byS)
?0L
s > w/2 ; absolute
(v ¢ )
g s
< m/2 ; convective (2.16)

Here, L is set by the finite length, which is determined by plasma

inhomogeneity or by the plasma size. In the case of strong damping, (
¥
i.e., ;E(V /cs)l/z» 1 ), only convective instability is expected and

(o]

the spatial gain in length L is”

17



2 72 L
G, = — (2.17)
L ¥y Vv :
s g
. 6)
or equivalently
2
1 p VO ws
GL = 7733 kL (2.18)
v 2y
[o] e

Even in inhomogeneocus plasma, this criterion is applicable if damping

. . s S)
dominates inhomogeneity

¥
s

> L (2.19)
< e
S

If pump wave absorption zlb is strong (and hence limits the gain

length) and one can neglect pump depletion, eq.(2.15) can be rewritten

as ( see appendix.1 )

o w

¥
—-— 1 — - 4
G = —;; 7. (1 expl( ZylbL/vq) ) (2.20)

These results will be used to analyze the experimental data;

specifically, in considering the threshold and the absolute or

convective nature of the instability.

2.3. Ion Acoustic Wave Damping

Proper estimation of .on wave damping is very important, since
most of the gain and threshold calculations involve ion wave damping
rate ¥_ . as seen in the previous section. In this section. we review

the effects of collisionality of plasma on the ion wave damping.

a) Collisional Damping

The effect of lion-ion collisions on the damping of ion acoustic

waves has been studied by several authorsrdo? If ksA11 « 1 ( A is

11

the ion-ion collisional mean free path ), or is » Aan ( is is the

1s



wavelength of ion acoustic wave divided by 2m )}, a plasma model in the
strongly collisional 1imit is applicable, for which an analytical

expression of damping was obtained by Kuckes’ ' . Ail is given by Aaa =

vi-tlv where Til is the ion-ion collision time defined by
< .. 11)
Braginskii

t = 4ne“2“n1 1nA/3M:/2Tf/2

>
. (2.21)

A complication emerges when the plasma is moderately collisional,
i.e. ksAxn = 1. In this regime, no analytical solution exists.
Randall solved the linearized Fokker-Planck equation numerically and
tabulated the results'?’. Subsequently Casanova proposed an empirical

: ; : 13)
expression for the damping rate .

b) Collisionless Damping (Landau Damping)

In the weakly collisional case, kskli » 1. Even without
significant energy dissipation by collisions, the ion wave can be
damped by transferring energy to particles (electron and ion)14’15{

By solving the collisionless Boltzmann equation (Vlasov equation), the

ion LLandau Damping is calculated to be

7 2T k c ZT
s _ T y1/2 Zm \1/2 e s s _ e 3
o~ (g) [—M C 1k, oxe( z'rj‘z)} (2.22)

Here the first ( = a;e/wpi) and the second terms on the right hand side
correspond to interactions between ion wave and electrons and ion wave
and ions, respectively. When the phase velocity of the ion wave v,k =

¢
“Q/ks satisfies v¢ = V., strong ion Landau damping occurs. it is
noted that the second term in eq.2.22 is not applicable for the
collisional plasma, since the wavelength of the sound wave is longer

than the ion-ion collision mean free path. The first term in eq.2.22,

19



however, holds for the collisional plasma.

Figure 2.1 shows a comparison between Landau damping (eq.2.22) and

. C s . 3
semi-collisional damping (Casanova formulal))

for Al plasma. The
Landau damping was calculated by eq.2.22 with assumption of 2T /T\= 11
e

for comparison purposes (the formulae is not valid for the collisional

plasma). The semi-collisional damping (includes both collisionless
and collisional damping) as a function of temperature T ( = T°= Tn) was
calculated for n_= 1.8x10%' cm™? (O.I-nc for KrF laser). For these
parameters, kskxxz 0.3 at T = 500eV. To achieve kskll » 1

(collisionless regime) at this temperature, ne/ n_= 0. 001 (nea 2x10'°

cm_3) would be required for KrF laser-produced plasma.

0.05 LS Ly v L 1] L) v .
0.04 |
Landau Damping
0.03 |
]
3
™~
?:?
0.02 t
Collisional Damping
0.01 P i " A i e
100 1000
T (eV)
Fig.2.1. 1Ion acoustic wave damping in Al plasma. ZTe/ T‘= 11,
T = ’I'e = Tl were assumed. The dashed line shows level of Landau
damping. The solid line shows dependence of semi-coilisional

3

damping on temperature at n = 1.8x10%%cm” (O.I-nCL



2.4. Spectral Feature of Scattered Light

SBS results in backscattered light slightly shifted to the red (w1

= W - ws). The frequency and spectral shift, Aw and AA are given by
w c n
Aw _ s _ AX _ _s _ e ytr2
o "o a2z (1-7) (2.23)
o} o} o} c
for stationary plasma. For flowing plasma, however, one must include
the Doppler effect to interpret experimental datalsx
A s g 1/2
T = 2 (1- = ) 7°( 1 - Mcose ) (2.24)

c

where M is the Mach number, and 8 is an angle between incident laser
and plasma flow.
Of fenberger et al. calculated the frequency dependent growth rate

from random phase theory17) which reduces to

(2m)3 rs n, Io X FB(X)
7!: =T 3 t/2 (2.25)
T k b 4

1t 0

w

_ I 1 1 s
X = § —*‘:'— K (2.26)

i s
where ro is the classical electron radius, FB is a function of x and is
shown in reference 17. Equation (2.25) can be used to calculate the

spectral shape of backscattered light, if the ion acoustic damping is
given by lLandau damping.

If the plasma is not steady and inhomogeneous, the backscattered
light will show a time varying spectral shift and its spectral width
will be broadened by plasma inhomogeneity. Frem eq. (2.26), the
spectral shift dependence on inhomogeneity or temporal wvariation of
temperature, density, and Mach number can be easily derived, giving

A( éﬁ] _ c n )1/2 [ﬂ _ Ane/nc

= ( 1 - = ( 1 - Mcose )
A ¢ n T (l-ne/nc)

0 c

- 2 AM cose } (2.27)
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Here, T = Te = Tx' ksAD« 1  was assumed. S8A 1s equivalent to AX 1in

eq. (2.26). A can be replaced by A/Ax or A/At. For example, AT/Ax =

8T/8x or = T/LT, where 1/LT = (8Tsox) 7 T.

2.5. Noise Source of Scattered Light

SBS growth from initial background noise has been investigated by

18-20)

several authors There are a number of possible noise sources

which can seed the spatial or temporal growth of SBS. These are
briefly considered below.

a) Thomson Scatteringzu

When an electromagnetic wave is incident on a free charged
particle, the particle will be accelerated and emit radiation. The
scattered power per unit solid angle (Q) by a single electron is given

by
dapP_

1S

—5— = rz sin%g I, (2.28)
where re is the electron radius, Io is the 1incident light wave
intensity, ¢ is the angle between the direction of the scattered wave
and electric field vector of the incident wave. If particle
correlations can be ignored, the total scattered power can be
calculated as an incoherent sum of the radiation from single particles.
)

b) Bremsstrahlung22

Spontaneous emission of light by bremsstrahlung can be amplified

by SBS. The bremsstrahlung power density wsn is given by

a8 22 n n
W =5 x 10

R’ 172
B T

e

! exp(-hv/kT) dv dQ (2.29)

. . 3 . -3 . .
where WBR is in W/em™, n and ni are incm 7, T is in eV.
e

c) Blackbody Radiation>>’

v



If the plasma is optically thick enough, it is reasonable to
assume that thermal emission from the plasma approaches the blackbody
radiation limit. The blackbody radiation flux per unit solid angle
and unit frequency interval is given by

dIBB h v3 1

d@ dv _2 exp(hv/KT) - 1 (2.30)

d) Reflection from Critical Surface

SBS growth from nonabsorbed 1light returning from the plasma

20, 24)

critical surface was studied by Randall et al. and Baumgidrtel et

al.?’. Since the reflected light has almost the same frequency as

the pump wave, it is likely to enhance or initiate SBS.

2.6. Double Stimulated Brillouin Scattering (DSBS)
Double stimulated Brillouin scattering is an interesting

theoretical idea proposed by Zozulya et al.zs)

(see section 7.6).
This mechanism leads to increased backward reflection without any
assumption about the fixed spontaneous level of fluctuation, which

corresponds to an absolute instability for oblique incidence of

radiation on a plasma laver. DSBS theory predicts a wavelength
shift?”’
c n
Ar s _ e yls2_ .
_i = 2 E— ( 1 -n— ) sinf (2. 31)

[+

The threshold for instability in the 1limit of strong absorption
(applicable to KrF laser plasma interaction) for inhomogeneous plasma

is given by

2

Ith Ao ¥ Ao 1.6 4.4
— e = 2 Z; T "“(cosB) (2.32)
10°°T s

where T = Tc + 3T1/ z, T, (= ve‘(nc)Ln/c ) is the optical depth, I'_h is

23



in W/cmz, 7\0 in um, T in keV and 6 = angle of Iincidence.

2.7. Density Fluctuation Related to SBS Reflectivity

For steady state homogeneous plasma of length L, reflectivity lis

given byzg)

w L

R = tanh"‘[ pe . ‘5: ] (2.33)
4koc

which for small exponent recuces to

- (DD -2 2.30)

By measuring the reflectivity, one can therefore estimate the scale

(4]
[¢]

length L of the gain region, if 8n/n is known.

)

More generally, Drake et al?®’ have shown the 1ion fluctuation

level 8n/n is related to the ponderomotive force.

- k2 b ¢
_62 - 5 e 1 E -E (2.35)
n 2 o 1
8" n m w 1 +x + 2
e e e 1
where K and K, are the electron and ion susceptibilities. This
expression can be reduced to
v 2 w
on _ 1 o s 1/2
- = 5;-5(275)1:{ (2.36)

[

for uniform conditions appropriate to heavy damping of the ion waves.

Again, by measuring R experimentally, one can estimate &n/n. Note

these expressions do not include damping of the backscattered light.
From egs. (2.6), at threshold, the minimum reflectivity len can be

related to the background neoise fluctuation by (see appendix 2)

2
@
T [9-’3] (2.37)
min 87 w n Jini

and the steady state solution of reflectivity in finite plasma can be



shown to be

N

/2 _ 1 wp 7 ( én ]
R = _ ety .
4 w, 2 n Jint
3’0
2
70 27“)
'[ exp[ 2—?——7— ( l—exp(‘ v L) ) ] -1 ] (2-38)
ib s 9

, 1f one can ignore pump depletion.
The density fluctuation can be limited by particle trapping in a
potential well. The water bag model proposed by Dawson et a1®® gives

the trapping limit

&n 1 3’I‘l 1/2 Ti 1/2 42

Whether ion heating is expected to be significant cor not may be
. 30)
inferred from the formula
nvT = IRw /w (2. 40)
111 s 0

which is derived from energy balance.

In summary, the nature of the instability is strongly dependent on
pump intensity, pump frequency, target 2Z, wave damping, and plasma
conditions (hydrodynanic variables, inhomogeneity, velocity
distribution). Varying the pump frequency can change the interaction
trom weakly to strongly ponderomotive driven, for a fixed high
intensity. Thus it 1is necessary to use different theoretical
treatments for different experiments.

In this study, the KrF laser parameters establish SBS conditions
of high plasma density, strong electromagnetic wave absorption, weak
ponderomotive effects, inhomogeneity of plasma flow velocity and

density etc. This profoundly affects the nature of the instability.
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III. Numerics' Investigation of SBS

In order to simulate the complicated nonlinear SBS process in
temporally and spatially varying plasma, computer calculation codes
were developed as part of this study. With plasma parameters obtained
from hydrodynamic codes (MEDUSA, CASTOR), the coupling equations
legs. (2.6)] have been solved numerically. To check the performance of
the simulation codes and study basic properties of SBS, calculations
were first done for finite uniform steady plasma. The calculated
results agreed very well with analytical solutions in steady state.
Advanced codes were subsequently developed to calculate SBS in
non-uniform plasma. General properties of SBS growth were examined
for typical plasma parameters expected in our experimental conditions.

These SBS modeling results will be compared with experimental data in

chapters 7 and 8.

3.1. Outline of Differencing Scheme

The equations to be solved arel)

g 3] = - A.3 .
( 3t + vg I + ylb + KO )] ao = A a1 n (3.1a)
({ 8~_ - v a_ + ¥ + K )a = A-n. a (3.1b)
at g 8x ib 1 1 o
( 9_ + c 9_ + 3y +K )n = B-a‘-a (3.1c¢)
3t s 9x s s 1 0
2 2 2
w m k v
1 “pe _1 "¢ s o
A = o B = Aim o (3. 1d)
(o] 1 s
1 vg 8kl 1 s aks
KQ?EE‘;W’ (i=o0, 1) Ks=§i€;ﬁ (3.1e)

In solving eqgs.(3.1) numerically, eq.(3.1c) was modified to

9

o7



include a noise source term:

3 3 . .
+c — + 7 *+K )n=Ba-a + N (3.2}
S s 8

{ —
- 8t s dx

Here, the second term on the right hand side was phenomenologically
added to provide a variable thermal density fluctuation level Nn (with
damping 75). If one assumes a noise source of scattered light instead
of density fluctuation, this source term should be added to eq. (3.1b)
as ¥ N Equations (3.1) and (3.2) were solved with boundary

ib 1

conditions

v I(t) (3. 3a)

a (0,t) =
(o]
al(L,t) =0 (3. 75b)
a_(0,t) = a_(L,t) =N (3.3c)
2 2 n

where I(t) is the given pump intensity normalized by peak intensity
(either step function or gaussian pulse), L is the length of plasma.
Reflectivity is given by [ al(O,t) / ao(O.t) 12, The pump racdiation
is assumed to be a KrF laser (A=0.248um) throughout this thesis, unless

otherwise noted. Two calculation schemes were tested here.

3.1.1. Scheme 1 : Predictor-Corrector Method
Ti- irst calculation scheme used was the predictor-corrector
method®’ in which prediction of the following time step was calculated
by an explicit method from the previous step
a™ =al + at-F(a}) (3.4)
where a? is ( a. al, n ) at the n-th time step, At is the time
increment and F(a?) is a function of a?. The predictors were
corrected by using an Euler corrector method
n+1 At n+1

a =a" + 2= [ Fla

n -
) N 5 \ ) + F(al) 1 (3.5)

and iterated. The initial value of the ion density fluctuation can be
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an arbitrary parameter. Each mesh size Ax is kept constant over the
plasma. At is defined as Ax/vg. The advantage of this scheme was
that it was fairly straightforward to derive a differential scheme.
The major drawback was choosing a differential scheme for the second
convective term (vga/ax). This 1is, especially, the case for
inhomogeneous plasma, where the group velocity of the light wave v is
non-uniform and the basic differencing scheme (e.g. LAX-Wendroff)
becomes inaccurate and unstable. Since this m: thod gives reasonable
results in uniform plasma, however, it is useful for simulating

incoherent SBS in inhomogeneous .z:sma (which can be approximated by

linearly adding many small uniform plasmas).

3.1.2. Scheme 2 : Time-Splitting Method

The second calculation scheme used was the time-splitting
methodZ). The equation was separated into two sub-equations (one with
the 8/8x term and another one without the &8/38x term). Each
sub-equation was calculated sequentially for the time increment At.
For example, eq. (3.1a) can be separated into

( + ¥y o+ Ko ) a, = - A-a 'n (3.6a)

tb 1
(

QJ,Q) QJ,Q)
e

g =
+ v, 3% ) a, = 0 {3.6Db)
During the time At, eq.(3.6a) was first calculated for At/2, then

eq. (3.6b) was calculated for At, and finally eq. (3.6a) was calculated

for At/2 again. Ax was kept constant for each mesh. At was defined
as oc-Ax/vg at first (a is constant, typically = 0.5) and then,
depending on convergence of calculation, ad justed during the
calculation.

The advantage of this method is that one can choose an optimum



scheme for each equation. For solving eq.(3.6a), the time-step
controlled 4th-order Runge-Kutta methodz) was used. For eq. (3.6b), a
differential scheme was not used, but rather the calculation was based
on a physical picture of wave propagation?) To calculate a;": at the
j-th mesh, first a;'(x) is interpolated between mesh j-1 (x=0) and j
(x=Ax) as a function of space x ., using a cubic spline function.
Then a;”;(x=Ax) is given by a;‘(x=Ax—At-vg). In order to calculate the

coefficients of the cubic spline function in eq. (3.6b), a; (=aal/6x)

was solved simultaneousiy in both egs. (3.6a) and (3.6b).

3.2. Numerical Solutions in Finite Homogeneous Plasma
3.2.1. Comparison with Theoretical Predictions (Steady State)

In order to check performance of the simulation codes, several
calculations were done in finite homogeneous plasma and the results
were compared with analytical solutions.

An analytical solution of an(x,oo) in finite plasma without damping

was given by Forslund et al.“

co(x) = cl(x) = ¢(0) sech( x / L1 ) (3.7a)

c (x) = cz(O) tanh( x / L ) (3. 7b)

- 172 _ = 1/2
where L1 = (vg cs) ‘¥, Here co(x) = ao(x,oo), ci(x) ( kl/ ko)
a, = alkx,m), cp(x) = (cs/ vg)“z-(A / B)Uz-n(x,oo), and c(0) = 1.0 in
our case (eqgs.3.1). Figure 3.1 shows simulation results of the

temporal evolution of reflectivity (a) and spatial profiles of each

wave along with analytical solutions (b). Parameters used in these

calculations were L = 30um, vg/ c_= 1800, A/B = 2.8><106, Nn= 10_4. LS

=7y = 0. In fig.3.1 (a)., the reflectivity does not quite reach 100%,

however, there 1is only a small discrepancy between analytical and
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Fig.3.1. Simulation results in finite homogeneous plasma
without damping; (a) temporal evolution of reflectivity, and (b)
spatial profiles of each wave at t=400ps [ cozpump (the dashed
line), c,: scattered wave (the dash-dot line), ¢ : density
fluctuation (dotted line) ]. The solid lines are analytical

solutions in steady state for oA (C1) and c,-



numerical results as seen in fig.3.1 (b). Reflectivity R < 1 is a
consequence of the finite time of calculation tmax and finite size of
mesh Ax at the boundary. At time t = 400ps, al(O,t) reaches 0.967.
The value of al(o.t) would be closer to unity 1f one reduced Ax and
increased tmax significantly by extending the computational time.
These results, however, are satisfactory for our purposes.

Figure 3.2 shows a comparison between simulation results and
analytical predictions of reflectivity (eq.2.38) in finite homogeneous

plasma (with L = 100um and 400um) and infinite plasma with damping.

10 R
i
-
i — —
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Fig.3.2. Comparison between simulation results and analytical
predictions for homogeneous plasma with damping. The solid and
dashed lines are calculated from eq.2.38 for infinite plasma and
finite plasma with L = 100um, respectively. The solid circles
and open diamonds are simulation results for finite plasma with

L = 400um, and 100um, respectively.
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Parameters used here were ne/nr=0.1. Nn= 10-‘, ¥y = 8.5x10“-I::2 (1/s),

)

¥, = 2+10"%(1/s), 7 = 2x10"(1/58). 1, s the pump intensity
normalized to 1014W/cm2 which was kept constant at the boundary during
calculation. The reflectivity R was taken after a time long enough
for SBS to be saturated in the simulation. These simulation results
show slightly lower reflectivity than analytical predictions,
especially at higher reflectivity, because of finite tmx and Ax as
mentioned in 3.2.1. and also because the pump depletion is ignored in
eq. 2. 38. Thus for low reflectivity ( < a few % ), eq.2.38 can be used

to analyze SBS, whereas for higher reflectivity numerical calculation

is necessary, since pump depletion becomes impoirtant.

3.2.2. Dependence of Reflectivity on Electron Density

By using the simulation code mentioned above, the dependence of
SBS growth on electron density and pump intensity was studied for Al
plasma. In order to mod ' density effects, the plasma temperature T
(= Te= Ti) was kept constant for each intensity and density. Plasma
parameters assumed here are T = 500eV, Z = 11, L = 100um, N = 1073, »¢
was given by the Casanova formula for collisional damping and 7’b was
given by4)

27,,(1/5) = 9.2494x10° Z nZ(em™) 1nA T.¥Z (ev) w (1/5)
(3.8)

The factor 2 was introduced in the left hand side, since the value
given by the right hand side of eq. (3.8) is the energy damping rate.

Figure 3.3 shows the dependence of SBS reflectivity on electron
density at different pump intensity. The results show that the

optimum density for maximum reflectivity in this case ranges from
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Fig.3.3. Dependence of SBS reflectivity on electron density for
I = 5x10*3 W/em® (solid circles), 1x10'® w/cm® (solid squares),
and 3x10'® W/cm® (solid diamonds).
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Fig.3.4. Temporal evolution of SBS growth at I = 1x10'* w/cm®
for ne/ n_= 0.075 (solid curve), 0.10 (dashed curve), 0.15

(dotted curve).



ne/nc= 0.1 to 0.2, depending on pump Intensity. The existence of an

optimum density is a direct consequence of competition between growth

and damping of the waves. On the one hand, the SBS growth rate 7,
1/2

scales as n_~, and therefore growth is enhanced at higher density.

At the same time, inverse bremsstrahlung absorption of the pump wave (

scaling as nez ) increases with higher density. Several factors can
change the details of this figure; e.g., temperature, plasma length,
etc. . If one allows for higher temperature at higher laser intensity,

the optimum density will shift to higher density, since LA scales as

-3/2
T .

e

For shorter plasma length, the optimum density will be higher,

since growth at lower density requires longer gain length.

3.2.3. Temporal Response of SBS Growth

The temporal evolution of SBS was numerically examined to estimate
the time scale of SBS growth in the experiments. Figure 3.4 shows the
temporal behavior for constant pump pulse. Calculations were made for
the same simulation parameters used in section 3.2.2. ( I = 10%* W/cmz,
ne/ n_= 0.07S5, 0.10, and 0.15 ). The reflectivity reached steady
state in a time of 30ps. For typical plasma parameters expected in th
experiments (T=500eV, 2z=11, 7= 8x10'', 7 = 3x10', o 12)

10 , the

.
time scale of SBS growth was estimated to be 20-30ps. If the duration
of the pump pulse is » 30ps and ti.. plasma is stationary, it is
reasonable to assume that SBS reaches steady state for any given time
during the laser pulse.

Numerical experiments were also done ¥or temporally modulated pump

pulses to follow the dynamic response of SBS. A temporally varying

Pump pulse was injected into homogeneous Al piasma ( L=100mum,
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Fig.3.5. SBS reflectivity with temporaily varying pump pulse.

Pump intensity ao2 (solid lines), backscattered intensity a 2

1
(dashed lines), and reflectivity R (=aoz/a12) (dotted lines) are

plotted as a function of time for various pump pulses; (a) Gaussian

pulse with FWHM 300ps, (b) modulated Gaussian pulse with global
FWHM 300ps and 100ps modulation,

(c) modulated Gaussian pulse with
global FWHM 60ps and 20ps modulation. alz is normalized to its
peak value.



ne/nc=0.1. T=500eV, 2=11, Nn=10-3) and SBS reflectivity was calculated.
Figure 3.5 (a) shows SBS growth for a Gaussian pump pulse { peak
intensity = 3x10'*w/cm?, 300ps FWHM ). The backscattered intensity
showed a FWHM of 150ps, 2 times narrower than the pump pulse. The
calculated peak reflectivity was 12% which was the same as that
calculated for constant pump (section 3.2.2.). At one-third of the
peak intensity (=1x10"*W/cm®), the reflectivity 1s O0.79% which is
almost the same as the value calculated with constant pump (0.85%).
Figure 3.5 (b) shows the SBS reflectivity for modulated Gaussian pulse
(peak I = 3x10!4W/cm2, global FWHM = 300ps, modulation period = 100ps).
Again the peak reflectivity was calculated to be 12%. At the first
peak where the pump intensity is 9x1013W/cm2. the reflectivity is
0.78%, consistent with results of fig.3.5 (a). Even with strong

modulation (= 50%) with a time scale of SOps, the SBS reaches a steady

state value corresponding to the instant intensity throughout the

pulse. In fig. 3.5 (c}, the time scale of the modulated Gaussian pump
pulse was reduced S times. In this case, the calculated reflectivity
was 8% at the peak and 0.6% at the first peak. SBS did not reach

steady state on this fast time scale. Since the typical time scale of
the laser pulse in our experiment is 800ps (FWHM), we expect SBS

responds quickly enough to the incident laser intensity to achieve

steady state.

3.3. Numerical Solutions in Finite Inhomogeneous Plasma
To simulate SBS in an inhomogeneous plasma, special attention was
paii to the group velocity (vq) of the EM waves, which is now a

function of space, since the electron density changes spatially. As
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Fig.3.6. Temporal evolution of SBS reflectivity in an
inhomogeneous plasma.
described in section 3.1.2., the time-splitting method was employed to
solve the coupled equations. For simplicity, phase mismatch k’ was

ignered and only inhomogeneity of electron density was taken into

account. The density profile was assumed to be of the form r%/nc=
nhax-exp(~x/Ln). where Ln is a density scale length. The temperature
T{x) was assumed to be constant (isothermal expansion). Plasma flow

effects were ignored in these calculations, but will be considered in

chapter 8. These assumptions are expected to give an upper limit for
SBS reflectivity. Figure 3.6 shows simulation results for the
temporal evolution of SBS reflectivity. The parameters used here are

T=500eV, 2=11 (Al plasma), n/n= 0.5exp(-x/30, ). I=1x10"*W/cn®,

N =107, L=90um ( = 3-Ln }; 1identical conditions to those used in
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Fig.3.7. Spatial profiles of waves in (a) homogeneous plasma and

(b) inhomogeneous plasma. The spatial derivative of the
scattered wave dal/dx is also plotted (dash-dot line) to show the

region of amplificatien. Peak values are normalized differently

for each wave for a better view.
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fig.3.5 (a) e..ept for density and plasma length. The pump intensity
was kept constant. The time to reach steady state 1s about 40-S0ps
which is similar to that obtained for hcimogeneous plasma. Figure 3.7

shows a comparison of spatial profiles of each wave in (a) homogeneous
and (b) inhomogeneous plasma; a,; pump wave amplitude (long dashed
line), a,: scattered wave amplitude (short dashed line), n : density
fluctuation (dotted line). The spatial derivative of a,. dal/dx, is
also plotted (dash-dot line) to show the region of SBS amplification.
In the case of fig.3.7 (a), the calculations were made for the same
simulation parameters used in section 3.2.2. (I = 1x1014W/cm2, ne/ n_=
0.15, peak reflectivity = 1.52% ). Figure 3.6 (b) corresponds to
parameters at 5Ops in fig.3.5 (reflectivity = 1.56% ); the density
profile is shown as a solid 1line. In the homogeneous case, the
scattered wave 1is amplified mostly in the region where the pump
intensity 1is strong. In the Iinhomogeneous case, however, the
scattered wave is amplified mostly around rg/nc=0.18 (x=60um), since
the growth rate wo(x) ( = ao(x) v ne(x) ) is the highest at ne/nc=0.22
(x=64um). Note the peaks of amplification and 7, s not match because
of the convective effect; the amplification peaks downstream (for

backscattering, x - 0 ) of the peak of 7,

3.4. Summary

Simulation codes for solving the SBS coupling equations have been
developed. Calculations were made with parameters appropriate to our
experiments. The simulation results showed clearly that pump
absorption due to inverse bremsstrahlung 1is important and SBS

amplification has an optimum density as a consequence of competition
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between parametric wave growth and damping. More calculation results

for irhomogeneous plasma will be presented and compared with the

experimental data in chapter 8.
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IV. Hydrodynamic Simulation (CASTOR) Results

In this chapter, characteristics of the KrF laser-produced plasma
are studied wusing a two-dimensional hydrodynamic simuliation code
CASTOR. Plasma scale lengths (density and velocity) are compared with
the size of focal spot. Plasma refraction of the laser beam is
important for small focus irradiation and causes two major effects: 1)
plasma size larger than the focal spot, 2) 1large scale density
variations. Two-dimensional profiles of density, temperature, and
flow velocity are presented which help to clarify features of plasma
created by tightly focused short wavelength laser radiation. The
simulation results are used to <calculate phase mismatch for SBS

interaction and to interpret the experimental results in the following

chapters.

4.1. Outline of Simulation Code CASTOR

In this section, an outline <. the two-dimensional cylindrically
symmetric Eulerlan-plasma hydrodynamic code CASTORI) is summarized.
The laser routine in CASTOR accounts for laser absorption, refraction,
diffraction, and ponderomotive force. The heat flux is taken to be a
limited free-streaming with flux limiter f£=0.08. Typically the
simulation uses a non-uniform SOx75 grid to represent a spatial region
of 200um radially (R direction) by 400um axially (2 direction). The
radial mesh spacing AR was 1.0um at R=0 and was increasad geometrically
by a factor of 1.0S. The axial mesh spacing AZ was 0.25um at Z=380um
(initial target surface) and was also increased geometrically. This

relatively small spacing enables us to study the density region near n_
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in detail. The initial condition of electron density n for Al target
e
was set in the following way. In the vacuum zone (2<37Sum). n was
e
held constant at 7.78x1017cm-3. then exponentially 1increased to

7.78x10°°cm™> over the region 37Sum < 2 < 380um. In the solid region

(2>380um), n_ was held constant at 7.78-10%%cm ~. The initial
condition of temperature (T and Tl) and average charge state 2 was
e

taken to be 0.0258eV and 1.3 in all space. The laser beam profile was

assumed cylindrically symmetric and given by

2
I(r,t) = P(t) exp[ -5 } (4.1)
2 2
no c
1 t - t \ 2
P(t) =P exp{ - = [ —_—— J } (4.2)
max 2 T
where o = 1.20'r , I is S0% energy radius, T = (0.6/42)t .
S0% 50% FWHM
t is full width at half maximum laser pulse duration, P =
FWHM max
EL/(tJZK), EL is total laser energy. Following these formulae, 90%
energy radius is given by Toox = 1.83-r50x.

Simulations of Al targets were performed for three conditions of
focused incident laser beam. Table 4.1. summarizes parameters for
these cases. The focal spot size (9G% energy radius) was changed from
28um (large focus, LF) to 17um (small focus, SF) to study the

relationship between the lateral effects resulting from laser

Table 4.1. Laser beam parameters for CASTOR.

Case Energy Peak intensity Focal spot radius {um)
J) (W/cmz) 90% energy 50% energy
LF1 1.0 3x10"° 28 15
13
SF1 1.0 8x10 17 9

SFS 0.5 ax10*? 17 9

44



refraction and the focal spot size. In addition, the laser energy was

varied from 1J to 0.5J. In all cases, the laser pulse peaked at 2.2ns

(t =2.2ns), and t =l.6ns, giving S50% intensity at 1i.4ns. Some
max FWHM

data analysis was done on laser axis (R=0) where the laser intensity

was higher and hence SBS was most likely to occur.

4.2. Laser Focal Spot and Density Scale Length

Figure 4.1 shows contour plots of the laser flux ( {a)-(c) ) and
electron density loglo(ne/nc) ( (d)-(f) ) for simulation conditions
listed in table 4.1. (a) and (d), (b) and (e), and (e¢) and (f)
correspond to the cases LF1, SF1 and SFS, respectively. These
snapshots were taken at t = 1.5ns (0.7ns before the laser peak where
the laser intensity is about half of the peak value). The laser flux
is normalized to the peak value. The laser beam propagates in the
positive Z direction (from bettom to tcp iIn the figures). Since
critical density for the 0.25um laser wavelength is 1.8x1022 cm™? which
is about one-forth of the solid density of aluminum, the critical
surface (plotted in thick solid line) occurs inside the initial target
surface and moves toward the target. The tightly focused laser beam
virtually digs a deep hole into the target. The radius of the hole is
about the size of the 10% intensity contour of the laser beam. As
expected, the aspect ratio d/R of the hole depth (d) and radius (R) for
the small focus (SF1 and SF5) cases is larger than that for the large
focus (LF1). It is also noted that the underdense plasma (ne<0.1nc)
was created over a wide region - about 80um and 50um in radius for LF
and SF case, which is larger than the focal spot (90% energy radius).

This is due to plasma refraction of the laser beam.
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Figure 4.2 shows the temporal evolution of electron density ne/nc
(2a) and density scale length Ln (defined as [(dne/dx)/nﬂ]-1 ) {b) on
laser axis (at R=0) for the simulation case SF1. The symbols a-h
denote time t = 0.1ns (a), 0.2ns (b), 0.5ns (c), 0.75ns (d), 1.0ns (e),
1.3ns (f), 1.5ns (g), and 1.8ns (h), respectively. The density scale
length is steady for t > 1.0ns as expected for spherical plasma
expansion with small focus (i.e., focal spot smaller than cT ). This
is true for all three simulation cases. Table 4.2. summarizes density

scale length and focal spot size for each case. The results show that

for large focus, Ln is slightly larger than r

. whereas L is
S0% n

comparable to T oox for small focus. The effect of laser beam

refraction is significant for smaller focus.

Table 4.2. Density scale length Ln and focal spot size Foox

Case Ln (um) T oox (um) T eon (um)
LF1 20 28 15
SF1 18 17 ]
SFS 15 17 9

4.3. Temporal Evolution of Plasma
Figure 4.3 shows three-dimensional plots of electron density for
case SF1 at early time during the laser pulse (t<60ps). The vertical

axis 1s in units of 1022cm'3 znd the upper edge corresponds to the

critical density. The time at which each snapshot is taken \is
indicated in the figure. The laser is incident on the front centre of
each box. At t=32ps (a), a smooth spherical plasma is created by a

Gaussian focused laser beam with density peaking on-axis (R=0). At
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t=41ps (b}, the {aser beam is refracted by the al!ready-created plasma,
resulting in more plasma ablation off-axis (R = 10um). Finally, at
t=5%ps (c), the density peaks off-axis {R = 20um) and another density
peak appears on-axis (R=0), the latter created by laser beam refraction
from the off-axis dencsity peak. These results show that large scale (
= focal spot radius) density variation: can be created by laser beam
refraction even with spatially smc h gaussian beams. The time scale
of such variations is as small as 20ps.

Figure 4.4 shows three-dimensional plots of loglo(ne/0.0Inc) at

various times for case SF1. Note values 2 and 1 on the vertical axis
correspond to n_ and O.lnc. The time of each snapshot is indicated in
the figure. From t=0.5ns to 1.0ns ( (a)-(c) ), plasma expansion is

almost spherical and the laser has ablated a shallow layer of the
target. One can see ’'rattling’ density variations overlapped on the
spherical pl:smz. From t=1.0ns to 1.5ns ( (cj-(e) ), the laser has
dug a deep hole in the target and plasma created at the edge of the
hole (R = 25um) starts to expand AL t=1.5ns (e), plasma expansion
from the bottom and the edge of the noule is comparable. At t=1.8ns
(f), both plasmas merge together, resulting in large scale locally
planar plasma. These results show that a tightly focused short
wavelength 'iser beam can create a locally planar plasma, and the scale

of the plasma can be larger than the focal spot due to the refraction.

4.4. Temperature
Figure 4.5 shows contour plots of laser flux ( (a) and (d) ),
electron temperature ( (b) and (e) ), and loglo(ne/nc) ( (¢) and (f) )

for case SFi at 1.8ns ( (a)-(c) ) and SF5 at 2.0ns ( (d)-(f) ). As
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relative scaling on laser intensity IL .

discussed in the previous section, the density contour shows locally

planar plasma ctructure whose scale is about two times larger than the

focal spot radius (10% intensity radius). The electron temperature

contour, however, shows that pilasma heating is localized to the region

where laser flux is strong. This is related to the short electron-ion

mean free path A . which is about 0.2-1um in our case. Moreover,
[

X-ray pinhole pictures support this local heating alcng the laser axis

{see section 6.1). It is also noted in passing that VT xYn may cause
e e

the ' mation of sirong magnetic fields.

Figure 4.6 shows the maximum electron temperature on axis (R=0) as

a function of time (solid circles) for case SF1. The solid curve

shows the analytical scaling of temperature with intensity expected

from the sel!f-regulating modelZ) for spherical steady plasma. The
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simulation data agree well with this scaling (IQQi). This scaling
suggests a temperature of 650eV near the peak of the laser pulse which
agrees well with the experimentally measured Tez 600eV (see section
6.2). Note the simulation data plotted is the maximum temperature but

the bulk of the plasma should be coocier than that.

4.S5S. Plasma flow

Figure 4.7 shows plasma flow velocity vectors overlapped on

contour plots of plasma pressure loglo(pe) (pe= ne-Te) for case SF1 at

1.8ns (a) and SFS at 2.0ns {(b). The pressure P, is normalized to the
minimum value. Although the density contour showed planar pliasma, the
plasma pressure profile is spherical. Since plasma flow is driven by

Vp, the directiovn of flow vectors indicates that the expansion is
spherical. This ~ovel conditicn is the conseguence of planar plasas
created around the hole dug out by the laser and localized plasma
heating around the laser axis.

From the velocity data on axis (R=0), a velocity scale length Lv
(defined as [(dv/dx)/csfq, where c, is sound speed} was calculated.
Figure 4.8 shows the temporal evolution of velocity scale length Lv on
laser axis for case SF1. The symbols a-h denote time t = O.1ns (a),

0.2ns 1b}, 0.5ns (c), 0.75ns (d), 1.0ns (e), 1.3ns (f), 1.5ns (g), and

Table 4.3. Scale length L , L and focal spot size r and r
n v 0% SO%
{
Case Ln {(um) Lv (um) rgox\um) rsox(um)
LF1 20 S0 28 15
SF1 18 30 17 9

SFS 15 25 17 9
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1.8ns (h), respectively. The velocity scale length is steady for t >
1.0ns, consistent with the density scale length results. Again, this
is true for all three simulation cases. Table 4.3. summarizes density

scale length, velocity scale length and focal spot size for each case.

Lv is about twice as large as L .
n

4.(:. dhase Mismatch

For SBS in an inhomogeneous plasma, phase mismatch among three
waves is an important factor in restricting the SBS growthB{ Here,
we estimate the phase mismatch in our plasma from the CASTQOR data.
Assuming matching conditions of SBS, eq.(2.1) and {(2.2), are satisfied

at x=0, the wave number mismatch x(x) is defined as



x{x) =k (x) + k (x) - k (x) (4.3)
¢} 1 s
with roiition k{(0) = 0. Assum...g k(x) changes linearly in space,
that i+ ~x} = k'x, the phase mismatch rate ' is given by
Kx) o= kw2 28y (4.4)

dx "o 8x 1 ax s

From the dispersion equations (2.3) and (2.4), eq.(4.4) is reduced to?’

21
L Lr n n -1 1

K’ =k = . °-[ 1 - = ] S (4.5)
o n n n L
i -M c c n

for k = Zko. where M is the Mach number, and Lv, LT, and L. are scale
n

length of velocity, temperature and electron density, defined as

1

L, = [(dv/dx)/csl- (4.6a)
L= [(dT/dx)/T]7} (4.6b)
L = [(dn/dx)/n]”" (4.6c)
where c, is sound speed. Using this phase mismatch rate k', the SBS
. . . . 3}
gain in an inhomogeneous plasma is given by
2
2u7°
G = ; (4.7)
ih vV vV K
9 s
where v and v are group velocities of EM wave and ion wave. In a
q s
flowing piasma v = ¢ - vp, where v is the plasma flow velocity.
s s P
From eq. (4.5), the denominator of eq. (4.7) is given by
n 1 n ]
Ilv. v x'| =cuw [ 2[ 1 - < ] - S (1-M) ] {4.8)
g s s O n L n L
[ v C n .

FlrRure 4.9 shows the CASTOR prediction of plasma profile (a),
scale iength (b) and phase mismatch x' and denominator of eq.(4.7) (c).
These data are plotted for case SFS at 2.0ns and R=0. In fig. 4.9 (a),
the electron temperature Te and the homogeneous growth rate 70 are
normalized to 500eV and 1xiQ'? t/s. From the profile shown in (a),

the scale lengths of velocity, temperature and density were calculated
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and are shown in (b). Lv (= 25um) 1is slightly larger than Ln (=
1Sum:. wWwhereas LT (>60um) is much larger than Ln. Therefore, in
eq. (4.5, it is reasonable to ignore LT. Using data shown in (a) and
[.), &' was calculated. Since eq. (4.5) has a singular point at M=1,
the solid line in (c) is discontinued at Z = 382um where M=1. The
denominator in eq.(4.7), however, is smooth at M=1. [t is noted that
since in our typical plasma, Lv and Ln have an oppesite signs in
eq. (4.5), k' vanishes at some point. Assuming Lv= - aan, where a is
a constant, eq.(4.5) can be solved for the density at which «'=0,

giving condition

n > n
- - &~ . _ e
n T (T Ma ( -3 ) (4.9
C c
or
n
= =2/ (1-Ma + 2 ] (4.10)
[
when LT is ignored. For example, k'=0 at ne/nc=0.77 for a=2, M=0.7.

In fig. 4.9 (c)., such a point exists at Z = 390um hence the solid line

{Ix’{) and the dotted line (lx'vg(cs—vp)l) are discontinued in the log
scale. Contributions from Lv and Ln to k' are also plotted in fig.4.9
(c). In the region we are interested (0.3<ne/nc<0.5), <’ is
approximately 10°cm™® and the denominator IK'vg(cs—vp)I is about
10°%57¢ Note these calculations and the location of the singular

points are rough estimates, since the simulation data do not have

enough resolution at 2 > 385um (mesh spacing AZ is large).

4.7. Summary
The two-dimensional hydrodynamic simulation code CASTOR predicts

that: 1) a plasma larger than the focal spot is created by plasma
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refraction of the laser radiation, 2) the refraction effect 1is more
signifi-ant for smaller focus, 3) even a spatially smooth gaussian beam
can produce large scale density variations, 4) a tightly-focused short
wavelength laser beam tends to 'dig’ a hole on the target surface,
resulting in locally planar plasma, 5) plasma heating is localized due
to the short Aev 6) as a consequence of the planar plasma and local
heating, plasma expansion becomes spherical and steady at early time in
the laser pulse, 7) the density scale length is comparable to the 90%
energy radius in the case of small focus and the velocity scale length
is about twice as large as the density scale length, and 8) plasma

inhomogeneity is important for SBS and the phase mismatch rate is

estimated to be 10%em”2.
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V.Experimental Methods

In this chapter, characteristics of the laser system and an
outline of the SBS experiments are described. Temporal behavior of
the laser pulse and spatial features of the laser focal spot were
monitored every shot. Details of the focal spot were measured
separately by using high resolution optics to characterize the temporal
and spatial intensity distribution in the spot. These results
provided basic information for interpreting the experimental results.
The SBS experiments were performed with the 0.248um wavelength KrF
laser. Various kinds of materials, with atomic number ranges from 6
(carbon) to 79 (gold)} were used as solid targets. The targets were
oriented at various angles from 0° to 60° with respect to the laser
axis. A wide varitety cf instrumentation was used in the experiments
to measure SBS features and to monitor background plasma conditions.
X-ray and UV emissions from the plasma were used as principal
diagnostics. The apparatus and its implementation are discussed in

this chapter.

5.1. Characteristics of the KrF Laser at the University of Alberta
5.1.1. Outline of the KrF Laser Systea

The KrF laser used in this study is a multi-module, pulse
compressed laser system, consisting of four major components. These

are: 1) injection locked front-end laser systemln 2) KrF discharge

pumped pre-amplifiers, 3) electron beam pumped power amplifierZ), and
4) optical compressor utilizing stimulated backward Brillouin

scattering (SBS) in SFsm. A schematic diagram of this system is
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Fig.S.1. Schematic diagram of KrF laser system at University of
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shown in fig.5.1.

The injection locking laser system utillizes the output of a cw
Argon ion laser (A=0.4965um) which is amplified in three dye ‘aser
pumped amplifier stages, and then frequency-doubled in a UREA crystal
to give a narrowband 0.25um light source for injecting into the KrF
discharge front-end. The Argon ion laser 1is operated in the TEMoo
single frequency mode to provide a narrow linewlidth source. The dye

(Coumarin S00) amplifier stages are pumped by a XeCl pulsed laser (7ns



duration). The output from UREA crystal (pulse width of 3.5ns) is
split into two beams and then stacked to provide a 6.5ns pulse.

The narrowband output (= 100MHz) 1is amplified in AO before
injecting into Al, which has an unstable resonator cavity, and utilizes
UV-preionized discharge pumping. A portion of the Al oscillator (25ns
duration) ocutput is used to laser trigger the e-beam pumped amplifier.
The output of amplifier A2 is split into three beams. The first beam
is focused into SF6 Brillouin celi Bl and the phase conjugated Stokes
output provides the seed pulse for amplification in the following
Brillouin cells . The second one is amplified by A3 to pump the
Brillouin cell B2. The third one is split into three beamlets which
are optically delayed and angle encoded to extract the e-beam pumped
KrF amplifier (60ns pulse duration).

The electron beam pumped amplifier consists of two pulsed power
modules (Marx banks and Blumlein pulse forming lines) which generate
electron beams to pump the laser cell f{from opposite sides. The
composite beam from A2 extracts the high energy amplifier by using a 3
beam triple pass technique. One of the three amplified beamlets is
used to pump Brillouin cell B3 and the other two beamlets are used to
pump Brillouin cell B4.

The optical compressor system thus consists of 4 stages of SF6 gas
cells; one SBS generator (Bl) and 3 SBS amplifiers (B2, B3, B4). The
Stokes pulse (short duration, low energy) and counter~propagating pump
pulse (long duration, high energy) pass through the cell at the same
time. Stimulated Brillouin scattering in the SF’6 gas transfers energy
from the pump pulse to the Stokes pulse, resulting 1n power

amplification and reduction in pulse duration of the Stokes pulse.
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Power amplification of = 40 with energy conversion efficiencies of =
20% can be achieved in practice. The final output of cell B4 1is
transported to the target chamber for the laser-plasma 1interaction
experiments.

This high energy KrF laser system can provide 248nm wavelength
radiation in pulses of 1-2ns with energy of 1J. The 4cm < 6cm laser
beam was focused with an 18cm aspheric .oublet quartz lens producing a
spot size of 20um (90% energy contour) and the intensity at the focus
is typically = 10'* W/cm% The system is controlled by a computer
(IBM PC-AT). A trigger pulse is sent from the computer and energy and
pulse timing data at each amplifier stage are measured on every shot.
For e-beam operation, the pressure of gas cells and vacuum diodes as
well as charging voltage of Marx banks are monitored 'n real time.

These data are collected by a CAMAC based integrated data acquisltion

system and displayed cn a video screen.

S.1.2. Temporal and Spatial Characteristics

Figure 5.2 shows multiple plots of typical laser pulse shapes
measured by a streak camera (temporal resolution At = 200ps for 10ns
Streak time and camera slit width of 30um). The thick solid line is a

modelled double Gaussian pulse which is given by

t - tmax 2
I(t) =1 exp[ - [ ———7————-] ] {(5.1)
max 1.2 tHHHK
t = 0.8ns (t =t )
HWHM max

1.6ns (t > t )
na

x

where HWHM is half width at half maximum. The FWHM (full width at

half maximum) of the laser pulse is 2.4ns and tmax is 2.2ns in this
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Fig.5.2. Multiple plots of measured laser pulse shapes
(dashed and dotted lines) and modelled double Gaussian
pulse (thick solid line)
case. The measured pulse shape has a slight temporal modulation;

typically 100-200ps in time and 10-20% in amplitude. Overall, it is a
fairly smooth pulse in time.

Pre-pulse level was measured separately by a pair of photodiodes,
one for the main pulse (with high attenuation) and the other for the
prepulse (with much less attenuation). The photodiode response time
was about O.S5ns. The power level of the prepulse which begins 7ns
prior to the main pulse was measured to be 3x10’5 relative to the main
pulse. The amount of energy contained in the prepulse was estimated
to be 5x10™° relative to the main pulse.

Figure 5.3 shows the spatial profile of a typical focal spot

erergy distribution for the case of amplified pulse with output energy
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of 750mJ. The 1image of the focal spot was magnified by a

UV-microscope objective lens and relayed to the streak camera which was

operated in focus mode (time-integrated). The streak camera has a
dynamic range of 102 The magnification M was = 50, and the spatial
resolution of the optical system was better than 2um. The

time—-integrated image shows several intense spots 4hose scale is
smaller than = Sum. Figure 5.4 shows the energy distrioution
"histogram® of the spot; each pixel in the image was sorted in order of
amp. 1:ude and the amplitude 1is pilotted in descending order from the
left to the right. The number of pixels represents total area and is
normalized tc 100. Four sets of data are plotted in various solid,
dashed, dotted curves. The hecrizontal long-dashed 1line shows the
average energy fluence which is defined below. If the focal spots
were perfectly uniform, it would be a flat 1level line. The thick
solid line is our model of focal spot energy fluence distribution which
is described later. The peak amplitude and total area were normalized
to 100. 90%4 and 50% of energy was contained in areas of 330um2
(equivalent to 20um diameter spot) and 86pm2 (equivalent to 10.Sum
diameter spot).

We define the average energy fluence % as

¢ =E / Area (5.2)
av total 90% energy
where E is the total laser energy and Area is the area
total 90X energy
which cortains 90% of the total energy. The dashed lime in fig.5.4
shows the average fluence of the measured nergy profil:. The psak
fluence is about four times higher than the average fluence. We have

modelled our non-uniform focal spot with three levels of fluence.

Table 5.1 shows parameters of the focal spot model. Fluence is
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Fig.5.4. ’Histogram’ of focal spot energy fluence
distribution. The long-dashed line shows average fluence.

The thick solid line shows our model of the fluence

distribution.

Table 5.1. Model of focal spot energy fluence distribution

Area No. Fluence Area (%) Energy contained
1 90 (3.8) 1 0. 06
2 54 (2.3) 9 0. 34
3 17 (0.7) S0 0.60
Average 24 (1.0) 100 1.00

normalized to its peak value of 100 and the numbers in the brackets are
fluence relative to the average fluence. The area is also necrmalized
to a total area of 100. The total contained energy is normalized to
unity. This distribution is shown in the thick solid line in fig.S. 4.

Although the focal spot has an intense hotspot {area 1) whase fluence
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is four times higher than the average fiuence, the energy contained in

the hotspot is only 6% of the total. The medium fluence area {area 2)
has two times higher fluence than the average. Its area is about 10%
of the total and contains 30% of the total energy. We expect this

area plays an important role in the nonlinear evolution of SBS at high
intensity. Most of the energy is contained in area 3, and its fluence
level is almost the same as the average fluence. Since it contains
60% of the total energy, we expect this region dominates the
interaction process.

It is important to measure the temporal behavior of the hotspot.
To determine whether the hotspot 1is temporally changing or not, we
streaked the image of the focal spot. A slice of the focal spot
(width = 3um) was streaked in time. Figure 5.5 shows a typical
streaked image of the focal spot: (a) streaked image, (b) its contour
map, and (c) temporal shape of each bright stripe in the image which
corresponds to the hotspot and its vicinity. The results show that
each part of the focal spot has a similar temporal shape. Even the
intense hotspot showed a smooth temporal shape similar to the overall
(space-integrated) pulse shape (see fig.5.2). Consequently, the
intensity variations in the focused beam are primarily due to spatial

variation in energy distribution.

5.2. Targets

Three kinds of target material were used to investigate SBS in the
KrF laser-produced-plasma. Mainly aluminum (Al, atomic weight A=27)
was used as a target. The surface of the aluminum target was polished

by a micro-lathe giving a mirror-like-surface. Additionally, as a low
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Z target, Carbon (C, A=12) ( both pure carbon slab and plastic p.: ¢

(polystyrene, CeHe) ) and, as a high Z target, gold (Au, A=197) were

used. Both carbon and gold targets were prepared by pasting
commercialiy avallable foils on a plate. The thickness »>f the pure
carbon and pure gocld foils were 125um and 25pum, respectively. These

foils were thick enough not to burn through during the laser pulse.
Target 2 is impecrtant in determining plasma collisicnality, 1i.e.,
electron-ion and ion-ion collisions (see section 2.3). This is
especially so in KrF laser-produced plasma where the critical density

is about one-fourth of solid density and the coliisional mean free path

is much shorter than typical plasma scale lengths.

©

The targets were oriented at various angles ( 0°, 22.5°, 45°, and
60° ) with respect to the 1incident laser beam. If the plasma
expansion is planar, the angie of incidence is expected to change the

conditions of laser-plasma interactions. inn the first place, the

incident beam propagates through plasma with longer density scale

length at an oblique angle. Secondly, the laser light 1is specularly
reflected at lower density. The density of the turning point nt is
given by“
2
n =n - cos 8 (S.3)
t c
where n is the critical density, 6 1is angle of incidence. The

<

variation of these two parameters may affect the net Brillouin
backscatter reflectivity. Furthermore, experimentally measured SBS
spectra are doppler-shifted (see eq.(2.24) ) due to the plasma flow
hence 8 is important in interpretation of the experimental data. On

the other hand, if ‘he expansion becomes spherical, the influence of ©

may not be as important.
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.3. Yiagnostics

.3.1. Exveriment.}l Setup

Figure 5.6 shcws a schematic diagram of the experimental setup.

CM, PD and PHC repiesent pyroelectric calorimeter, photodiode and

pinhole camera. The 4cm x 6¢cm laser team was focused with an 18cm
aspheric doublet quartz lens onto targets mounted in 2 vacuum chamber
of 80cm diameter. In this experiment, the laser focus was kept
constant for all measurements. Variation of laser intensity was
obtained by changing the aser energy. Part of the incoming laser
beam was split into a calorimeter (energy monitor), a photodiode (pulse
monitor), a UV vidicon camera {(equivalent focal spot monitor) and a



streak camera {time fiducial). Inside the target chamber, an x-ray
image of the laser-produced plasma was taken by using a pinhole camera
which viewed targets at nearly 90° from target normal. A PIN diode
was used to monitor the level of x-ray emission. Three channels of an
absorber/scintillator/photomultiplier array were used to measure the
x-ray spectrum ‘or electron tem_ .erature estimation. The backscattered
light collected by the focusing lens was directed to a photodiode and
to a monochromator through an optical fibre. The frequency dispersed
light was measured by a streak camera toc obtain time-resolved spectra.
The calorimeter and the photomultiplier signals were collected and

processed by TAMAD automatically.

5.3.2. Reolactid

Backs:u.ier reflectivity was measured by a palr of photodiodes (
one for the incident, the other for the backscattered light; HAMAMATSU
biplanar phototube R1193U and R1328U). The ratio of the two
photodliode signals was used to calculate the total energy reflectivity.
The relative sensitivity of the photodiodes was calibrated every day.
By placing a high reflectivity mirror in the be~n (see Mc in fig.S5.6},
tr ~ame amount of energy was introduced to both IN-PD and BS-PD.
This calibration was done with a fro. *-end laser pulse energy of =
SOmJ. Ref lectivity of the mirror Mc and transmission from Mc to the
target were callbrated and taken into account in calculating the SBS
reflectivity. For full energy pulse with e-beam amplification,
calibrated attenuation filters (Oriel/Optics for Research Inc., fused
silica metallic (inconel alloy coated) neutral density filters) were

used to adjust the signal level. For normal incidence, only the
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wavelength-shifted component fraction, which was calculated from
measured spectra, was taken as backscatter reflectivity.

Specularly reflected light was also measured for several angles of
incidence for Al target. The specular reflection was collected by /2
optics (for normal incidence, the focussing lens was used). The
specular energy reflectivity wacs measured by a calorimeter for oblique
incidence. For normal incidence, the signal at the laser wavelength
was assumed to be principallv specular reflection and caiculated from
the measured backscatter reflectivity and spectra. Tiils assumption
was verified from time-resolved speciral measurements; the shifted
component of backscattered light showed a fast and delayed rise of
pulse and had a pulse peak around the peak of incident laser pulse,
whereas the un-shifted component showed a slow rise similar to the

ircjaent pulse and disappeared quickly as plasma was created.

5.3.3. Backscatter Spectra

Time-resolved backscatier spectra Were obtained using a

monochromator-s<i - k camera combination. The backscattered light was
introduced into the monochromator (Perkin-Elmer, f = S80rm) through an
optical fibre (= 30cm; General Fiber Optics Inc., soft plastic-clad

silica fibre, core diameter 600um, transmission 75%/m for 240nm, index
of refraction 1.40). A quartz diffuser was placed Lerforv the fibre to
enhance the stability of alignment. The other end of the fibre was
placed close to the entrance slit of the mc ochreomertor for maximum
efficiency. The monochromator resolution, determined by the grating
(klaze angle and wavelength are 20° and 2370A), was O O1A at 2480A,

which is given by AA/A = 1/(Nm) where N is total number of grooves per
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mm (= 2880 lines/mm) and m is the length of the grating (= 84mm).
Although the spectral resolution of the grating was 0.01A, the
instrument width was measured to be 0.2A due to the finite slit width
4s (= 30um then As = 2fAB6, where - is the focal length of collimating
mirror, A8 = dcos@-AA, d=1/N, 6 = 25° for 2480A ) and imaging optics.
The image of the exit of the monochromator was magnified (M = 3) and
relayed to tlic streak camera (HAMAMATSU C979 temporal disperser with
SIT camera C1000;. The streak camera was controlled by a CP/M
computer (HAMAMATSU C2280) and the digitized image (480x512 pixels) was
stored in a floppy disk every shot. A time fiducial was introduced
through an optical f{ibre to the streak camera without frequency
dispersion. The laser wavelength Ao position was calibrated every few
shots by the same method used to calibrate the photodiodes. The
temporal resolution iyias determined by the slit lInstalled in the streak
camera; for most data, it was 200ps and for the low reflectivity data
(Au target), it was reduced to 300ps to improve signal level. The
stored image data were transferred later to an IBM-PC computer and then

to the university main frame computer for analysis.

5.3.4. X-ray Measurement
X-ray images of the plasma were measured by a pinhole camera.

Double pinholes (12.Sum®

and 27.5um®) wade of Ni disks (40um thickness)
were used so that the magnification of the image was self-calibrated.
The cut-off energy (defined as 1/e transmission) of the pinhole disk
was 20keV. Images were recorded on KODAK DEF film. for light

shields, two layers of B-10 foil (aluminum coated plastic film) were

placed before the film. Typical x-ray transmission of two B-10 foils
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was 10% at 700eV, 40% at lkeV and 80% at 2keV.

X-ray intensity was measured by cross calibrated fiitered
scintillator photomultiplier detectors to estimate electron
temperature. Foils of different thickness of aluminum (1Sum, 25um and
S50um) were used as filters to transmit different energies of the x-ray
emission spectrum. The cut-off energy of the thinnest foil was =

4. SkeV. X~-rays were converted to visible ''zht in a NE102A plastic

scintillator which is linked to a photomultiplier through an optical

fibre. The response of the sciltillators for X-ray energy > lkeV is
known to be linear>'. The detectors were positioned at angles of
between 20  and 40° with respect to target normal. Over this range of

angles, the angular distribution of X-ray radlation (hvzikeV) was
assumed to be isotropicéx The relative photomultiplier .igrial as a
function of aluminum foil thickness was fitted to theoretical
calculations. The theoretical predictions of x-ray emission including
line radiation were constructed from a CR (collisional-radiative)

models) and tabulated.
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VI. Experimental Results

in this chapter, the experimental results will be summarized.
X-ray images (hvzlkeV) taken by a pinhole camera showed the dependence
of p.asma expansion and heating on angle of incidence 8 and target
materials. From the X-ray emission measurements, electron
temperatures for aluminum (Al) and carbon (C) plasmas were estimated to
s 14 2 14 2

be 600*i50eV at IL=1.5xlO W/cm and 500%100eV at 1.1+10 "W/cm",

respectively. Backscatter reflectivity was measured to be 0.1 - 1.0%

for both Al and C plasma in the intensity rarge from 3.10"? to

2<10'*W/cm®.  Gold (Au) plasma showed significantly lower reflectivity
(= 0.005%). The reflectivity depended on laser intensity and angle of
incidence. Specular refle:tivity was measured to be 0.01-0.1% for Al
plasma at several angles of incidence. Spectrally resolved
~arkscattered light always showed a red chift, typically 1:u.SA. The
amount o* shift at peak backscattering increased slightly with
increasing i1asuvr intensity. No strong dependence on the angle of
incidence was observed. Time-resolved spectra revealed the dynamlics

of the spectral shift; in particular, %emporal beiiavior of the spectral
shift depended on laser intensity. No significant difference between

pure carbon and plastic (CsHB) target was observed in the above

measurement.

6.1. X-ray Images
X-ray images of plasma emission (hvzlkeV) were taken using a

pinhole camera with a spatial resolution of 12um. Figure 6.1 shows

o

several observed x-ray images for Al targets at Oo, 22.5°, 45°, 60° ¢
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Fig.6.1. X-ray images for Al (a)-(d), C (e)-(f), and Au (g)

plasmas at varicus angles of incidence. Scale of SOum is also

shown. Spatial resolution was 12um except for (e) with 27um
resolution.

(a)-(d) ), C targets at 0°, 45° ( (e), (f) ), and Au target at 45° (g).
Laser energies for each shot were 808mJ (a), 731mJ (b)), €78mJ (c),

723mJ (d), 877mJ (e), 880mJ(f), and 824mJ (g). The spatial scale of

the pictures is also <hown. Only {e) was taken with a reduced

resolution of 27um becai'se ot poor :-ray emissioc: from C plasma.
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For 0.25um illumination, the total X-ray conversion effliciencies

for C, Al and Au targets were reported to be 5%, 14%, and 51% at a
- . . 102y 2 1)

laser intensity of 5x10 “W/cm . For an Al target, the x-ray

conversion efficiency for hvzlkeV was measured to be 0.35% 2 at a

laser intensity of 3.Sx1013w/cm2 and the x-ray Intensity scales as

2.4
1 .
L

As seen in fig. 6.1, Au pla: .owed the strongest emission among
the target materials used here [t is also interesting to note that
although the lateral spread ! (he X-ray ~mission region is about 20um,
the axial emitting region -:‘.nds SOum along the laser axis, despite
slow plasma expansion due to the heavy atomic mass. C plasmas showed
weak nearly spherical emission of X-rays as expected for low Z plasma.
The sequence of pictures (a)-(d) for Al targets indicates the
dependence of plasma expansion and heating on angle of Incidence 0.
The weak =x-ray emissici region (coronal plasma) shows the lateral
plasma size (= 30-SOum, along target surface) increases with increasing
6 and the shape of the plasma is more planar for larger 6. Since our
foca. spot size ( = 20um ) is much less than ct ( = 100um ), it is
expected that the plasma scale length is decided by the focal size as
discussed in chapter 4. The focal size for oblique incidence 1is
effectively 1/cosf® times larger than that for normal incidence. The
strong emission region (saturated in the piciures; hot and dense
plasma) shows the lateral plasma size exceeds the axial size (in target
normal) as the angle changes from 0° to 60°, suggesting strong heating
occurs along the laser axis in a size comparable to the focal spot.
A jet-like structure at target normal is also seen in all pictures.

These features were nhserved in the hydrecdynamic simulation results
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6.2. Electron Temperature

X-ray emission measured by cross calibrated filtered scintillator
photomultiplier detectors was used to estimate electron temperature.
The determination was made by fitting the experimentally observed
relative x-ray signals for various filters to those calculated using a
collisional-radiative (CR) model’’. Figure 6.2 shows the measured and
calculated x-ray intensity as a functicn of aluminum filter thickness,
relative to the 5S0Oum-thick filter intensity, for various electron
temperatures of Al (a) and C plasma (b). The ion density was assumed
to be 3.6x10%%m™> for both cases, since relative emission depends only
weakly on density over range of 1020 to 1021 cm-3. Solid circles show
the experimentally observed ratio of the transmitted x-ray intensity at
a laser intensity of 1.520. 4x10'* W/em® for Al target (a), and
1.120.2x10"® w/em® tor C target (b). Each data point is an average of
at least 19 individual measurements. The vertical error bars are the
standard deviation in data. The horizontal error bar (#1um) is due to
the uncertainty in actual foil thickness. There was no systematic
difference among data taken at different angles of incidence; the data
points shown are average for all angles of incidence. This is not
surprising because of the following reasons. Firstly, we expect
heating mainly occurs along the laser axis as seen in the simulation
results (chapter 4) and the x-ray pictures. Secondly, dependence of

2/9

the Te on plasma scale length L is not strong (Te scales as L ), if

one assumes a self-regulating mode14t From comparison of
experimental data and theoretical calculation, the electron
temperatures of the Al and C plasmas were estimated to be 600*150eV and

500+100eV, respectively. These values are consistent with theoretical
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predictions of the self-regulating model and the 2-dimenslional

hydrodynamic simulation results.

6.3. Reflectivity
6.3.1. SBS Backscatter Reflectivity

In figs 6.3 to 6.5, backscatter energy reflectivity as a function
of average laser intensity is summarized for various targets and angles
of incidence. Each data point is an average of at least S and
typically iG individual measurements. The error bars are the standard
error in data. The geometrical effect at oblique incidence ( 1/cos8 )
has not been included in the intensity calculation. It is noted that
variation in individual measurements was as much as one order of
magnitude at the same intensity level, especially near threshold. The
data at normal incidence was processed to exclude specular reflection.

Backscatter reflectivity data for Al targets was obtained at
angles of incidence of 0°, 22.5°, 45°, and 60°. Figure 6.3 shows the

measured reflectivity as a function of average laser intensity for Al

targets. There is an additional data polnt of R = 0.13% for IL=

(-]

3.5x10%W/em®  at 6 = Oo, not shown in the flgure. At 0O, the

reflectivity was almost constant (= 0.15%) over the intensity range
from 3x10"° to 4x10** w/en’. At 22.5° and 45°, however, the
reflectivity increased with increasing laser intensity with values up
to 1% on average. The highest reflectivity observed was 3.5% at a5°,
In general, for €6 = 60° and 45° and higher intensity, the reflectivity
decreased with increasing intensity.

Figure 6.4 shows backscatter reflectivity for carbon targets at

angles of inclidence of 0° and 45°. There was no systematic difference
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Fig.6.3. Backscatter energy reflectivity for Al targets as

a function of average laser intensity.

in measured reiflectivity between C and CH target. The data points are
therefore the averages of both C and CH targets. Similar features to
those observed for Al targets were observed. The highest reflectivity
observed was 2.7% at 45°. For both Al and C target, the reflectivity
increased with increasing angle of incidence (except for the highest
intensities), suggesting convective amplification in a longer

interaction length in planar plasma.
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a function of average laser intensity.

Figure 6.5 summarizes backscatter reflectivity for C, Al, and Au
targets at as5°. The measured reflectivity was roughly comparable for
C and Al, while the Au target showed significantly lower reflectivity,
as expected for the strongly collisional high Z target.

From :1igs.6.3, 6.4, and 6.5, it is interesting to estimate the

(nearly saturated) convective gain coefficient G for SBS amplification

from
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Fig.6.5. Backscatter energy reflectivity for C, Al and Au

targets at 45° as a function of average laser intensity

ISBS = IN exp( G 114 ) (6.1)

where 114 is intensity in units of ]If4W/cm?

For Al at 22.5° and
45°, G is calculated to be 1.0 and 3.2, respectively. For C at 45°, G

is 1.1. Details of analysis will be presented in chapter 7.

6.3.2. Specular Reflectivity

Q

Specular reflectivity was measured for Al targets at 0°, 22.5 ,
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Fig.6.6. Specular energy reflectivity for Al target as a

function of angle of incidence.

and 45°. Figure 6.6 shows specu'ar reflectivity as a function of
angle of incidence at a laser intensity of ltO.SxIONW/Can. The
measured specular reflectivity was approximately one order magnlitude
lower than the SBS backscatter reflectivity, with lower reflectivity at
larger angle. The reduction with increasing 6 is a consequence of
strong absorption and possibly refraction in the expanding plasma.
For KrF laser-produced plasma, inverse bremsstrahlung absorption is so
strong that specular reflection from the critical surface (or turning
point for oblique incidence) exists only in the rising part of the

laser pulse where the plasma scale length is still shorter than the
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absorption length. This was observed in the time-resolved spectrum
for Al target at 0° (see next section). Once the plasma is created,
specular reflectlon for the oblique incidence would be less because of
longer 1interaction length in ths gplanar plasma. As seen in the
sSimulation results in chapter 4, the plasma changes from spherical to
locally planar early in the laser pulse. Moreover, the large scale
density variations seen in the simulation results could cause
complicated refraction of the laser beam, resulting in less collimated
reflection toward the collection optics, especially for oblique
incidence. Thus time-integrated specuiar reflection is expected to be

less for the oblique incidence.

6.4. Spectral Shift
6.4.1. Time-Resolved Spectra

Time-resolved spectra of the backscattered light were measured by
using a combination of monochromator and streak camera with respective
resolutions of AA=0.2A and At=200ps. Both steady and temporally
varying red shift and alsoc both temporally smooth and pulsating
backscattered light were observed. There was no systematic difference

in behavior for different targets ( Al, CH, and C ) or angles of

incidence. Figures 6.7 and 6.8 show examples of steady and temporally
varving spectra. The 5BS spectrum shown in fig.6.7 was for an Al
target at 22.5° with IL=4xuf3w/cm2. The corresponding backscatter
reflectivity for this shot was 0.35%. The snectrum shown in fig.6.8

was for an Al target at 45° with IL=1.3x10“U/cm2 for which the

reflectivity was 0.13%.

Figure 6.9 shows intensity plots of incident (solid line) and
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spectrally integrated backscattered 1light (dashed line) along with
spectral shift as a function of time in order to compare the time
behavior among then. Solid circles and vertical bars represent the

mean peak (taken to correspond to the intensity) and FWHM of the

spectral shift. Figures 6.9 (a) and (b) correspond to the data shown
in fig.6.7 and fig.6.8, respectively. The width of the spectrum was
typically 0.SA, larger than "he instrument width of O.2A. The rate

for the dynamic spectral red shift in fig.6.8 was typically 1A/ns.

General features of the time-resolved spectrum are: 1) the peak of
backscattered light coincides with the peak of incident light, 2) the
largest spectral shift was observed at the peak of incident light, 3)
the peak spectral shift was always red (only the foot of the spectrum
was slightly blue-shifted in some cases). It is important to note
that the temporal modulation in the scattered light was not induced by
the incident pulse, since our incident beam was temporally smooth (see
section 4.1).

To illustrate the different behavior of SBS and specular
reflectivity, fig.6.10 shows the intensity of incident 1light (solid
line), backscattered light at laser wavelength Ao (dotted line), and
backscattered light with spectral shift (A > Ao' dashed llne) as a
function of time for Al target at 0°. The relative intensity has been
normalized independently for a better view. At normal incidence, the
backscattered light is a mix of specular reflection and spectrally
shifted scattered 1light. It is clear, however, that 1) scattered
light at Ao is specular reflection, because it shows a slow rise of
pulse similar to the incident pulse and decrease at the peak of

incident pulse and beyond (see discussion of section 6.3.2), and 2) the
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Fig.6.10. Intensity plot of incident light (solid line),
scattered light at laser wavelength A, (dotted line), and
spectrally shifted scattered light (A>A0. dashed line).

spectrally shifted scattered light (A>Ao) is evidently stimulated
scattering, because it shows a sharp rise and fall of pulse with a peak
at the peak of incident pulse. Although it is theoretically possible
that SBS backscattered light could have a zero spectral shift (due to
plasma flow}, such features were experimentally not observed.

Figures 6.11 show interesting features of time-resolved spectra
for Al targets. These individual shots are particular examples and
their features were not always observed. Figure 6.i1 (a) is an
example of a spectrum whose bandwidth is as narrow as that of the
incident pulse. This weak narrow spectral shift was observed only at

a low intensity of 2x10"3 w/em®. Figure 6.11 (b) is an example of a
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Fig.6.11. Examples of time-resolved spectra for Al targets.
(a) Al target at 0°, I =2. 1x10 W/ cn.
(b) Al target at 0°, 1L=1.4x10“Wcm2.
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Fig.6.11. Examples of time-resolved spectra for Al targets

(cont’d).  (c) Al target at 45°, IL=1.2x10“W/cm2.

(d) Al target at 60°, IL=1.7x1013w/cm2.
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Fig.6.12. Examples of time-resolved spectra for Au targets.

(a) Au target at 45°, IL=9.5x1013W/cm2.
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spectrum which showed decreasing spectral shift in time following the
peak of the inciden! pulse. Generally, the observed spectral shifts
increased in time until the peak of the incident 1light and then
decreased and diminished in intensity as the intensity of the incident
light decreased. This particular shot, however, showed only a
decreasing spectral shift in time. Figure 6.11 (c) is an example of a
spectrum which showed rapid increase in spectral shift later in time.
Fig.6.11 (d) is an interesting spectrum accompanying a double-humped
incident pulse. Though the intensity of the second incident peak was
higher than the first one, the backscattered light was stronger with
the first peak.

Figure 6.12 is an example of a time-resolved spectrum for Au
target at 45°. The strong signal a2t the laser wavelength was not
specular reflection but scattered light from optics. Since the signal
level was so 1low, stray 1light signals could not be eliminated.
Features of the spectrum for Au target are; 1) the broad bandwidth ( =
1A ), and 2) the short pulsation of scattered light ( = 200ps). The

period of the pulsation varied shot to shot.

6.4.2. Spectral Shift at Peak Backscattering

From the time-resolved spectra the spectral shift at the peak of
backscattering was measured. Figure 6.13 shows spectral shift
measured at the peak of backscattering as a function of laser intensity
for Al (a) and C targets (b) at various angles of incidence. A modest
increase in red shift was observed with increasing laser intensity, but
no significant dependence on 6 was observed. Although the density

profile is planar, plasma expansion is expected to be spherical as seen
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Fig.6.14. Spectral shift measured at peak backscattering for
C, Al, and Au target at 45°.

in the hydrodynamic simulation results in chapter 4. The solid curve
in both figures shows a relative wavelength scaling of 1%/° which would
be expected from the scaling of temperature with intensity in the
self-regulating model4). The calculated red shift for scattering from
stationary Al and C plasmas with the measured Te of 600eV and 500eV is
2.5A and 2.7A, respectively (eq.2.23). Consequently, the measured red
shift of 1#0.5A could be explained by taking into account a subsonic
plasma flow (eq.2.24).

Figure 6.14 summarizes spectral <shift data measured at peak
backscattering as a function of laser- intensity for C, Al, and Au

target at 45°. The C and Al targets showed comparable red shift,
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whereas the Au target showed much larger red shift. A slight increase
in red shift with increasing laser intensity was again observed for Au
targets. In order to explain the large shift of 1.7A for Au target,
relatively high values of Te = 600eV and Z2 = 40 would be required, even
in stationary plasma. These values are higher than the measured
values®’ (extrapolated Tez 360eV and Z = 32 at IL& 10"w/cm2) with
assumption of a steady state coronal model. This modei calculation and
the pulsation in the time-resolved spectrum suggest that translent

effects may play an important role in scattering from high Z plasma.

6.4.3. Temporal Features of Spectra : dA/dt

From time-resolved spectra, the rate of spectral shift change
tdAa/dt was calculated by manually fitting a straight line to the
increasing and decreasing portions of the spectra. Figure 6.15 shows
dA/dt as a function of laser intensity for Al (a) and C (b) targets.
Solid and open circles show positive slope (increasing red shift in
time) and absolute value of negative slope (decreasing red shift in
time). The steady spectral shift was regarded as zero slope and
included in the data. Since the spectral shift at peak backscattering
showed no significant dependence on 6, the data at all angles were
averaged. The negative slope data always showed smaller values than
the positive slope. This correlates with our laser pulse shape which
has a fast rise (0.8ns rise time from half maximum to maximum
intensity) and slow fall (1.6ns fzll time to half maximum intensity),
giving more rapid change of plasma conditions at early time. The
positive slope was generally observed on the leading part of the laser

pulse. Al targets showed a relatively strong dependence of the
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positive slope on laser intensity. From eq.2.27, with assumption of
Te= le 600eV, ne/ncz 0.3, M = 0.6 and cos8 = 1, dAa/dt of 1A/ns would
require ATe/At e 480eV/ns, A(ne/nc)/At x -1.4/ns (which is
unr~alistic), or AM/At = - 0.4/ns (which is less likely, since negative
AM/At means placma flow slows down in time). The CASTOR results in
section 4.4 shows ATe/At = 400eV/ns which is comparable to the above

ATe/At calculations. Therefore, the increasing spectral shift in time

could be explained by plasma heating.

6.5. Summary

The electron temperatures for Al and C plasmas were estimated to
be 600+iS0eV at I =1.5x10'‘W/cm” and 500$100eV at 1.1x10"‘W/cm®,
respectively. Backscatter reflectivity was measured to be 0.1 - 1.0%
for Al and C plasma in the intensity range from 3x1013 to 2x1014 W/cm2
with higher reflectivity being observed for larger angle of incidence
8, suggesting convective amplification in a longer interaction length
for oblique incidence. Au plasma showed significantly lower
reflectivity (= 0.005%). Specular reflectivity was measured to be
0.01-0.1% at I = 120.5x10*W/cm® for Al target, with lower reflectivity
being observed for larger 8. These reflectivity measurements as well
as the x-ray images support the planar density profile of the plasma
seen in the  hydrodynamic simulation. Spectrally resolved

backscattered light always showed a red shift, typically 1#0.5A, which

can be explained by taking into account subsonic plasma flow. The
bandwidth of the spectral shift was typically O0.5A. The peak of
backscattered light coincided with the peak of Iincident light. The

largest spectral shift was observed at the peak of incident 1light.
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The amount of red shift at peak backscattering increased with
increasing laser intensity IL and fitted well to the scaling Ii/g. No
strong dependence on the angle ¢ lncidence was observed, consistent
with the spherical plasma flow seen in the hydrodynamic simulations.
Time-resolved spectra showed the rate of the spectral shift change
increased with increasing laser intensity which could be explained by

plasma heating rate.
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VII. Data Analysis ! (Homogeneous Plasma)

In this chapter, the experimental data presented in chapter 6 is

compared with theoretical calculations based on an analytical model for

homogeneocus plasma. Typical plasma conditions for C, Al, and Au
plasma are determined both by experimental data and by optimum
conditions for convective growth of SBS. Experimental threshold

intensity and SBS gain for C and Al plasma are examined by taking into
account the non-uniformity of the focal spot. Dependence of spectral
shift and reflectivity on the plasma parameters (Te. n_, L., M) is
investigated ‘*heoretically for Al plasma and compared with the
experimental data to bracket the range of the plasma parameters. A
model for treating hotspots in the focal spot is proposed. The

possibility of double SBS occurring in our experiment is examined.

Most of the model calculations are done for aluminum data.

T.1. Typical Plasma Conditions

Since it 1is difficult to precisely measure plasma parameters
experimentally, it is important to estimate the plasma conditions (Te,
n_, etc.) for analytical calculation of SBS. Here, we summarize our

estimation of plasma parameters used in the calculations for C, Al, and

Au plasma.

7.1.1. Al and C Plasma
Table 7.1 summarizes our estimated plasma parameters. These
parameters are for an irradiation of lxuf4W/cm2 and will vary with

laser intensity. Electron temperature Te is obtained from a



Table 7.1. Estimated plasma conditions.

Element L (um) T (eV) 2 n {1/n)
e e C
C 20 500 6 0.4
Al 20 600 11 0.4
1 T T T
Pl
yd N\
7"
1( “ \?\5
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=
N
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/
/
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0.1 1 1 |
0.0 0.2 0.4 0.6 0.8

./,

Fig.7.1. SBS reflectivity dependence on electron density
for homogeneous C plasma {(dashed line) and Al plasma
(solld line).

temperature measurement procedure presented in section 6.2. The
experimental value of ’I‘e for Al plasma 1is consistent with the
hydrodynamic simulation (CASTOR) results. The plasma scale length L
is based on measurements of the focal spot size (90% energy radius) and
density scale length Ln in the CASTOR results (see chapter 4). Since
cT (= sound speed x time scale of the laser pulse) for our plasma is
estimated to be = 100um, much larger than the focal spot radius (=

10um), the plasma scale length is expected to be determined by the
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scale of the focal spot. Although the measured focal spot Is 10um
(90% energy radius), the x-ray images of plasma (with spatial
resolution = 12um) in fig.6.1 show slightly larger emission region (=

20-50um) than the focal spot size, especlally for oblique incidence.

Moreover, the CASTOR results - refraction of the laser beam is
significant for smaller focus. We therefore estimated the plasma
scale length to be 20um, about twice the 90% energy radius. This

value is smaller than the focal depth of the laser beam (= 60um,
experimentally). The effective electron density n_ is approximated by
the optimum density for SBS amplification. The optimum density was
estimated from the calculated SBS reflectivity dependence on electron
density (similar to the results presented in chapter 3). Charge state
Z was estimated from the measured electron temperature and calculatlons
)

based on a collisional-radiative (CR) model!’?

Figure 7.1 shows the SBS reflectivity dependence on electron

density calculated from eq.(2.38) for C zud Al plasma. Both
electromagnetic (7‘b) and ion wave (75) damping were included. The
values for L, Te, and Z are listed in table 7.1. An initial density

fluctuation 1level was assumed to be 2x10_3 to give reflectivity
comparable to the experimental value. For both cases, the optimum
electron density for SBS amplification was estimated to be 0.4-nd
Note that for longer scale length (L = 100um), the optimum density is
lower (O.l-O.Z-nC), (see chapter 3). Thiz is a direct consequence of
SBS in plasma with strong inverse biemsstrahlung absorption; the
shorter plasma absorption length corresponds to a higher optimum
density.

For varying laser intensity, L is unchanged, because it is based



on the focal spot scale length which was kept constant in the

experiment. 'I'e is assumed to change in the manner described by the
self-regulating model?’. We use the expression,
T =T - 1 0. 44 (7.1)
e o 14

where T0 is measured electron temperature at laser intensity of
1x1014w/cm2. and I14 is the laser intensity normalized to 1014W/cm2.
The charge state 2 for Al and C is essentially unchanged over the
temperature range from 100eV to 1kev''? For reference, ionization
potentials4) for Al and C are listed in table 7.2. The electron
density changes in a complex manner, since the optimum density for SBS
is a function cof 70, 71b’ 75, and L. This will be discussed in
section 6.4.2.

7.1.2. Au Plasma

Though it is difficult to estimate plasma conditions for Au plasma
because of 1its complicated atomic shell structure and radiation
effects, several sources of previous measurements are available for
estimating Te. P.D.Gupta et al.® measured Te of gold plasma
irradiated by high intensity KrF laser. At a laser intensity of IL =

1.6xuf3w/cm2, Te was calculated to be 225+50eV from x-ray continuum

emission assuming a corona model. The experimental results also

showed Te scaled as T « 1325. Based on this scaling, we estimate 'l'e=
[

355eV at IL = 1x1014w/cm2. P.Alaterre et al.6) measured x-ray spectra

(0. 1<hv<é6keV) from gold plasma created by 0.26um laser radiation at IL
= 2x10"%/cn? and found that superposition of two temperature
contributions (Te= 150eV and 450eV) was required to fit the

experimental data tc CR model calculations. 2D LASNEX simulation
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Table 7.2. Ionization potential for C, Al and Au.

Species Ion Ionization Potential (eV)

c c*? 67.5
c*4 374.2
c*® 475.6

Al AL*10 471.1
ALt 1671
Al 2211

Au AutlS 365.1
AU 545.7
AuteS 817.9
Au*¥® 1097
Au** 1634

results’’ showed Tez 700eV for gold plasma irradiated by O0.26um laser
at IL = 1x10*W/cm® (laser energy EL = 1kJ and focal spot of 1.4mm),
but this calculation is not directly applicable to our case of much

smaller focal spot size and laser energy.

Scaling of average ion charge Z has been proposed by several

authors. R. Pakula et al.S) modelled the relation 2 = 60-1‘;:3.
D.Colombant!’ et al. derived Z = (2/3)-(:‘"1‘@)1/3 for high Z targets,
where A is the atomic number of the element and 'I'e is in eV. W.Mroéoz
et ai.” estimated 2 = 2z .7%% [z 73)"% + 1 1794 where T is
n e n [} e
given in keV, and 2n is the nuclear charge of plasma ions. We

consider two cases cf electron temperature ( Tcz 150 and 400eV )} for
gold plasma. According to the above expressions, Z is estimated to be
22 (*1) for 150eV and 33 (%#5) for 400eV. The plasma scale length L is
assumed to be 20um, since c.T is still larger than the focal spot
dimension. The optimum density can be estimated in the same way as

for Al and C plasma, though the model of ¥ may not be valid. The
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results showed the optimum density is = 0.15-nb {150eV) and O.Z-nc
(400eV). Note these numbers are estimates for comparison purposes

only.

7.2. Instability Threshold and Gain

In this section, theoretical predictions of SBS intensity
threshold and gain are calculated for both infinite and finite
homorenecus plasmzas. These results are compared with experimental

data.

7.2.1. Infinite Homogeneous Plasma
In an infinite plasma, all three waves are confined and interact

with each other in a closed system, resulting in absolute growth at a

rate ¥y The minimum intensity threshold for homogeneous infinite
plasma with weak damping is given by eq.2.10. Eguivalently, the SBS
threshold can be defined by I = 72/(7571b) > 1. Figure 7.2 shows the

dependence «f T, T ¥, Y and T (=Te=T1) on laser intensity for Al

ib
plasma with n_= 0.4-na ¥y was calculated by the Casanova formula
(see section 2.3.) and 7,, was given by eq.3.6. Since wave damping is
important and has a strong dependence on electron temperature, the
intensity dependence of plasma temperature is implicitly included in
the calculation. Note the gain curve in fig.7.2 shows saturation
characteristics because the temperature dependence is included. At
IL=1014w/cm2, ¥, was calculated to be 2.0x1012 (1/s) and the intensity
threshold ( where I' = 1) Ith was found to be 3.8x10°W/cr’. Similar

calculations were made for C and Au plasma and the results are

summarized in tabi.: 7.3. and 7.4. It is clear that the results for
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Table 7.3. Threshold intensity It

Plasma Te(eV) n_/n_
C S00 0.4
Al 600 0.4
Au 150 0.15
400 0.2

Table 7.4. Damping rates 75, Y

Plasma

C
Al

Au (150eV)
Au (400eV)

ib
r (1/s)
-}

a.1x10'!
1.3x10!
1.1x10%°
2.4x10'°

and

i’ ‘o

2
Ith (W/em®)

9.0x10"3
3.8x10"3
7.5x10'?
1.8x10"3

v g L/s)
fo

9.7x10"
1.2x10"3
8.3x10'2
9.7x10%?

LR {(1/s)

2.ix10%
2.0x10'2
1. ax10'?
1.4x10'?

r

1.1
2.3
21

8.1

(s/1) % VL 4
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the Au plasma (higher gain and lower threshold than Al plasma) are not

in agreement with the experimental data.

7.2.2. Finite Homogeneous Plasma

In a finite plasma, waves can escape from the plasma, resulting in
reduced absolute growth rate or convective grow.h. The effective size
of the plasma 1is set by the finite galn length due to plasma
inhomogeneity or by the physical size of the plasma. Here, we only
consider the latter case and plasma inhomogeneity is discussed in the
next chapter.

The criteria for absolute instability is given by eq.2.15 for weak
damping.

1/2

L>mn(v-c) s 2% (7.2)
g s 0

which is to say that the length L must exceed a basic gain length

determined by wave loss from the system. In our case, however, wave
damping is so strong that the conditionio)
¥ v 172
_S.[_s] > 2 (7.3)
Y 4 c
o s

is satisfied for C and A. plasmas, whereby only convective growth can
be expected. The convective growth parameter GL is given by eq.2.19.
For the plasma parameters listed in table 7.1, GL for C and Al plasmas
were calculated to be 0.88 and 2.0 with plasma parameters listed in

table 7.1.

7.2.3. Comparison Between Theory and Experiment (Threshold and Gain)
Since the plasma in the experiment is inhomogeneous, the

discussion above is not strictly applicable to the experimental data.
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Table 7.5. Comparison between theoretical predictions and experimental

data with three component intensity distribution.

1 (W/cm?) G
th L
Plasma Theory (Iu) Exp. with I v with IK Exp.
al
c 3.9x10"%  5.5x10%? 0.88 1.4 1.1
Al 1.6x10°  3.5x10'° 2.0 3.2 3.2
It is, however, still useful to compare the above theoreticatl

calculations with the experimental data to gain qualitative information
on the instability conditions.

From experiment, the threshold intensity was measured to be
5.5><1013W/cm2 and 3.Sx1013W/cm2 for C and Al plasma, respectively.
These values are slightly lower than the predictions for absolute
instability in homogeneous infinite plasma. In the case of 45°
incidence, experimentally estimated gain coefficients given by eq.6.1
were calculated to be 1.) (C plasma) and 3.2 (Al plasma) in fig.6.5.
These values are about 1.5 times higher than the predictions.

Since our laser beam is not uniform, however, we recalculated the
threshold and gain to take into account the inhomogeneity of intensity
distribution in the focal spot (three component model 1in chapter 4,
discussed more fully later in this chapter). We assume that : 1) SBS
is driven by the medium intensity region {(area 2 in table 4.1) whose
intensity IH is 2.3 times higher than the average intensity Iav, and 2)
plasma is characterized by In rather Iav. since the electron-ion mean
free path is smaller than the scale length of the medium intensity
region. To compare with experimental values of the threshold, the

theoretical predictions of threshold should be evaluated 2.3 times



lower than the calculated intensity threshold. The results are
summarized in table 7.5; the theoretical threshold and the convective
gain GL are calculated with the medium intensity Ix’ resulting in
closer agreement with experiment. In any event, it is necessary to

take into account the inhomogeneity of the focal spot.

7.3. Spectral Shift

The SBS spectral shift AA in a flowing plasma is given by eq. 2. 24.
AA is a simple function of Te, n_, M, and 8. Since we did not observe
any systematic dependence of the spectral shift on angle of incidence
experimentally, we take 6 = Oo. For Al plasma, Te was estimated to be
600eV and the experimental data fits well to the scaling of temperature
(Tea 12'44). assuming constant n, and Mach number. Figur= 7.3 shows
the calculated red shift (eq.2.24) for Al plasma as a function of Mach
number (with several values of ne/nc as a parameter). The measured
spectral shift was 0.9A at IL = 1x1014W/cm2. From Tig.7.3, we
estimate the Mach number of the Al plasma to be 0.60 at ne/nc = 0.4.
For C plasma, the Mach number was estimated to be 0.63 with Te=SOOeV
and n;ﬁ%=0.4. The effect of plasma inhomogeneity on the spectral
shift and temporal features of the spectral shift will be discussed in
the next chapter.

From the time-resolved spectrum (which included an instrumental
width of 0.2A), the linewidth of the SBS spectrum (FWHM) was measured
to be typically O.5A. Assuming a Lorentzlian profile, the net
linewidth would be 0.3A (Av = 1.5x10'! s71). Since the typical ion
acoustic wave damping 7, is about 1.3x10"! (i/s) which is not much less

than the observed bandwidth, it is necessary to calculate the detailed
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Fig.7.3. Calculated red shift (eq.2.24) as a function of the

Mach number for Al plasma at wvarious electron density.

SBS spectral shape by using the frequency dependent kinetic growth rate
yk (see ref.11). Figure 7.4 shows a plot of the frequency-dependent

part of yk(x) as a function of x = 2-$Q(c/vl)(AA/A) for the case of

broadening by Landau damping. The parameter 8 is given by (Z'I’B/T!)U2
for ksAD« 1. For C and Al plasma, 8 = 2.4 and 3.3 which correspond to
the Landau damping 7: = 1.3x10'? and 2.2x1011(1/s). respectively. It

is clear that Landau damping (which gives larger v, than the
collisional damping in our case) would predict narrow spectral shapes
(FWHM of the spectrum « peak of the spectral shift ) for both cases.
Experimentally, such spectral shapes were not observed. Clearly,
other effects are important. For our case, these include collisions
and plasma inhomogeneity (they will be discussed in the next chapter).
In summary, simple homogeneous plasma cannot explain the observed

bandwidth of the spectrum.
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Fig.7.4. Frequency dependent part of the SBS growth rate L

calculated from random-phase theory for ksAD« 1. ¥, is

given in ref.11. The parameter B is given by ZTc/ Tx'
Note x is proportional to the SBS spectral shift AAX.

7.4. Reflectivity

SBS reflectivity is a complex function of plasma parameters (Te,
n_, etc. ). In this section, we examine SBS reflectivity dependence on
plasma scale length and electron density for convective amplification
in homogenecus plasma (eq.2.38). These two parameters were not
measured directly In the experiment. In the calculation of SBS
reflectivity, we use eq.2.38 and take into account the inhomogeneity of
the focal spot as discussed in section 7.2.3. Plasma conditions (Te,
2, T Vo etc. ) were taken to correspond to the medium intensity I" (

= Zlav) and the growth rate 30 was calculated for IH as well. We

114



115

assume that the medium intensity region is the main contributor to
backscattering. Since the region contailns 34% of the total energy,
the calculated energy reflectivity was ad justed in order to compare to
the experimental data; even if the region generates 1006%

backscattering, energy reflectivity of 34% will be measured outside the

plasma.

7.4.1. Dependence on Plasma Length

Figure 7.5 shows the calculated energy reflectivity (solid lines)
as a function of average laser intensity for Al plasma (a) and C plasma
{b) for various plasma lengths L. In all cases, ne/nc = 0.4 was
assumed. Experimental data at the angle of incidence of 0° (solid
circles) and 45° (solid squares) are also plotted in order to show the
range of measured reflectivity. The initial density fluctuation level
was assumed to be 2.0><10'3 for Al and C plasmas to obtaln comparable
reflectivity to the experimental data. Note that the saturation

effects are due to the incorporated temperature dependence on laser

4/9
).
L

intensity (Teu I

The results show that a range of plasma lengths from 7um to 30um
are required to explain the experimental data. A single scale length
is unable to account for the reflectivity data even for a single angle
of incidence. The range of L required is larger than simply allowing
for the change in length with oblique incidence (1/cos(45°) = 1.4).
Furthermore, the experimental data for Al at 60° showed lower
reflectivity than that for Al at 45°. This cannot be explained simply

by the effect of longer plasma lengt: for larger angle of incidence.

On the other hand, plasma refraction effects of the laser beam may
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Fig.7.5. Calculated SBS reflectivity as a function of average
laser intensity (solid curves) for various plasma lengths L.
The solid circles and squares are the experimental data at 0°

and 45° , respectively.



explain the apparent wide range of the piasma lengths required to
account for the data. The CASTOR simulation results (see chapter 4)
show that: 1) a plasma larger than focal spot could be created by the
laser beam refracted from the plasma, and 2) the effect of refraction

is significant for smaller focus.

7.4.2. Dependence on Electron Density

Figure 7.6 shows the calculated energy reflectivity as a function
of average laser intensity for Al plasma with various electron density
and plasma length L. The plasma length and 1initial density
fluctuation level were assumed to be 10um and 4.0x107° (a), 20um and
2.5x102 (b), and 30um and 2.0x10"2 (o). In order to obtaln
reflectivity comparable to the experimental data, a larger 1initial
density fluctuation level was required for shorter plasma because of
the smaller convective gain. Experimental data for O° angle of
incidence (solid circles) and 45° (solid squares) are also plotted to
show the range of measured reflectivity. The results show a
complicated dependence of SBS reflectivity on electron density. For
shorter plasma, the optimum density tends to be higher, because the
growth rate ¥, is larger at higher density; hence the pump pulse can
efficiently generate SBS scattering in a short distance. On the other
hand, lower electron density requires longer ga2in length to make up for
lower ¥, At fixed plasma length, the optimum density is higher for
higher laser intensity, since 71b is smaller for higher temperature and
hence laser light can penetrate to higher density reglons where 7, is

larger.

In 2 planar plasma, the densities of the turning point for 45° and
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60° angle of in_idence are O.S-nC and O.ZS-nc. For fixed plasma
length, the reflectivity for n_= 0.25-nc is always lower than that for
n_= O.S-nc in fig.7.6. By taking into account the turning point
density, the lower reflectivity fer 60° (compared te 45°) in the
experimental data could be explained qualitatively. It 1s noted that
curves for ne/ncz 0.1 are not applicable to our experimental data,
since plasma flow is generally supersonic at this low density which
would be 1inconsistent with the measured red shift (effective Mach
number = 0.6). In any event, features such as saturation
characteristics or decreasing reflectivity with increasing IL cannot be
explained by a single choice of density and plasma scale length. It
may be necessary to incorporate laser intensity scaling not only of
iemperature but also of other plasma parameters such as density and
scale length. In summary, the choice of optimum density assuming

stationary homogeneous plasma cannot explain all features of the

experimental data.

7.4.3. Density Fluctuation Level

The density fluctuation 1level d8n/n can be estimated from the
measured reflectivity using egs.2.33-2.37. Here, calculations for Al
plasma (parameters listed in table 7.1) are presented. First,
ignoring the phase mismatch, from the Bragg reflection coefficient
(eq.2.33), assuming ne/nc=0.4. L=20um, dn/n 1is calculated to be
2.1><1O"3 for R=3% (considering the hotspot adju--ment for observed
R=1%) and 1.2x107°  for R=1%. Compared with the calculations 1in
section 7.4.2 ( for L=20um, and ne/nc= 0.4), these numbers are lower

than the assumed initial fluctuation level = 2.5x10'3. which implies
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that eq.2.33 is not applicable to our case where damping (7lb and 78)
plays an important role.

From egq.2.36, dn/n is calculated toc be 9.7x10™> for R=3% (ys/ws=
0.025, T = 814eV, and I =2x10'*W/cm®) and 4.9x107> for R=1% (,/0_=
0.019, Te= 600CeV, and IL=1014W/cm2). These fluctuation levels are
consistent with calculations in section 7.4.2 (small gain GL and the
initial 8n/n = 2x10-3), which implies that the fluctuations will not
grow much beyond their initial value. The ion trapping limit

)

calculated from the Water-Bag model'? (eq.2.39 gives &n/n > 0.18 for

ZT /T =11) is well above the fluctuation level = 1072 It is noted
that since eq.2.33 and 2.36 does not take into account the absorption
of the scattered light, the results will give lower estimations for the
absorbing plasma.

In the previous sections 7.4.1 and 7.4.2, the initial density
fluctuation level (Nn in eqs.3.2 or [6n/n]xm in eq.2.38) has been
assumed to be = 107> in order to calculate reflectivity comparable to
the experimental data. Equation 2.37 can be used to relate the
initial density fluctuation 1level to the electromagnetic (EM) noilse
scattering level (Rmn in eq.2.37). Assuming plasma conditions around
threshold intensity (n/n =0.4, T = T~ 380eV for I = 3.5x10'%/cm?),
the EM noise scattering levels are estimated to be 3x10™* for Nn= 1073
and 1.4x10"° for N = 2x1073. For an effective I = (= 8x10'*W/cm®)
with hotspot enhancement of 2.3, the effective EM noise scattering

-3

level is 8x10”™! for an 10 Similar calculations with eg.2.36 give

8x10"% and 5x10™* for 1= 3.5x103W/em®  and I = 8.0x103w/cm? (N~

10_3). In summary, the electromagnetic noise scattering level

corresponding to the initial density fluctuation level = 10'3 is



estimated to be about 10 >- Sx10~%

7.4.4. Noise Source of Scattered Light

The electromagnetic noise scattering level was estimated to be
roughly 107°-5x10"" for the convective amplification model in finite
homogenecus plasma. This number can be compared with the scattering
level calculated from the possible mechanisms listed in section 2.5.

From eq.2.28, the incoherent Thomson scattered intensity can be

calculated from

dPTS

s = o rj sin’e I,n_ L do (7.4)

I
where dS is the focal spot size of the laser beam (= 3.3x10-6cm2). r,
is the electron radius (= 2.8x10—13cm), sing = 1 for backscattering, n_
= O.4nc (= 7.3x102hmf3), L is the plasma length (= 20um), dQ is the
solid angle of the focusing cone (= 0.10), and Io is the threshold

intensity (= 3x10W/cm?). I_/1 is calculated to be 1.1x10"/

, which
TS o

is 10* times smaller than the estimated noise scattering level.

From eq.2.29, for Te=380eV, 2=11, v=1.2x10"%1/s (0.248um), and
dv=4.8x10''1/s (1A), the bremsstrahlung power density wan is calculated
to be 7x10° W/cm®. Assuming optically thin plasma of 20um, IBR/I0 =
4x10-1°, which 1is much smaller than the Thomson scattering. From
eq.2.30, the blackbody radiation flux was also calculated to be
SxIOBW/cmz, and IBB/Io = 1x10°1° vwhich is the same order of magnitude
as the bremsstrahlung radiation.

Thomson scattering of the laser beam by ion acoustic noise
dominates the bremsstrahlung source by several orders of magnitude as

13, 14)

pointed out by Berger et al According to Berger, the

backscattered flux per unit solid angle per unit wavelength of 1light



scattered from thermal ion fluctuations is given by

ck TL wl 1 -
E" v (e’ -—1) (7.5)
2w (1 - n/n}
S e C

dF
d2 da

A

w &0

where kB is the Boltzmann constant, Aa is the wavelength of the
scattered light, E" is the transmission coefficient for light from the
interacticn region to the vacuum, w, (= W= laser frequency) and w_ are

frequencies of the scattered light and ion acoustic wave, and G is the

SBS convective gain. TL is given by
T =T{(1+20)Y 7 [ 1+ (2T/T)Q 1] } (7.6)
L e e i
where
Q=(v/ v)expl - (2T + 3T ) 7/ 2T ] (7.7)
e 1 e 1 1
In the case of Te=T!, TL = Te. Assuming E* = 1, G = 3, and Te=600eV

for I = 10"%/cm®, the flux is calculated to be 1x10%W/cm® or F/I =
10-6, which is three orders of magnitude smaller than the measured
reflectivity. The experimental data cannot be explained by convective
growth from thermal ion f{luctuations.

Reflection from the critical surface could initiate the growth of
SBS as pointed out in section 2.5. In our case, two kinds of
experimental evidence refute this speculation. Firstly, from the
time-resolved spectrum for 0=0° (e.g. see fig.5.10, S.11(a)), the
narrowband, un-shifted reflected light was observed only at early time
in the laser pulse. At later time the Inverse bremsstrahlung
absorption dominated whereby little light was reflected. Hence, it
was unlikely that such reflection reasonably seeded the SBS ccattered
light which occcurred later in the incident pulse. Secondly, almost
the same reflectivity (= 0.1%) was observed at threshold for angles of

incidence from 0° to 45°. Reflection from the critical surface should
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be in the specular direction at early time in the laser pulse because
of planar plasma expansion. In fact, we only cbserved such refliection
( with zero frequency shift) in the time-resolved spectrum for normi
incidence targets (6=0"). Hence reflection from the ‘"criticzl"
surface is less efyective for oblique incidence ( and cannot explain
all the data taken at various angles of incidence).

Another possible mechanism for the relatively high noise source

level is enhanced ion fluctuations produced by the two plasmon (pr)

decay instability (TPD)lS). Experiments in COZ-laser—produced plasma

16)

by Meyer et al. !

and Baldis et al'’’ have shown that TPD (or maybe

mode coupling between TPD and SRS (stimulated Raman scattering)) can

produce ion fluctuations with wavenumber k = 2k0. We examine the
pcssibility of such parametric instabilities in our plasma by
calculating their threshold intensities. Threshold intensities for
TPD and SRS in homogeneous infinite piasma are given bym)

2

Vo v_\2

— > [ ] for TPD (7.8)

2 w

c p

2

o w 2 v,

— > [ ”] [ = ] for SRS (7.9)

2 w ww

c o ovp

where the dominant damping mechanism for the electron plasma waves is
assumed to be electron-ion collisions. Using the plasma conditions
expected at SBS threshold (measured I’hx 3. 5x1o”w/cm2. Te=Tl=380eV,

n/nc=0.25, Z2=11 for Al plasma), the threshold intensities for TPD,
e

IIED, and SRS, If:s, are calculated to be 6.8x10"°W/cm® and

8.5><10“W/cm2, respectively. These threshold intensities are higher

than the laser intensity in the experiment. Moreover, the condition
1/2

(vel/Z';o)(v /ve) > 2 is satisfied whereby only convective SRS
g
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instability is expected. Plasma inhomogeneity, however, dominates the
inctabilities and determines threshold intensity. II:D and If:S

determined by plasma density gradientla) are calculated to ©be

4.5<10"*W/cm® and 1.0x10'"W/cm®

(the former one is lower than the
homogeneous threshold and hence not applicable), respectively Even
higher intensity hotspots in the focus would not satisfy the above
threshold conditions. Therefore, both TPD and SRS are not expected in

our experiment and, indeed, previous experiments found no evidence for

their occurrence.

7.5. Hotspot Effects
In this section, a model for r~eating hotspots in the focal spot
is presented and the effects o1 hotspots on SBS reflectivity is
examined. We assumeée that : 1) the focal spot consists of three areas
with different intensity levels as modelled in table 4.1., and 2) the
measured total reflectivity is a linear sum of 1local reflectivities.
Each area 1is characterized by three quantities; intensity In. area An,
and contained energy En (n=1,2,3) as shown in fig.7.7. The contained
energy En is given by In-Ah-rL. where T is the laser pulse width.
Each intensity and area are related to the normalized intensity Io and
total area A0 as
I.: 1_: I_=al : bl : cI (7.10)

1 2 3 o} ° o
A1 : A2 : A3 = on : on : on (7.11)
Since we measured energy reflectivity in the experiment, we consider
the SBS energy reflectivity sts = E°%%, E,. where

Eo = E1 + E2 + E3 (7.12)
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Fig.7.7. Model of focal spot for hotspot analysis.

gSBS _ pSBS gSBS , pSBS
1 2 3
= I°FA x + 1554 ¢+ 155 ¢ (7..3)
1 171 2 272 3 "33
Tn is the backscattered pulse width, Iias = RSBS-I , and RFBS is
n n n
calculated by eq.2.38. Assuming T x T_x T~ T __ ,
1 2 3 SBS

SBS _ SBS SBS SBS

E = IotmﬁAo( ale + byR2 + czR3 ) (7.14)

E =TTtA(ax + by + cz ) (7.15}

o oL O
Hence,

sBS TSBS axR?Bs + bszBS + czRiBS

R = . (7.16)

€ TL ax + by + cz
In tiie experiment, we only know the average Iintensity Iav = EO/tLAd
which can be related to I0 as

I =1(ax +by +cz )/(x+y+z) (7.17)

av [o)

Once we know the characteristics of the focal spot (coefficients a, b,

c, X, ¥y, and z), we can calculate Io for each Iov. then using eq. 2. 38,
SBS X SBS

we calculate En , and finally, Re which can be compared with the

experimental data. This model can be expanded to any number of

different intensity areas.

We apply this hotspot model to two types of plasma. One is a



weakly collisional plasma in which Ael> (focal spot size} » AHS’ where
Ael= ve/vci is electron ion collision mean free path and Ans is a scale
length of the hotspot. In such a plasma, we expect that the thermal
diffusion is so dominant that the plasma conditions over the entire
focal spot are characterized by the average intensity and consequently
the different intensity beams interact with the same plasma parameters.
The other type is a strongly collisional plasma in which Ael« AHS. In
such a plasma, we expect that local heating dominates thermal diffusion
and each area has its own plasma conditions independently. In
general, Ael can be any characteristic scale length of the dominant

energy carrier, e.g. xX-ray, hot electron, etc..

First, for simplicity, we consider twoc leveis of intensity; a

hotspot (HS) intensity Iﬂs’ and a background (BG)} intensity IBG. We
assume IHS= Z.S-IBG as an example. Then eq.7.15 becomes
I =1(2.5r + (1-r) ) =1 (1 + 1.5r ) (7.18)
av o] BG
where r ( 0O < r < 1 ) is the hotspot area fraction. We also assume
T /T = 0.5, and an initial fluctuation level dn/n = 10-3.

sBs” L

Figure 7.8 shows the SBS energy reflectivity as a function of
hotspot 2-- fraction r for several average laser intensities. The
solid and Zashed 1lines show the results for collisionless and
collisional Al plasma (ne/nc=0.4, L=2Cum). The dotted line is the
contribution from the background area. It is important to note that
for the same Iav, IHs and IBG decrease with increasing r in order to

conserve the energy contained in the focal spot (see eq.7.18). The

reflectivity at r = 0 represents the reflectivity for uniform focal

spot with Ia.

v

The results show that the effect of hotspots is significant at
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Fig.7.8. Two-level-intensity focal spot model. Calculated
SBS energy reflectivity as a function of hotspot area
fraction for Al plasma (ne/nc=0.4, L=20um). The solid and
dashed lines show the collisionless and the collisional

model. The dotted lines show contributions from the BG

intensity area.

higher intensity because of the nature of exponential growth. The
reflectivity increases sharply with increasing r until r = 0.1 and
maximizes at r = 0.1-0.2. The smaller hotspot gives higher intensity
and higher local reflectivity but contains less energy. For r < 0.1,
the sharp rise in reflectivity is due to increasing hotspot area. On
the other hand, a larger hotspot gives lower local reflectivity but

contains more energy. For r > 0.1, the increased hotspot area 1is



compensated by decreased local reflectivity, resulting in the nearly
saturated total reflectivity or even lower reflectivity for high
intensity.

In fig.7.8, the collisionless plasma model (solid lines) shows

more significant increase in reflectivity than the collisional plasma

model (dashed lines). This is mainly due to the difference of
temperature assumed in each model. Although the damping coefficients,
78 and 71b' are functions of temperature, their scalings with

temperature in this particular range of plasma parameters (Al plasma,
n/n= 0.4, T = 300eV-lkeV) work in a way to cancel each other in
calculating gain {« 32/3571b). As a consequence, SBS gain scales
roughly as T—UQ, resulting in higher gain for higher intensity beams
into cold plasma.

Next, we apply the hotspot model to our focal spot which was
modelled by three levels of intensity as described ia section 5.1.2.
The parameters of our focal spot are listed again in table 7.6. Using
these parameters, we calculated SBS energy reflectivity as a function
of average laser intensity for the two types of Al plasma;collisional
and collisionless for ne/nc=0.4, L=20um, initial 6n/n=10'3. Figure
7.9 shows a comparison of reflectivities for collisionless (dashed

line) and collisional (dotted line) plasma with a three-level-intensity

Table 7.6. Characteristics of focal spot

Area name Intensity Area Energy contained
HS 3.8 0.01 Q.06
Med. 2.3 0.09 0.34
BG 0.7 0.50 0.60

Average 1.0 1.00 1.00

128



10:lf'Tll"lllllllf'Il|1"'|'lt|1
X — 7
1 /”/ ]
- -~
P f—
SHER:
L - -
= [
0-1 - ’ —_:
" Al 3
i A i l 2. 4. L A l 3 1 l L ) 3. s I A 1 1 A l 1S 1 A |-‘
0.0 0.5 1.0 1.5 2.0 2.5 3.0
14 2
I, (10 W/cm")
Fig.7.9. Three-level-intensity focal spot model. Calculated

reflectivity as a function of average laser intensity for
collisionless (long dashed line) and collisional ( short
dashed line) Al plasma (ne/nc=0.4, L=20um). The solid line

shows the reflectivity for uniform focal spot with Ia
V.

focal spot as well as the reflectivity for uniform focal spot with Iav
(solid 1line). Figure 7.10 shows details of the reflectivity
calculations for collisionless (a) and collisional (b) plasma. The
solid lines show total reflectivity. The dashed, dotted and dash-dot
lines show contributions of the hotspot (HS), medium intensity (Med.)
and background (BG) areas. Note that the local reflectivities for R >
0.1% (I_>0.7x10"%W/cm®) in the HS area and R > 0.5% (1, >1.5x10™

W/cmz) in the Med. area are over-estimated and assumed to be saturated

(R=100%) for HS area at I > 1.5x10'® w/en® in flg. 7.10 (a).
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collisional (b) Al plasma ((ne/nc=0.4, L=20um). The dashed,
dotted and dash-dot lines show contributions of the hotspot
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Equation 2.38 is inaccurate for reflectivity higher than a few %, since

pump depletion due to SBS interaction is neglected.
In fig. 7.9, the collisionless plasma showed significant
enhancement of reflectivity due to hotspots for the same reason as

mentioned in fig.7.8. Since no saturation mechanism was included in

the calculation, a local reflectivity R=100% was assumed, resulting in

a contribution of 3% to the total (=t /T

SBS x energy contalned in the

area). If one assumes a saturation mechanism which restricts the

maximum reflectivity to less than 100%, the effect of hotspots would be

less. The reflectivity for the collisional plasma is comparable to
that for the uniform focal spot. This is due to the limited energy
contained in the Med. area. For higher intensity (Iav>2x1014w/cm2).

the hotspot model shows higher reflectivity than the uniform model.

In fig.7.10, both cases show that the Med. intensity reglon is
dominant near the thresheold intensity (Ith ~ 3x101ﬁb%m33, consistent
with the results discussed in section 7.2.3. This domination holds in
the case of collisional plasma (b) for Iav < 3x1014w/cm2. In the case
of collisionless plasma (a), depending on the saturation level of
reflectivity, the HS and Med. areas compete with each other above the
threshold intensity.

The electron-ion collision mean free path Ae‘ in Al plasma is
calculated to be 0.2um for ne/nc=0.4. T=600eV and 1.7um for nc/nc=0.1,
T=1100eV. These values are smaller than or comparable to the scale
length of the hotspot (Lks< Sum) and much smaller than the focal spot
slize. Therefore, we expect that the collisional plasma model 1is
appropriate to our experiment; the medium intensity area (9% of the

total area) is the principal contribution to the SBS interaction.



Reflecting surface
Fig.7.11. Schematics of interacting wavevectors of DSBS.

7.6. Double Stimulated Brillouin Scattering (DSBS)

Figure 7.11 schematlically shows the interacting wavevectors knln

for DSgs!?’

where n = 0, 1, s correspond to the incident, scattered and
sound waves and m = 1, -1 correspond to incoming and outgoing waves.
The essential element of DSBS is not the backscatiering but the
specular forward scattering. The incident 1light k01 interacts with a
sound wave ks to generate forward scattered 1light k11 which is
subsequently reflected back as kl—f In addition, reflected light
ko-x (reflection of k01)’ can interact with the same sound wave ks to
generate/amplify the scattered wave kl—f These two elementary
processes provide positive distributed feedback. Both k11 and qu
are observed as backscattering from the external point of view. Note
the direction of the sound wave is perpendicular to the density
gradient. Thus phase matching conditions for this process do not
depend on plasma density. Because of the positive feedback and the
insensitivity to plasma inhomogeneity, DSBS can lead to increased

reflectivity and lower intensitv threshold. In this section, we
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examine the possibility of DSBS in our experiment.
DSBS has three features to look for experimentally. The first is
a sin® dependence for wavelength shift where 6 is angle of incidence
(eq.2.31), in contrast to a cose dependence for ordinary SBS. The
second is the sum of the backscattered and the specular reflectivity

is constant:

RBs + RSP =r = r-exp(-2Tt) (7.19)
where RBS and RSP are reflectivity of backward and forward specular
reflection, r is the "constant” reflectivity, and t is the optical
depth of the plasma for the electromagnetic wave. The third feature
is the high threshold intensity, given by eq.2.32. In this
experiment, however, the first two features could not be clearly
identified, since: 1) the spectral shift did not show a systematic
dependence on angle of incidence (see fig.6.12), likely because of
spherical expansion of the plasma, and 2) the specular reflectlivity was
an order of magnitude smaller than the backscatter reflectivity (RBS »
Rsp’ see fig.6.6) thereby making it difficult t: establish a relation
between R._ and R__.
BS SP

The threshold intensity for DSBS depends on the optical depth =.
In order to use the formulae given in reference 19, we assume a plasma
density profile ne(x) = no(x/L )2 with Ln= 20um. Then T is given by

n
T = 0.6 T_ cos'e (7.20)
o o
where =T = v (n)-(L/c), v (n) is tne electron-ion collision
0 el c n el c

frequency evaluated at critical density, and 9o is the angle of
incidence. Assuming 1;=T1= 400eV, 2=11, 1lnA= 5, and an 20pm, To is

calculated to be 37, whereby Tt = 22 for 8=0" and Tt = 5.6 for 9=45".

For this case of high absorpticn, the threshold intensity is given by



eq.2.32. Assuming ws/wsz 0.02, Ith was calculated to be 8.6x1015¥J/cm2
for 0° and 1.8xlﬂlsw/cm2 for 45°. These numbers are much higher than

' . . 13 2 13 2
the observed threshold intensity (= 3.5x10°"W/cm”), or even 8x10 W/cm

allowing for a hotspot enhancement of 2. 3.

In contrast, for the case of weak absorption (F=10-4), the
threshold intensity is given by'®
2
Ith Ao 4 Ao et -1 L 2
—_ = 2§L———2-—1n [nr“coseo) (7.21)
10°°T s " cos 90 (o}
for T = Te + 3T1/ 2, It-h in W/cmz, AG in pum, and T in keV. For 9=O°,
eq.7.21 gives a threshold intensity of 1.2x1015H/cm2. Consequently,

to explain the measured threshold, we would have to assume T = 2.0.
Such a short optical depth requires a turning point density nt (=
0.09nc) or high temperature (= 2keV) at the critical density, which are
very unlikely. In'either absorption model, and especially for the
more realistic case of strong absorption, the threshold intensity seems

to be too high. Hence we do not expect DSBS in our experiment.

7.7. Summary

We have compared the experimental data with analytical
calculations for a homogeneous plasma. Convective growth of SBS is
predicted for the expected plasma conditions. The experimental values
of threshoid and gain for SBS are higher than those expected for the
average laser intensity conditions. These differences can be
qualitatively (and quantitatively) accounted for by taking into account
high intensity regions in the focal spot. The measured spectral shift
can be accounted for by plasma flow with a Mach number = 0.6. The

measured bandwidth of the SBS spectrum is larger than expected for
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homogeneous plasma. Analytical calculations of the dependence of SBS
reflectivity on plasma length and electron density were compared with
the experimental data for Al targets. The measured reflectivity could
only be fitted by assuming a wide range of plasma lengths from 12um to
30um. Calculations for longer plasma length compared satisfactorily
with data for larger angle of incidence, suggesting increased laser
light refraction and convective growth of SBS for larger 6. The SBS
dependence on electron density showed that a single value of electron
density (homogeneous plasma) could not explain the experimental data
over the full range of laser intensity; consequently, choosing the
optimum density for SBS growth in homogeneous plasma is inadequate to
explain the experiment. The 1ion density fluctuation 1level was
estimated to be about 10—3, well below the trapping limit. Thomson
scattering, the bremsstrahlung, SRS and/or TPD are not likely to be the
noise source for seeding SBS. The mechanism for the relatively high
level of scattered light required at the threshold intensity is still
in question. We proposed a model of SBS reflectivity which includes
hotspots in the focal spot. Results of model calculations showed that
contributions to the reflectivity depend not only on the intensity
level but also on the fraction of area in th- hotspot. The effects of
the hotspot appeared to be significant for collisionless plasma but
less for collisional plasma. From the threshold analysis, DSBS was
unlikely in our experiment because of the strong inverse bremsstrahlung

absorption of the laser light.
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VIII. Data Analysis 11 (Inhomogeneous Plasma)

In this charter, inhomogeneity of plasma is taken into account to
interpret the experimental data. As shoun in chapter 7, an analytical
model for homogeneous plasma cannot explain all features of data
observed in the experiment. Threshold intensity and SBS gain are
evaluated based on an analytical model for inhomogeneous plasma. The
effect of flowing inhomogeneous plasma on spectral shift is examined.
Linewidth of the spectral shift is explained mainly by inhomogeneity of
flow velccity. Dynamics of the spectral shift show coeorrelation with
laser pulse shape. SRS reslectivity in inhomogeneous plasma is
calculated by two models (coherent and incoherent SBS models).
Incoherent model calicu'atic give better fit to the experimental data,

suggesting the importance c¢: pna<z mismatch rate.

8.1. Threshold and Gain (Inhomogeneous Plasma)

The first condition that has to be satisfied for absolute
instability is eq.2.10, the threshold condition for infinite
homogeneous plasma. For finite homogeneous plasma, on the other hand,

threshold condition is given by eq.2.12 or equivalently, eq.7.3

¥ V. \1r2
—s-[—l] < 2 {(8.1)

\4
70 2

where v and v, are group velocities of scattered EM and ion waves.

172
In our case, v=v= c-(1-n/n) and v=c¢c - v=c¢ -(1-M), where v
1 g e c 2 3 P s

is the plasma fiow velocity (positive for outward fiow). For typical

Al plasma with 1L=1o“wxcm2, 7.~ 2x10%°  (1/s), 7 /0= 0.02, V.=
2.3x10'° (cm/s) (for n/n - 0.4), c.= 1.7x10° (cm/s) (for T= Ts=
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600eV), and M=0.6, the left hand side of eq.8.1 is calculated to be
3.9, whereby eq.8.1 is not satisfied.

An even stricter criterion is set for inhomogeneous plasma. The
condition to be satisfied for absolute instability in inhomogeneous
plasma is given by eq.2.13;

2
¥

A= —92 5 (8.2)
(<" Tlv,v,,
12

If ¢q.8.2 is satisfied, the temporal growth rate is given by eq.2.14;

27, 1 (% s ]
g = - 1 - — - ! - —
ih 172 1/72,2/3 L v v
oA

(v _v_) 1 2
12
v.ov,
'[—‘7—'—:—‘,—) (8.3)

1 2
For the same conditions discussed above, |x’|<2.5x107 em™? is required
to fulfill eq.8.2. In chapter 5, however, a typical value for |k’]| is

- 9 -2 , 9 -2 -

estimated to be 10" cm . For |k’i= 10" cm “, eq.8.2 requires IL=
1.2x1016 W/cmz. Even hotspots in the focal spot cannot satisfy this
high intensity requirement. Therefore, in general, we expect

convective instability for our plasma.

8.1.1. Phase HMismatch Condition

As pointed out in chapter S5, there may be a singular pecint where
k'= 0. In this section, we examine possibilities of such a singular
point and the absolute instability around the point. We model our
inhomogeneous plasma (assumed to be stationary in time) with electron
density profile ne(x) = no-exp[—(L—x)/Ln], plasma flow velocity profile
vp = v, X/Lv’ and constant temperature (Te= T1= 600eV) and charge

state 2 (= 11). From the CASTOR results presented in chapter 5, Ln and

Lv are assumed to be 1Sum and 25um, respectively. Although these
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scale lengths were calculated from the simulation data for small focus
with T oon" 17um, we assume the situation is applicable for our case of
oblique incidence (focal spot size T oox for normal incidence is 10um).
Based on the simulation results in chapter 5, n, and vV, are chosen so
that conditions ne/nc= 0.4 and M = 0.6 are satisfied at some point in
the plasma.

Spatial profiles of ne/nc, Mach number M, and the homogeneous
growth rate ¥, are plotted in fig.8.1 (a). The growth rate 7°(x)

takes into account attenuated pump intensity IL(x) due to inverse

bremsstrahlung absorption and 1is normalized to 1><10125"1 for IL=
10" %W/ cm®. Figure 8.2 (b) shows spatial profiles of the phase
mismatch rate k° and the denominator of eq.8.2, |K'V1V2|. As
discussed in section 4.6, x’ has a singular point at M = 1, but
lx'vlvzl is smooth at the same point. The point where k’ = 0 exists

at x = 28um where ne/nc= 0.64 and M = 0.32 for the plasma shown in

fig.8.1 (a). Figure 8.1 {(c) shows the spatial profile of A (eq.8.2)
calculated for IL= 4.6x10“‘d/cm2, s=~uming hotspot enhancement of 2.3
for I = 2x10“W/cm2. Although A exceeds unity around the singular

av

point (x' = 0), the width of such region is about ipum which is smaller

than the basic gain length (vlvz)vz/yo = 3um for IL=4.6x1014W/cm2.

Note the same temperature (= 600eV) was assumed for both IL= 10* ana
4.(—:~\10m\-l/cm‘2 in the above calculations. The results are applicable
for plasmas with different temperatures, since the gain width is mainly
determined by the density and velocity scale length. In order to
satisfy both eqs.8.1 and 8.2 with enough gain length, IL> IOISW/cm2

would be necessary for our plasma. In summary, we do not expect

absolute instability in the inhomogeneous plasma modeled for our
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experimental conditions, even for «’ vanishing at some point in the

plasma.

2.2. Spectral Shift

In this section, interpretation of the backscattered light spectra
is presented, taking plasma inhomogeneity (temporal and spatial) in
account. The effects of expanding inhomogeneous plasma on the
spectral shift are examined. Cur analysis shows that the broad
bandwidth of the spectrum can be accounted for by spatial inhomogeneity
of plasma. Temporal variations of the spectra show strong correlation

with laser pulse shape., suggesting the importance of plasma dynamics.

8.2.1. Effects of Expanding Inhomogeneous Plasma on Spectral Shift
Apart from the SBS spectral shift, there are several mechanisms

that can cause spectral shift of scattered light from plasma.

)

T.Dewandre et al.1 has analyzed the frequency shift of light reflected

from a planar expanding inhomogeneous plasma. It was found that the
frequency shift consists of two components; one due to the motion of
the reflecting surface (Doppler shift), the other due to plasma flow
through that surface. The possibilities of these frequency shifts are

discussed in this section.

The frequency shift due to the expanding inhomogeneous plasma is

given byl)
w, . aw’/8t
Aw = -2 — x + Ix P dx (8.4)
c Tt 2 2 ,1/2
x ¢ [ w - w ]
o o}
where x, is the position of the reflecting surface. The first term

represents the Doppler shift or “moving mirror" term. If the
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reflecting surface 1is the critical density surface, it =~ - 5x10%cmss
from the CASTOR data, resulting in a predicted red shift of 8x10° A
(much smaller than the observed red shift = 1A). Note the critical
surface moves away from the laser in the case of short wavelength
laser-produced plasma. In the case of oblique incidence, the
reflecting surface is the turning density surface where kt is generally
positive; this causes a blue shift which we did not observe in the
experiment.

The second term in eq.8.4 is the “flow" term which can be seen to
arise from the rate of change of the optical path length between the
observer and the reflecting surface due to the time variation of the
density of the moving plasma. If the density profile changes in time
as nix,t) = ncexp{(x—xc)/cst]. where X, is the position of the critical

surface, eq.8.4 can be rewritten as

Aw = 2w ( - x /c + 0.613-¢c /c ) (8.5)
0 t s
for normal incidence. The second term in eq. 8.5 gives a red shift
comparable to the SBS spectral shift. However, we do not expect such

a contribution in our experiment with small focal spot, since the
density profile is steady for t>1.0ns (CASTOR data in chapter 4).
Moreover, the temporal features of the observed spectral shift cannot
be explained by the reflection of light as discussed in section 6.4.1.
In summary, the effect of the expanding inhomogeneous plasma on
spectral shift is not applicable to the highly absorbing plasma created

by our tightly focused short wavelength laser.

8.2.2. Linewidth

From the experimental time-resolved spectra, a typlcal §SBS
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spectral linewidth was 0.3A (see section 7.3). As discussed in
section 7.3, line broadening due to ion wave damping is not enough to
explain this linewidth. Spatial inhomogeneity of plasma can cause

line broadening which is estimated by eq.2.27. For c /c=5.7x107%
|

ne/nc=0.4. M=0.6, and cos8=1, the SBS spectral linewidth A is given by
w
An

A (A)=l:1-[£—0.67- °—2—AM] (8.6)
w T nc
where AM = Avp/cs. For each term individually account for A = 0.3A,
-
eq.8.6 would require AT/T = 0.3, An/ﬁ%= 0.4, or AM = O0.14. This
e

implies if AT is the main cause of the line broadening, SBS must be
generated over a region where temperature changes from S00eV (or 400eV)
to 700eVv (600eV). This is unlikely, since 1) we expect high thermal
conductivity in the coronal plasma and 2) the CASTOR results in chapter
4 show temperature variation of . 100eV over 30pum in axial direction and
15um in lateral direction, which are larger than the SBS gain region.
Similarly, if Ane dominates, €°S would have to arise from a region
varying from rk/nc= 6.2 to 0.6. This is also unlikely, since the
CASTOR results show Mach numbers for ne/nc= 0.2 and 0.6 are 1.3
(supersonic) and 0.4 (subsonic) which should cause line broadening =
1.5A (much larger than 0.3A). ilence Ane/nc alone cannot explain the
broadening (= 0.3A). Finally, if AM dominates, the Mach number of the
SBS region would have to range from 0.53 to 0.67.

From the modeling calculations, the SBS region corresponds to the
density region from O.Snc to O.4nc where SBS gain is the highest.
Consequently, taking into account both Ane and AM, the experimental
linewidth 0.3A can be explained by inhomogeneity of Aneu 0.1 (from 0.4C

to 0.5n ) and AM = 0.1 (from 0.55 to 0.65). Therefore, we conclude
[ o4



the linewidth of the SBS spectral shift 1is mainly due to AM and

secondarily due to Ane/nr.

8.2.3. Temporal Evolution of Spectral Shift

From the time-resolved spectra, the rate of spectral shift cha: ge
dA/dt was measured to be 1%G.SA/ns (positive slope) for Al targets (see
section 6.4.3). In this section, we analyze only the positive slope
(+dAsdt), since CASTOR results are avallable for the leading part of
the laser pulse (t=2.2ns). Equation 8.6 can be used to estimate the

rate of spectral shift change. For temporal variation, eq.8.6 gives

%% (A/ns) = 1.1-( l-AT/At - 0.67-

T ; 'Ane/At ~ 2-MM/At ]
c
(8.7)

where At is in ns. Since the plasma density profile is expected to be
steady (for t>Ilns in CASTOR simulation), we ignore the second density
term. Note the temperature and Mach number term have opposite signs
and hence may cancel each other. In fact., 1if one assumes Avp is
proportional to Acs (Z'Acs/cs=AT/T). 20M/78t (= ZAvp/cs) is equal to
AT/At in the first order, resulting in AA/At = O. Therefore, it is
necessary to examine the hydrodynamic simulation data in detail.

Figure 8.2 shows SBS spectral shifts calculated from CASTOR data
for case SFS (I = 4x10"W/cm®) (a) and case SF1 (I = 8x10'W/cn®) (b)
at various fixed densities. The simulation data are taken on laser
axis (R=0). The solid line shows SBS spectral shift without plasma
flow effects ( 1-Mcos8 ) for density ne/nc=0.3. It is noted that only

a few cells represent high density plasma (ne/nc>0.4) in the simulation

so that these results are approximate. The solid circles are actual
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Fig.8.2. CASTOR predictions of SBS red shift at various
fixed densities for case SF5 (a) and SF1 (b). The solid

circles are actual simulation data for ne/nc=0.1. The

solid lines show SBS spectral shift without the flow effects.
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Fig.8.3. Comparison of dynamics of red shift between
simulation and experimental data. The sold and dashed lines
are CASTOR data at ne/nc= 0.4. The solid and open circles
show two types of spectral shift observed at IL= 3.8x10%?

W/cm2 and 1.3><10“U/cm2 in the experiment, respectively.

simulation data for ne/nc=0.1 in order to show data variation of the
simulation results. For ne/nc= 0.4, the red shift is almost constant
(b) or slightly increases (a) in time at a rate of = 0.6A/ns, but not
as much as 1A/ns. At the peak of the laser pulse (t=2.2ns), it is
expected that temperature is almost constant and hence red shift does
not change very much (see fig.7.6).

Figure 8.3 shows a comparison of spectral shift dynamics between
the experimental and simulation data. The solid and dashed lines are
simulation usata for case SF1 and SFS at ne/nc= 0. 4. The solid and
open circles show two types of red shift (steady and time-varying)

observed in the experiment. The steady and time-varying red shift
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were observed for Al target at IL= 3.8x1013\4/cm2 and 1.3xIOZAW/cm2.
The steady red shift (+da/dt = 0.5A/ns) would fit well to the
simulation data, whereas the time-varying red shift (+dA/dt = 1.8A/ns)
cannot be explained by the hydrodynamic calculation results. We do
not know the reason for the discrepancy which was generally seen in the
experimental data with high intensity (IL = IOIAW/cmZ) irradiation.
It is, however, interesting to compare the temporal spectral shift with
laser pulse shape, since the general trends of the positive and
negative dA/dt correlate with the fast rise and slow fall of the laser
pulse as discussed in section 6.4. 3.

Typical temporal evolutions of spectral shift are compared with
relative laser intensity scaling in figs.8.4 and 8.5. The open and
solid circles are experimental data for iow (a), medium (b), and high
(c) laser intensity irradiations The laser intensities and the rates
of spectral shift change (positive slope) for both figures are
4x10"%W/cn® and 0.5A/ns (a), (7:3)x10"%W/cm® and 0.8A/ns (b), and

(1.520.3)x10"*W/cm® and 2.0A/ns (c). It is noted that these

time-varying spectral shift data show slightly larger red shift than

averaged data (fig.6.13). The solid, dashed and dotted lines show the
. 0.22 1.0
relative scaling with laser intensity, IL (fig.8.4) and IL

(fig.8.5) and are normalized individually to fit to the data at the
peak. The .aser pulse shape IL(t) is that described in section 5.1.2

(eq.5.1). The experimental data fit better to the intensity scaling

of I:'o rather than Igaz’ especially, for high intensity data. Since

CASTOR data show that temporal evolution of electron temperature fits

4 (fig.7.6), the spectral shift |is

expected to follow the scaling of IL(t)o'22 without flow effects.

well to the scaling of IL(t)°'4
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With flow effects, the dependence would be weaker, if one assumes AM/At
« Ac /4Lt In order tc explain the strong dependence, one would have
to assume: 1) Mach number of plasma flow decreases in time or no plasma
flow (AM/At = 0), or 2) plasma heating is localized so that convective
thermal transport is strongly inhibited. The first situation would be
possible, since high intensity hotspots can penetrate into higher
density plasma where the plasma flow is steady or negative. From
CASTOR data (fig.7.6) and eq.8.6 with Ane/At = AM/At = 0, AA/At is
calculated to be 0.6A/ns for (AT/At)/T = (300eV/ns)/S50eV at t =
1.5-2.0ns, which would be the case for fig.8.4 (a). The second
situation can be inferred from the short electron-ion collision mean
free path Aex in KrF laser-produced plasma, which is of the order of
0.5um and smaller than the scale of hotspots in our case. In the
CASTOR simulation, the flux limiter f was assumed to be 0.08. It
would be necessary to decrease f in order to explain the experimental
data. Non-local electron heat transport is recognized to be an
important issue, which suggests electron thermal conductivity decreases
dramatically in a plasma where thermal effects dominate ponderomotive
effects®’

In summary, the effects of expanding inhomogeneous plasma on the
spectral shift are not important in our case of tightly focused shori
wavelength laser-produced plasma. The broad bandwidth of the spectrum
can be acc irted for mainly by the spatial inhomogeneity of plasma flow
(Mach number). Dynamics of the spectral shift shows strong
correlation witih laser pulse shape. More detalled hydrodynamic
simulations with refined heat transport models are necessary to

interpret the time-varying spectrum.
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8.3. SBS Reflectivity from Inhomogeneous Plasma
In calculating SBS reflectivity for inhomogeneous plasma, it is

necessary to take into account phase mismatch between waves which
limits the effective gain length?) In this section, we present and
discuss two models of SBS coupling in inhomogeneous plasma: coherent
and incoherent models. In the coherent coupling model, we ignore the
phase mismatch and hence allow backscattered light to grow continuously
over the full length of plasma. The effective gain length is limited
by strong attenuation of the pump wave due to inverse bremsstrahlung
absorption. The results of this model calculation are expected to
give an upper limit of reflectivity. In the incoherent couplling
model, on the other hand, the backscattered light grows only in a small
region determined by phase mismatch. The net reflectivity is obtained

by summing up the contribution from each region. This model gives

substantially lower SBS gain than the coherent model for convective

instability.

B.3.1. Spatial Profile of SBS Gain

To determine the plasma conditions for SBS calculation in
inhomogeneous plasma, it is useful to estimate the optimum density of
SBS growth for non-uniform density profile. Since pump absorption is
strong in KrF laser-produced plasma, the optimum density depends on
electron temperature and density scale length. The optimum density is
estimated from the spatial profile of growth rate wo(x) which is a
function of plasma parameters and pump intensity. The spatial profile
of pump intensity IL(x) inside the plasma 1is calculated by the

attenuation due to inverse bremsstrahlung absorption. Temperature and
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X (um)

Fig.8.6. Spatial profiles of density (solid line), pump

intensity (dashed lines), and the homogeneous growth rate 7,
(dotted lines) for various density scale lengths with
T=600eV (a) and temperatures with Ln= 20um (b).
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average ion charge state are assumed to be constant (T = T = Tx' and 2
(-]

= 113. The density profile is assumed to be exponential given by

ne(x) = nc-exp(—x/Ln), where Ln is the density scale length.

Figure 8.6 shows spatial profiles of density (solid line), pump
intensity (dashed lines), and the homogeneous growth rate ¥, (dotted

lines) for various density scale lengths with T=600eV (a) and

temperatures with Ln= 20um (b). CA is normalized to 2x10'%s™! for
IL=1014W/cm2. In fig.8.6 (a), the plasma length L is maintained at 3
times Ln. Numbers beside each line indicate Ln in um (a), and
temperature in eV (b). The results show ¥, has a peak around ne/nc=

0.3; a direct consequence of competition between growth and damping of
waves, consistent with results shown in fig.7.1 for the case of
homogeneous plasma. Note the optimum density for SBS reflectivity
will be slightly higher (ne/ncz 0.4 in fig.7.1) than for the peak of
70. because ion wave damping 75 is lower for higher density. The
shorter scale length plasma allows the pump wave to penetrate to a
higher density region, resulting in the peak of 70 shifting toward
higher density and therefore increasing gain. Calculations for higher
temperature, which corresponds to higher laser intensity, give similar

results. L however, does not increase as much as seen in fig.8.6

(a), since 7, scales as T %, Since pump depletion due to SBS can be
ignored in our experiment, these results should provide a good estimate

of the interaction region.

8.3.2. Coherent Model

To calculate SBS reflectivity using the coherent model, the

simulation code described 1in section 3.1.2 1is used with boundary
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conditions given by egs. (3.3). A uniform resh (50 cells) represent
plasma of length L which is kept at 3 times the density scale length
Ln. The density profile is assumed to be n_= nmexp[~(L-x)/Ln]. where
n is the maximum density and set to be 0.9nc for most of the
calculations in order to avoid complicated physics around the critical
density. From x=3Ln to 2Ln, the density decreases exponentially, then

decreases linearly from x=2Ln to 0, Jjoining to vacuum boundary at x=0.

Temperature and average charge state are assumed to be constant in

space (T = Te= T‘. Z=11). For different pump intensities, the
temperature is changed as T{eV) = 600-1?;44. The initial density

fluctuation level is assumed to be 10™° which is required to obtain
reflectivity comparable to the experimental data. For the
electromagnetic waves, inverse bremsstrahlung absorption and swelling
effects due to increasing density are taken into account. For the ion
wave, semi-collisional damping (Casanova Formula)*’ is used. Since
the phase mismatch is ignored in this model and also cs» vp in the
region where SBS growth is significant, plasma flow does not affect the
results very much and hence is ignored.

Figure 8.7 shows an example of results in steady state for
L=1014W/cm2. L =20um, and Nn=10'3. Temporal variation of
reflectivity R (= af(o)/ai(o) ) in fig. 8.7 (a) shows the backscattered
light grows expconentially and reaches steady state in 100ps. Figure
8.7 (b) shows spatial profiles of density (ne/nc). pump wave amplitude
ao(IN). scattered wave amplitude al(BS). and density fluctuation
az(an/N). Each quantity is normalized individually. The pump wave

shows slight swelling effects at low density (n;ﬁ%<0.l) and strong

absorption above naﬂu>0.3. Pump depletion due to SBS coupling is
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Fig.8.8. Coherent model calculation. SBS reflectivity as a
function of pump intensity IL for several density scale
lengths Lﬁ
negligible 1in this case. Detailed spatial <features of the

backscattered wave are discussed later.

Figure 8.8 shows SBS reflectivities as a function of pump
intensity IL for several density scale lengths Ln. Each point shows
simulation data. As expected for convective growth, longer scale
lengths give larger galn and hence higher reflectivities. At high
intensity, however, reflectivity above = 10% tends to saturate as pump
depletion becomes significant, causing the interaction region to shift
toward lower density where SBS gain is lower.

In order to illustrate where SBS has the largest growth, it is
informative to plot the spatial derjivative of scattered light dBS/dx (=

d/dx(al(x)) ). Figure 8.9 shows spatial profiles of dBS/dx for
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Ln=10pm (a), 20pm (b), and 30um (<). Each 1line in this figure

corresponds to results shown in fig. 8.7 and is normalized to the same

arbitrary number. Small numbers besides the lines denote pump
intensity in 1014W/cm2. The density profile is also plotted as a
dash~dot line. Generally., SBS grows at lower density for longer scale

length plasma because of two :easons: 1) strong inverse bremsstrahlung
(IB) absorption limits the interaction region to lower density and 2)
larger convective gain length compensates for lower growth rate. As
pump intensity increases, SBS growth shows two different features
depending on scale length. At higher intensity, the electron
temperature is higher and hence IB absorption is lower, resulting in
pump wave penetration to the higher density (higher gain)} region. For
the case of shorter scale length plasma (fig.8.9 (a)), this causes SBS
to grow at higher density (higher gain). For longer scale length
plasma (fig.8.9 (c)), on the contrary, SBS grows at lower density
because of higher convective gain. As pump intensity increases, the
pump wave is depleted before it reaches a petentially higher gain
region. Even if IB absorption is lower for higher intensity, SBS
growth is enhanced and limited to the lower density region.

The profile of dBS/dx is compared with pump wave amplitude (IN)
and growth rate (70) profiles in fig.8.1i0 for Ln=10pm (a), 20um (b},
and 30um (c) at IL=2x1014w/cm2. 7, is normalized to 2x10'? 1/s. For
longer scale length plasma, SBS grows downstream of the peak of ¥,
since the source of backscattered light comes from the higher density
region. For shorter scale length plasma, on the contrary, the peak of
SBS growth coincides with the peak of ¥y because the e¢ffective

convective gain length is shorter so that the supply of scattered light
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x (um)

Fig.8.10. Spatial profiles of pump wave amplitude (IN),
growth rate (70), and spatial derivative of scattered wave
amplitude (dBS/dx) for Ln= 10um (a), 20pm (b), and 30um (c)
at IL=2xl()Nw/cm2. The dash-dot lines show density profile.
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from upstream (higher density) is not significant.

In a planar plasma, the turning point density n, is given by
nccosze. For 6 = 45° and 60°. n is O.Snc and O.ZSnc, respectively.
In order to study the effects of turning point density, calculations
were done with a truncated density profile; i.e., setting n = O.Snc (or
O.ZSnc), instead of n = O.9nc. Figure 8.11 shows SBS reflectivity as
a function of pump intensity IL for several maximum densitiles n_ and
two scale lengths Ln= 10um (a) and 20um (b). Restricting the maximum
density for SBS limits the interaction length, resulting in lower
convective gain and hence lower reflectivity. The reduction of
reflectivity is significant for shorter scale length plasma, because

SBS prefers higher density for shorter scale length plasma as seen in

fig.8.9. Lower nm may be a cause of saturation of reflectivity for

larger © seen in the experiment.

In summary, the coherent SBS model predicts higher reflectivity
for longer scale length plasma. For longer scale length plasma, the
SBS interaction is dominant at lower density. For higher pump
intensity, SBS growth depends on the degree of inverse bremsstrahlung
absorption and pump depletion. Applying a cutoff density to the SBS
interaction leads to lower convective gain and reflectivity which is

most significant for shorter scale length plasma.

8.3.3. Incoherent Model
In this section, the procedure for calculating SBS reflectivity
using the incoherent model is briefly presented. Firstly, the plasma,

of length L, is divided into small regions with length Ax in which SBS



reflectivity 1is calculated. It is assumed that SBS is amplified
convectively in a limited length Lcoh ("coherent 1length") which is
determined by phase mismatch due to inhomogeneity of plasma parameters.
We estimate L = IK'!'LQ. In each L. , it is assumed that: 1) the
coh coh
frequency matching condition (eq.2.1) is satisfied and 2) the plasma is
approximated to be homogeneous and hence the SBS reflectivity can be
calculated analytically. It is noted that the frequency of scattered

light from each Ax varies and has finite bandwidth Aw. Therefore, It

is the power spectrum of scattered light AIBS/Aw that is equivalently

calculated at each Aax. We modify eq.2.38 to calculate local SBS
reflectivity R ;
x (W)
_ 1 Mes
x (W) I Aw
IN
w° 2 2
= l P 75 (Nw) .
4 wG 2 n
%
7§ Zw‘b 2
.[ exp[ TNCE ( 1-exp(~ 5 Lcoh) ) ] -1 ] (8.8)
i1db s g
where N: is the associated spectral noise density. R is a

x (W)

function of wo(x). 7 . (x), 7s(x). and ne(x) as illustrated in fig.8.12

ib

(a). The 1local growth of backscattered intensity AIBS is then

calculated by

+Ax dIBS AIBS
AIBS(x) = Jx 3o dw = Ao Aw

X

= Rx w)(x)-IIH(x) Aw (8.9)

(
for each Ax, where IIN(X) is the local pump intensity which |is
attenuated in space by inverse bremsstrahlung absorption (fig.8.12

(a)). It is noted that AIBS in the incoherent model corresponds to
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d/dx[al(x)zl in the coherent model.

The finite bandwidth Aw for the spectra of backscattered light
from each &x is estimated in the following model. Assuming constant
temperature in space and monochromatic scattered light, the scattered

light from the region x = x_to X * Ax has bandwidth Aw given by

o}
c n 12 An n X

bw =w = (1 - =) - —=(1-2=) (8.10)

o > n n n

< c [+
where W, is the laser frequency in vacuum, and Ane= ne(xo) - ne(x0+ Ax)
whi % can be approximated by Ane/Ax = n /Ln. The bandwiath

[

contribution from the flow velocity inhomogeneity is neglected, since
these are calculated in the plasma frame. Then Aw for the scattered

light from region Ax is given by
c

Aw=w — (1 -
o c

o]

-1s72 AX n n
=)= 21 -2 (8.11)
n L n n

c n c c

The choice of Ax is arbitrary and does not affect the results of the
reflectivity calculatio:: unless it 1is too large to violate the
homogeneous approximation. One can estimate reasonable values of Ax
by substituting the natural bandwidths of the SBS interaction (e.g.
bandwidth due to ion damping ¥, laser bandwidth, etc.) into eq.8.11.
For simplicity, we typically use constant Ax = lum which corresponds to

Ao = 10! at ne/nc=0.4. Profiles of Rx )(x) and Aw(x) calculated for

(w

1]

nx lum are plotted in fig.8.12 (b).

Finally, in the l!aboratory frame at x=0, we observe attenuated
backscattered light AI_ (out}l = A x Ol (local), where A is an
BS ib BS ib

attenuation factor due to inverse brensstrahlung absorption (fig.8.12

(c)). The total reflectivity K is given by summing up contributions

from er ‘i Ax;
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1 .
R = — .
I, (x=0) Z Ayl (local) (8.12)
We apply this incoherent SBS model to two situations. Ei

assume constant I..coh (<) in space to calculate SBS reflec.

Since there is uncertainty in modeling «' mainly due to the complex

reiationship between density and plasma flow, we treat L n 23S 2
co

parameter which reflects effects of both inhomogeneous density and

plasma flow velocity. Second, we calculate L h(x) from x' by taking
co

into account only density inhomogeneity. This enables us to evaluate

the spatial profile of «'(x) analytically. Although inhomogeneity of

plasma flow 1is 1ignored 1in this case, the main purpose of this
calculation is to study the effects of space dependent L_oh on spatlal
[

characteristics of AIBS.

8.3.4. Incoherent Model Results I : Constant «’

Figure 8.13 shows SBS reflectivity as a function of pump intensity

for scveral density scale lengths. The spectral noise density N: is
assumed to be 3xufesﬂj2. Since we do not have an appropriate model
for spatial profile of phase mismatch rate, we assume !_.Coh CHA G
is constant in space and treat it as a parameter. We roughly estimate
Lcoh= 0.5um - 2um for our plasma. Lboh= O0.5um, 1um, and Zum
correspond to phase mismatch rate x’= 4x10°, 1x10°%, and 2.5x10° cm 2.

Typically, k' is calculated to be 3x10%m™? for n/n=0.4, M=0.6, L =x

Z-Ln= 30um. In fig.8.13, Lch is assumed to be 0.S5um, lum, and 2um
o
for Ln= 10um, 20um, and 30um, respectively. The results shuw that
reflectivity is higher for larger L /L . Fcr the same L /L .,
coh n coh n

reflectivities are almost the same or slightly higher for shorter scale

lengths.
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SBS reflectivity as a function of pump intensity for several

density scale lengths.

Figure 8.14 shows SBS reflectivity as a function of pump intensity
for several Lcoh (a) and L (b). For the same scale length (Ln=20um.
fig.8.14 (a)), larger Lcoh gives higher reflectivity and R roughly
scales as Lioh. This is because Rx is proportional to Lioh for small
Lcoh and 7, {eq.8.8); for sma:il x « 1, exp(x) = 1 + x. On the other
hand, for the same Lcoh (=1pm, fig.8.14 (b)), smaller Ln gives higher
reflectivities. It is rather surprising that shorter scale length
plasma gives nigher reflectivity in the incoherent model. This 1is
because: 1) the pump wave can penetrate to a higher gain region for
shorter scale length plasma and 2) the convective gain length is fixed
by LCQh and ind@pendent of Ln. It 1is necessary to model an

appropriate relztionship between L h and L .
co n
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Fig.8.15. Comparison of spatial profiles of pump intensity
(Ixn)’ growth rate (70), and local SBS growth AIBS for

Ln= 10um (a), 20um (b), and 30um (c). Incoherent model with
constant k' in space.
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Figure 8.15 shows spatial proflles of pump intensity (IIN), growth
rate (y ), Al (local), and electro:. density (n /n ). L and L are
0 BS e c n coh

10um and 3.5um for (a), 20um and 1lum for (b), and 30um and 2um for (c).
. 14 2 12 -1 .

I'N and 7, are normalized to 2x10 W/cm~ and 2x10 s . AIBs is

normalized to the same arbitrary number. Compared with the coherent

model (fig.8.10), the peak of "BS growth is located at higher density
than the peak of L% This is because: 1)} SBS growth in each small

region is independent of the contribution from upstream (the higher

density region) and 2) ion damping ¥, is lower at higher density

(fig.8.12 (a)). It is also noticed that SBS growthh is more localized

than in the co>herert model.

The «7incts o/ . .ximum density were also studied in the incoherent
model. Yigvre T 16 shows SBS reflectivity as a function of pump
intensity fo° .ieveral maximum densities n and two scale lengths Ln=
20pum (a) and 30um (b). Lhoh is assumed to be 1lum (a) and 2um (b).

The results show that the reduction of reflectivity is significant for
shorter scale length plasma, consistent with results of the cocherent
model. The degree of reduction is, however, less for the incoherent
model than coherent model. This is because each small part of plasma
con*ributes to SBS generation independently in the incoherent model,
whereas SBS in the coherent model depends on the supply of suatteréd

light from upstream fthe higher density region).

8.3.5. Incoherent Model Results II : x’(L )
n

In this second application of the incoherent model, we evaluate

L}oh as a function of sgspace. By takiag 1into account only

inhomogeneity of density, we can reduce parameters to one quantity, Lﬁ
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Fig.8.17. Incoherent model calculation with space dependent

T

Loon SBS reflectivity as a function of pump intensity for

several L .
113

Lcoh is now a function of ne(x) and is calculated at each plasma point,
con=<istent with Ln. fn this case, Lcoh is given by
: n n 172
L =[l’--—°}L/(k °]] (8.13)
coh nc n 0 n

c
where ko is the wavenumber of the pump wave in the plasma.

Figure 8.17 summarizes SBS reflectivity as a function of pump wave
intensity for several LH The results show no s.g. if! “nt .' .. adence
on Ln and slightly higher reflectivity for shorter L . Similar
features were seen in fig.8.13 for the curves w th the same me/LM
Compared with the results for constant Lkoh' dependence on intensity is

weaker, sincre L.c n at high density is smaller than - the case of
[e]

constant L n resulting in less contribution from the higher gain
[o)
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Fig.8.18. Spatial profile of Lgoh (solid line) (a). Spatial
profiles of AIBS for Ln=10pm (sclid line), 20um (dashed
line)}, and 30um {(dctted line) (b). The dash~dot lines show
density profile.
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region. This is illustrated in fig.8.18, Figure 8.18 (a) shows the

spatial profile of Lboh for Ln= 20um and IL=2x101‘U/cma. L varles

coh

from 4um to 0.Sum in space, with shorter Lcoh at higher density.
Figure 8.18 (b) shows spatial profiles of normalized AIBs for several
Ln. and electron dens:® - (nc/nc) at IL= 2x1014W/cm2, which corresponds
te fig.8.15 in the case of constant Lcoh. Compared with fig.8.15, the

peaks of AIBS locate at lower density.

It should be noted that the profile of k' iu fig.8.1 shows a lower

value around thke singular point (k'=0), which takes into account both
density and plasma flow inhomogeneity. Existence of such point is
expected to give large L}oh and localize SBS growth. It is, however,

necessary to establish a mc.el which can treat the singular point

appropriately.

In summary, incoherent model predictions depend on the ratio
coh/Ln. Compared with the coherent model, SBS growth is localized at
higher density. Reducing the maximum density results in lower
reflectivity as seen in the coberent model, which is significant for
shorter scale length plasma. Because of the limited convective gain
length, reflectivity is less sensitive to laser intensity than in the

coherent model. Appropriate modeling of the spatial plasma conditicns

is essential in the incoherent model.

8.3.6. Comparison among SBS Models and Experimental Data
In the previous sections, two types of SBS model for inhomogeneous
plasma have been discussed in detail and the mechanisms of SBS

generation in each model were clarified. We will compare the



experimental data with the results from each model discussed above.

In order to compare the analytical predictions with experiment . data,

we take 1nto account non-uniform structure of our focal spot as

discussed in section 7.2.3. We assume: 1) the laser intensity feor

analytical calculation is 2.3 times higher than the average intensity

Iav, and 2) 34% of reflectivity from the analytical calculation
-responds to the reflectivity that would be observed.

Figure 8.19 shows comparison among three SBS models and the
experimental data. Curves a, b, and c¢ correspond to the results for
coherent model ({s~ction 8.3.2}), incoherent model with constant «k’
(section §.3.4), and incoherent model with K'(Ln) (section 8.3.5),
respectively. All calculations are for density scale length Ln=20um,
and initial noise density level Nn= 10_3 for the ccherent model and the

72

spectral noise level N: = 3x10°%s™'? for the incoherent nodel. Solid

circles and diamonds shows experimental data for Al target at 6 = 0°
and 45°. Dependence of retflectivity on laser intensity is weaker for
the incoherent model than the coherent model. This is mainly due to
the limited convective gain length in the incoherent model. The
similarity between the two models (coherent and incoherent) is that SBS
growth 1is optimized at higher density for shorter Ln. The main

differences are: 1) SBS growth is localized at higher density region

for the inccherent model, and 2) the dependence of reflectivity on Ln

and pump Intensity 1is weaker for incoherent model. The first
difference gives interesting results, if one assuxes constant
temperature for (or weak dependence on) different inten:-ities. Since

lower temperature and hence stronger IB absorption at higher intensity

inhibits the pump wave from penetrating to higher density, the
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Fig.8.19. Comparison among three SBS model calculations and
experimental data. Coherent model: a, incoherent model with
constant ' : b, and incoherent model with K'(Ln) i c.

Solid circles and diamonds show experimental data for Al

target at @ = 0° and 45°.

incoherent model gives lower reflectivity. In contrast to this, the
coherent model gives higher reflectivity because lower temperature
results in higher growth rate.

In order to compare the noise density level Nn for the coherent
model with the spectral noise density N: for the incoherent model, one
has to assume a spectral width Aw. Assuming constant N: for every
frequency, Nn can be roughly related to Nﬁ as

N o= [ (N)Z aw 1172 (8.14)
If one estimates Aw from the observed linewidth (AA = 0.3A, Aw = 10'2

~1), N: = Zixlo_es“l/2 corresponds to N = 3x1072. If one estimates Aw
n
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from the interaction region in the coherent model (ne/ncz 0.320.2), bw

is roughly 3;<10ms-1 for T = 80CeV. On the other hand, the maximum
limit for Aw is roughly given by W, which is = 7x10"3s™ for n_/n_=
0.4 in our case. For any case, the incoherent model requires higher

noise density level than the cuierent model for the comparable
reflectivity because of the shorter convective gain length.

In the coherent model, in order to explain the 6 dependence of
reflectivity (increased reflectivity for larger 6 from 0° to 45°), one
would have to assume a wide range of density scale lengths - from less
than 10um to more than 30um. If one applies the maximum density n_ (=
nccosza )} to the plasma, Ln=40um is required for reflectivity
comparable to experimental data for 0=60". It is noted that our SBS
code cannot be applied to smaller scale length plasma, since most SBS
generation occurs at high density (ne/nc>0.8). where treatment of the
EM wave becomes complicated.

Figure 8.20 shows our best estimate using the coherent model.
Curves a, b, and c¢ are calculated reflectivities for Ln=10um and
n=0.9, L =20um and n =0.5 (8=45"), and L =40um and n =0.25 (6=60°},
respectively. Solid circles and squares are experimental data for Al
target at 0=0° and 45°. It is clear that the coherent model
overestimates the reflectivity because of neglect of phase mismatch.
Furthermore, the coherent model results would show contradiction with
spectral data. Since the scattered wave 1is allowed to grow
continuously in an inhomogenecus plasma in the coherent model, SBS is
generated over a wide range of density which is expected toc result in a
broad linewidth of scattered light spectrum. In section 8.2.2, the

observed linewidth was explained by density inhomogeneity An /n =0.1
[ c
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Fig.8.20. Fitting of coherent model calculations to the
experimental data. Curves a, b, and ¢ are calculated
reflectivities for Ln=10pm and nm=0.9, Ln=20pm and nm=0.5.
and Ln=40um and n =0.25 (6=60°). Solid circles and squares

are experimental data for Al target at 6=0" and 45°.

with assumption of flow velocity inhomogeneity AM = 0.1. If
inhomogeneity of plasma flow is negligible, Ane/nc= 0.4 could explaln
the observed linewidth. Therefore, in order to explain the
experimental data - both reflectivity and spectrum - by the coherent
model, it is required to assume that: 1) the density scale length
varies substantially with angle of incidence, 2) some saturation
mechanisms exist to limit reflectivity, and 3) plasma flow |is
homogeneous and subscnic in a density region from ne/ncz 0.2 to 0.6.

In the incoherent model, reflectivity depends on Lcd/Ln' rather

than Ln itself. In order to explain the @ dependence of reflectivity

17
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Fig.8.21. Fitting of incoherent mcdel calculations to the
experimental data. Curves A, B, C, and D are calculated
reflectivities for L /L =0.4/18 with n =0.9, L /L =1/20
coh n Q coh n
With n =0.9, L /L =2.5/30 with n =0.5, L /L =4.0/40 with
m coh n m coh n

nm=0.25. Solid circles, open triangles, solid squares, and
open diamonds are experimental data for Al target at 6=0°.
22.5°, 45°, and 60°.

in the experiment, we estimate I_.n from simple geometrical scaling
1/cos@ and adjust Lcoh/Ln. Figure 8.21 shows our best fit of Incoherent
model calculations with constant Lcoh to the experimental data. Curves
A, B, C, and D are calculated reflectivities for Lcoh/Ln=0.4/18 with
nm=0.9, Lcoh/Ln=1/20 with nm=0.9, Lcoh/Ln=2.5/30 with nm=0.5 (6=45°),
Lcoh/Ln=4.0/40 with nm=0.25 (6=60°), respectively. Solid circles and
Squares are experimental data for Al target at e=0° and 45°. Except
for the nearly constant reflectivity for €=0° and decreasing feature of

reflectivity at high intensity for 6=45°, the incoherent model fits



reasonably well to the experimental data. This fitting suggests that
lkoh (= K”q/z) increases more than linearly with Ln; that is, k'o L;a.
where a > 2. To explain the spectral data simultaneously, it is also
required that SBS generation is locaiized so that Ane/ncz 0.1. We
again emphasize that appropriate modeling of spatial profile of phase
mismatch rate, especially due to plasma flow, 1is necessary and may
explain the experimental data more thoroughly. The nonuniformity of
the laser beam is alsc a possible cause of the the discrepancy between

theory and experiment. The possibility of filamentation will be

discussed briefly in the Appendix 4.

8.4. Summary

Inhomogeneity of plasma was taken into account to interpret the
experimental data. Analytical calculations of threshold intensity and
SBS gain imply convective instability. The effects of fliowing
inhomogeneous plasma on the average SBS spectral shift were found to be
negligible fcr the small focus laser irradiation. The linewidth of
the SBS spectrum was explained mainly by inhomogeneity of plasma flow.
Temporal features of the spectral shift showed strong correlation with
laser pulse shape, suggesting the importance of plasma heating during
the temporally varying laser pulse. SBS reflectivity was calculated
by two models (coherent and incoherent) and compared with the
experimental data. The incoherent model fitted the experimental data
better than the coherent model, suggesting the importance of phase
mismatch. Appropriate modeling of space—-dependent phase mismatch rate
would be necessary to completely explain the experimental data by the

incoherent model.
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IX. Conclusions

A comprehensive study of stimulated Brillouin scattering in
nanosecond KrF laser-produced plasma at intensity IL= 10'*w/cm® has
been performed. Measurements of reflectivity and time-resolved
vackscattered spectra were done for CH, Al, and Au targets at various
angles of incidence. Numerical codes were developed to study SBS in
homogeneous and inhomogeneous plasmas. Two-dimensional hydrodynamic
simulations were performed to estimate the plasma conditions created by
a tightly focused laser beam. These experimental and numerical
results were compared with analytical calculations to identify the
nature of SBS.

Numerical calculations of SBS in homogeneous plasma showed the

existence of an optimum density as a consequence of competition between

parametric wave growth and damping. The importance of inverse
bremsstrahlung absorption in KrF laser—-produced plasma was
demonstrated. Similar results were seen in the calculations for

inhomogeneous plasma.

The two~dimensional hydrodynamic simulation code CASTOR showed
many important features of plasma created by a tightly focused laser
beam. Refraction of laser radiation is important and can result in a
plasma larger than the focal spot size. As a consequence of large
mass ablation rate (for short wavelength lasers) and localized plasma
heating due to short electron-ion mean free path, locally planar plasma
s established with a spherical pressure profile.

Backscatter reflectivity was measured to be 0.1-1.0% for Al and C

plasma, with higher reflectivity being observed for larger angle of
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incidence o. Au plasma showed significantly lower reflectivity (=
0.005%). Time-resolved spectra of backscattered light always showed
red shift, typically, 1+0.5A4. No strong dependence on 6 was observed.

The rate of spectral shift change increased with increasing laser
intensity. The observed 6 dependence of reflectivity and spectral
shift 1is explained by convective growth of SBS in locally planar
density and spherical pressure profiles seen iIn the CASTOR predi. ilons.

Analytical and numerical wcalculations for homogeneous plasma
established the convective nature of SBS for pulse duration = 100ps.
Consideration of hotspots in laser focus is necessary to explain the
experimental data. A model for calculating SBS reflectivity for
non-uniform laser beams was proposed. It was found that the
contribution of hotspots to reflectivity depended not only on the
hotspot intensity level but also on their fraction of area in the focal
spot. Threshold analysis showed that double SBS is not likely in our
highly absorbing plasma.

Analytical and numerical calculations for inhomogeneous plasma
also showed the convective nature of SBS. Linewidth of the spectral
shift was explained mainly by inhomogeneity of plasma flow. Temporal
features of the spectral shift showed strong correlation with laser
pulse shape, suggesting the importance of plasma heating during
temporally varying laser pulse. SBS reflectivity was calculated by
two models (coherent and incoherent) and compared with the experimental
data. The incoherent model fitted the experimental data better than
the coherent model, suggesting the importance of phase mismatch.

A number of important questions remain to be solved. One of the

outstanding issues is the need to resolve the mechanism which would

182



account for the relatively high level of scattered light required at
threshold intensity. Density noise levels of 107%- 10—3 required to
explain the measured reflectivity (= 0.1 - 1%) are far above the
thermal level (= 10 °- 10-6) estimated from the Thomson scattering and
the blackbody radiation. A second issue 1is concerned with an
appropriate model for plasma heating (thermal transport) which may be
able tc explain the correlation between spectral properties and laser
pulse shape. This 1includes both spectral shift and width. The
time-varying spectral shift observed at high intensity, which followed
laser intensity scaling IL(t)l'o. could not be explained by the
hydrodynamic simulation results or the self-regulating model. An
appropriate modeling of the relationship between plasma flow and
temperature (cs) in space and time is necessary to explain the peak
spectral shift as well as the linewidth of the scattered light. A

third problem is related to modeling of space-dependent phase mismatch

rate k' and a way to handle the singular peoint of «x’. The incoherent
model for SBS reflectivity showed strong dependence on Lboh (= k* "3
and requires detailed information of space-dependent «x°*. More

complete modeling of non-uniform laser beam and plasma conditions by 2D
hydrodynamic simulations are also required to explain the experimental
data in detail. Dependence of piasma conditions on laser intensity
would necessarily have to be incorporated in the modeling.

In summary, an SBS database for KrF laser-produced plasma was
successfully accumulated. Analytically and experimentally, we find
the SBS instability to be convective. The 1importance of
two-dimensional effects and strong inverse bremsstrahlung absorp‘ion

was demonstrated by hydrodynamic simulations and SBS analysis. Models
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for SBS 1in inhomogeneous plasma and non-uniform laser beams were

proposed and used to explain the experimental data.
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Appendix 1

Al. Derivation of Steady State Convective SBS in Finite Homogeneous
Plasma
The coupling equations of SBS are given by eqgs. (2.6) and eq. (3.1).

Ignoring 8k/8x, these equations are simplified to

8 a o A .
( 3T * vq ErvaR ) a, = A a -n {Al. 1a)
8 8 - . "
( 3% vg =t T ) a = A-n a, iAl.1b)
( 9 + c e . ¥ J)n = B-a +a_ + y N {Al. 1c)
at s 0% s 1 0 s n ’
1 wz 1 Zme k™ v
where A = o B = i "
o] 1 s
For a steady state solution, we put 878t = 0. Assuming small girowth

of SBS (a0= constant: small al.n). and vq » ¢ (ion motion negligible

compared with EM wave velocity), these equations can be simplified to

a
( vg v A ) a = 0 (A1.2a)
( - v g + 7 } a = A-n-a (Al1.2b)
g 9x ib 1 (o] :
¥ °n = B-a -ra + ¥ N (A1. 2¢c)
s 1 0 s n

From eq. (A.2a),

ao(x) = ao(O)-exp(— 7:bX/Vg) (A1.3?
From eq. (A.2c),

n= (B/y )-a_-a + N (Al1.4)

s (o] 1 n

Substituting eqs. (A.3) and (A.4) into eq. (A.2b) yields

¥
d ib AB 2 — - AN .
ik [ o * 5 v ao(x) ] a = A Nn ao(x)/vg (Al1.5)

5 9

To get a solution of eq. (A.5), we first solve
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.2 2 P
v y v 3,(x) ] a =0 (Al.6)

to obtain

a, = a-exp[ -5 Xt 55 §—~-exp(—27lbx/vq)] (A1.7)
q 8 1b
where a« is a constant, zs = AB'aO(O){

Next, let a = a(x) and substitute eq. (A.7) into eq. (A.5)

aa1
3 f(x)-a1 = g(x) (A1.5)°
a = a(x)exp(—f f(x) dx ) (Ar1.7)
where
7 >
fo0 = - e A8 02 (A1.8)
q LT
g(x) = - A-Nn'aoix)/vg (A1.9)

Taking the derivative of eq. (A.7)’ gives

aal Ja
—_— R e - -— . {
5 Fx exp( l fix) dx ) f(x) a {A1.10)

From eqs. (A.5)' and (A.10), we find

Sa -

x exp(-j f(x) dx ) = g(x) (A1.11)
or

dgi*’ = g(x)-exp(J £(x) dx ) (A1.12)

which can be written as

da A Nn aOKO) r
= - v expl -Cx - é-exp(-Cx) ] (A1.13)
g
2
where C = 27Xb/vg, r= ¥, / 71b 73 .
For infinite plasma, integrating eq. (A.13) from x = X to gives

(by transforming variables as z=exp(-Cx) )

2
w Y
al(x) = % Z- — Na (0)-[ 1 ~ exp(- g-e'c‘) ] (A1.14)
o 7

(o]
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From eq. (A7).

N

_ 1 p s . r._-Cx _ _ cC
ax(X) =35 Nnao(O) [ exp( 5 € 1) 1 ]exp(—i—x)
o ¥
o
(A1.15)
The reflectivity R can be immediately calculated. At x=0, R \is
defined as
172
R = ax(O)/ ao(O)
2
1t Y% % r
=10 5 Nn-( exps - 1) (A1.16)
0 ¥
o
which for 72 « ¥ 7  , reduces to
o s ib
2
/2 1 @
R =2 —2 _ N (A1.17)
8 wyy n
0%1p
and for 2 »
70 78 71b'
wa ¥
172 _ 1 p s . r
R 35 3 Nn exp> (Al1.18)
o ¥
o
Defining R as
@min
1 w® 2
R.={————f——N] (A1.19)
min 8 wy n
0%1b
gives
eA- 1 2
R = Rnln[ ——r ] (Al.ZO)

where A = T/2 = 72/27 v 4
(o} s ib.

For finite plasma of length L, on the other hand, eq. (A.13) should

be integrated from x = x to L.

2
w ¥
_ 1 p . _r -cu, _ _ T _-Cx .
al(x) =13 Nnao(O) [ exp( 5 € ) exp( 5 € } ]
o 7y
-exp(gx)'exp( g e 0% (A1.21)

Then at x=0,



2
. w ¥
172 1 P s
R = 3 o 5 Nn-( expl
o

which for ZylbL/v « 1, becomes
g9

2
_ 7y L G
S-ehy ~ 0 o %
¥V 2
s g

(e 1 + x for x « 1)

and assuming GL » 1,

R =D
exp GL

where

2

(1-e %)) - 1)

(Al.

(Al.

(A1.

(A1.

23)
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Appendix 2

A2. Conversion of Focal Length

In using commercially available UV lens, most manufacturers glive
specification in a wavelength other than 248nm which is our \interest
for KrF laser-plasma experiments. Here, we summarize formulae to
convert focal 1length from one wavelength to another and physical
constants necessary to use the formulae.

The formulae to convert focal length is given by

n1 -1
¥F = ———wonouwu . F (A2.1)
2 n2 -1 1

where Fm and n are focal length and refractive index of the lens for
wavelength Am. (m =1, 2). For example, for F1= SOmm Lens ( supplied
by Melles Griot ) and n, = 1.46008 at 546.1nm, eq.(B.1) gi-es F2 =
0.46008 / 0.5084 X SOmm = 45.25mm for n, = 1.5084 at 248nm.

Table 1 summarizes specification of design wavel ngth for
plano-covex fused silica lens and refractive index of fused silica at

the design wavelength for several manufacturers.

Table A2.1. Specification provided by manufacturers

Manufacturer Design wavelength Refractive index
Melles Griot 546. inm 1.46008

Oriel S89nm 1.458

Ealing 0. S9um 1.4S8

Table 2 summarizes refractive index of fused silica and fused

quartz at several important wavelengths.



Table A2.2. Refractive index of fused sillca and fused quartz

refractive index n

A (A) fused silica fused quarts
-
2482.72 1.5084 1.508398 (1.508383:calc. )
(=~ KrF laser)
2538 1.505468 ( calc. )V
(Hg line)
»
5461 1. 46008 1.460078 (1.460077: calc. )"’

(Melles Griot design A)

-
5890 1.458
(Oriel & Ealing design A)

6328. 2 1.45665S5 ( calculated)?
{(He-Ne laser)

® from manufacturer's catalogues ( Meiles Griot & Oriel )

calc. : calculated by empirical formulae in reference listed

below

Listed below are empirical formulae for refractive index of fused
quartz and several references for the refractive index. Note each

formulae has its applicable region.

1) I.H.Malitson, J. Opt. Soc. Am. S5, 1205 (198S).
( from 2138.56A to 37067A )

2 aikz a2A2 a3A2
n~ =1 + 3 > 5 + > > ( A in um )
A% b A°- b 2 A°- b
1 2 3
(A2.2)
where a1 = 0.6961663 b1 = (). 0684043
2 = 0. 4079426 b2 = 0.1162414
3 = 0.8974794 b3 = 9.896161

2) W.S.Rodney and R.J.Spindler, J. Opt. Soc. Anm. 44, 677 (1954).
( from 0.34pm to 3.50um )
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0.008777808 _  84.06224
A%~ 0.010609 96.00000 - AZ

n® = 2.978645 +

( A in um )

(A2.3)

Other references
3) VUV region ( S37A -~ 101404 )
T.Sasaki, H.Fukutani, K.Ishiguro, and T. Izumutani,
Jpn. J. Appl.Phys., 4, (suppl.1), 527 (1965).
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4) UV region ( 1999.6A - 2961.16A )
H.G. Jerrard and J.Turpin, J.Opt.Soc.Am., 55, 453 (1965).
B.Brixner, J.Opt.Soc.Am., 44, 674 (1967).
5) Visible ( 0.5um - 4.3um )
M.Hertzberger and C.D.Salzberg, J.Opt.Soc.Am., 52, 420(1962).
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Appendix 2

A3. Formulae for Plasma Parameters in Fractical Units
In this section, formulae in pra-: '..*: viris used for laser-plasma

interaction are summarized. Units are CGS uiiiess otherwise noted.

Unit Conversion

2 2
cm -g/s” = dvn-cm

erg =

2 2
dyn = statcoul“/cm
W = 107 erg/s

W/cm2 = 107 g/s3

Basic Parameters for KrF laser

AG = 0.248 (um)

w, = 7.5861x10'% (1/5)
k, = 2.5305x10° (1/cm)
n_ = 1.8082x10%%(1/cm3)

(=]

Laser intensity (W/cm®)

2
E
I = 82 c for linear polarization (A3.1)
= 1077 & _lemss) E % (statV/cm)
8n o]

119.28 Ebz(statV/cm)

-1, .
EM wave wavenumber (cm ) in plasma

wO
k = — J l1 -n/n (A3.2)
o] C e c

Debye lenglh (em)

T T (eV)
e e

Ay = | —=— = 7.4340x10% | —= (A3. 3)
4 n ne e e

= 5.5283x10"° for KrF laser
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Electron and ior thermal velocity (cm/s)

v =41, m = 4.1939x10" 4 T_(eV) (A3.4)

a
]
[+ ]

v. =4 T/ M

l /M 9.7873x10° A T, (eV) / A (A3.5)

Group velocity of EM wave (cw/s)

v = c J 1 -n/n (A3.6)
g e c

Sound velocity (cm/s)

ZT_ + 3T, < ZT (eV) + 3T (eV)
c =| —=__ 1 = 9. 7873x10 hd (A3.7)
s M A

i

,where A is an atomic mass number

Electron oscillatory velocity (cm/s)

e E -4
v =__0°2_.¢8 10 A(um) J 8T 107 1(W/em?) (A3.8)
os mw m 2nc c
e O e
= 25.630 J I (Wem?) - A2 (pm) (for linear polarization)
= 6.356 J I (WIcmz) for KrF laser
v?=656.921 2 2
os am
= 40.403 1 for KrF laser

Electron and ion plasma frequency (rad/s)

w = e = 5.6414x10% I n (A3.9)
pe m e

= 7.5860x10ls n/ nc for KrF laser
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2 2
4 nn 2°e n‘
w = = 1.3166x10° 2 | —* (A3.10)
P M i A
1
14 n 1
= 1.7704x10 z2 —=_2 for KrF laser
R n A
[o]
if n=2n,
e
Z m 2
woo=w 2 = 0.02334 w S
p pe Ml pe A
Electron-ion collision frequency (s ')
4 ~|21t e4 Z n 1nA
v, =T = e °3/2 (A3.11)
© < 3m T
e [
= 2.9062x107° 2 n_ lnA / T:/a(ev)
16 n 3/2
= 5.2551x10'° 2 T"' InA 7 T 7"“(eV) for KrF laser
[ 4
Ion-ion coellision frequency (s-l)
a {2t n_ 1nA
1)1 =1/ 'r“ = VEREYE (A3.12)
3M°° T
= 4.7958x10°° 2° n_ 1nA / ( A'7? T2 (ev) )
= 8.6718x10"" 2° —= 1nA / ( A% T¥% (ev) )  for KrF laser
[
Electron-ion collision mean free path (cm—l)
-10 2 n
A =v T =7 9806x10 T (eV)/[Z id lnl\} (A3.13)
el e el e nc



Damping

© Inverse Bremsstrahlung Absorption Coefficient x

(cm™)

e

1/2 l1én Zn ° 86 1nA
kK = (2n) } ° (A3.14)
1b 3 1,2 > n 1/2
c (mT_) [ 1 - —ﬁ]
o n
C
v 2
A= hd P = max[ Zze h ] (cm)
min T 1/2
0 mwmin N [} ( meTe)

e

'n

c

_ -7
T = 1.4399x10

'-)l XN}

(eV)

¥, = Ko vq (1/s)

9.2494x10° 2 ne2 1nA Te-3/2

n

[=4

© Ion Landau Damping rate

:; w, 2T kc_
¥ w4 2=+ = exp[ -
y = e T kv,
~
948
zT
g® = = g = 0.62666

3.0853x10°° Z n 2 1nA Te‘3’2(ev) w

-2

(1 -n/n)
(-3 C

2
1.7529x10° 2 [ °] InA 7 (T¥%eV) (1 -nsn)t’2)
n e e [

for KrF laser

h oz = 2.760x107° T_'72
( meTe) (eV)
(A3.15)
-2
{(eV) wo

2T

2
5.2550x10'% Z [—EEJ 1nA Te'3’2(eV)

e

2T
i

,——°+B| -exp[-—(B +3)]

for KrF laser

N W

] } (A3.16)
J4

0.023337 ( 2z A ) V2



SBS in infinite homogeneous plasma

Growth rate

o
]

v w 172
_l_.__E.[ 2 ]-w -J 1 ~n/n
0 2 c w pi e c
S

3.9796x10"7 A 2
Lm

A
= 1.3271x10"? 1
14
Intensity threshold
v 2
X3 =g ws ?lb c
2 w ©
v s e
[
v 2 r g 3
I, (W/em®) = s [ g —2 w“’
328.44-A%(um) s o}

n v I
—3 . J1 (W/em®)

for KrF laser

(A3.17)

{A3.18)



Appendix 4

A.4. Target Burnthrough Experiment

In this appendix, preliminary results of target burnthrough
experiments are briefly reported. It is found that transmitted light
through a thin foil target shows strong spatial and temporal
modulations. This experiment provides supportive information to our
SBS analysis and CASTOR 2D hydrodynamic simulation results. The
possibility of filamentation is examined by taking into account

nonlocal thermal transport.

A4.1. Experimental Setup

The experimental setup was basically the same as for the SBS
experiment except that the streak camera was placed behind the target
without a time fiducial. Thin foil targets were irradiated by the KrF
laser at normal incidence and the rear surface of the target was imaged
on the streak camera. Two kinds of material were used for targets; Al
and plastic. The Al foil used was a commercial product from
Goodfellow Inc. (Cambridge, England); the thickness of the foil was
varied from 3um to 9um. As it i3 easily available, we used the
commercial product "Saran Wrap" (-CHZCCIZ-) for the plastic thin foil
target whose specific gravity and thickness zre =~ 1.7 and 12um,
according to the manufacturer. The trzusmission of the Saran Wrap
foil was measured to be 65% at 248nm. These target foil thicknesses
were thin enough to burn through during laser pulse.

The rear surface of the targets was imaged on the streak camera by

a 12.5cm aspheric triplet lens (f=2.5) with magnification M = 50, The



spatial resolution of the lens was measurea *to be about 2um. To avoid
damage by target debris, KODAK Wratten gelatin filters (ND 0, 0.5, or
0.6) were placed in front of the lens, which also worked as an
appropriate attenuator of the intense laser beam. Distortion of the
image by the filter was visibly confirmed to be negligible. To
discriminate the transmitted laser light from the self-emission of the

target, an interference bandpass filter (Oriel, 11.Snm bandwidth at

250nm, transmission = 22%) was used.

A4.2. Experimental Results

A slice of the target image (= lum width) was streaked in time.
Since there was no time fiducial, timing of the 1incident pulse was
measured every few shots. The timing jitter was estimated to be about
*1 ns. Relative timing between the transmitted light and the incident
pulse can be correlated in *1 ns.

Figure A4.1 shows a streaked image of the original laser pulse
(taken without target). The spatial modulation period of the original
pulse was about Zum. Although the nominal spatial resolution of this
experiment is about 2um, we also measured our focal spot with better
resolution (< 2um) and found the typical hotspot size is = 2um (see
secticn 5.1.2). The image also shows slight temporal modulation (=
10%) with a period of 200ps.

Figures A4.2 and A4.3 show streaked 1images of the transmitted
light through Saran Wrap targets with low laser energy EL= 386mJ
(fig.A4.2) and high laser energy 820mJ (fig.A4.3). Although Saran
Wrap 1is transparent to 0.248nm light, we did not observe strong

transmitted light signal at the beginning of the laser pulse. We

198
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therefore expect that plasma was quickly formed by the weak leading
foot of the laser pulse. The transmitted light signals show 12um of
plastic target was burned through at relatively early time of the laser
pulse: the peak of the laser pulse is at 2-3ns in the vertical axis of
the figure. The spatial modulation period is about 2-4um - almost the
same scale as that of the original pulse. The temporal modulation
perlod depended on the laser energy. Stronger temporal modulations (=
90%) were observed for higher energy shots with a period as short as
200ps (limited by time resolution of the streak camera). Even in the
fastest sweep mode with time resoluticn of 40ps, we only observed
temporal modulation periods = 150ps.

Figures A4.4 and A4.5 show streaked images of the transmitted
light through Al targets with thickness of 3um (fig.A4.4) and Sum
(fig.A4.5). Laser energies for these shots were 790mJ (fig.A4.4) and
708mJ (fig.A4.5). The 3um target was burned through about 2ns earlier
than the 9um target. Even 9um Al target was burned through by the
peak of the laser pulse. Similar temporal and spatial modulation
features were observed for these comparable energy shots. It is noted
that generally, in spite of the strong spatial modulation, the intense
and weak parts of the transmitted laser light appeared simultaneously
over a region comparable to the focal spot size.

Partial burnthrough was only observed for a few individual shots.
Figure A4.6 shows an example of early partial burnthrough observed for
9um Al target with Eﬁ= S75mJ. Intense laser light with a spatial
scale of 2um appeared early in the laser pulse. It is noted that
such an early partial burnthrough was observed in this particular shot

and was not usually observed.
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Fig.A4.1. Streaked image

of the original laser light
(a). 1ts contour (b), and
3D intensity map (c).

Laser energy was 650mJ.
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Fig.A4.2. Streaked image
of the transmitted light
through Saran Wrap target
(a), its contour (b), and
3D intensity map (c).

Laser energy was 386mJ.
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Fig.A4.3. Streaked image
of the transmitted light
through Saran Wrap target
(a), its contour (b), and
3D intensity map (c).

Laser energy was 820mJ.
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(a)

Fig.A4.4. Streaked image
of the transmitted light
through Al 3pm target
(a), its contour (b), and
3D intensity map (c).

Laser energy was 790mJ.
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(a)

Fig.A4.5. Streaked image
of the transmitted light
through Al 9um target
(a), its contour (b), and
3D intensity map (c).

Laser energy was 708mJ.
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(a)

Fig.A4.6. Streaked image
of the transmitted light
through Al 9um target
(a), its contour (b), and
3D intensity map (c).

Laser energy was 575mJ.
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A4.3 Discussion

By just looking at the transmitted 1light thrcugh plasma, it is
difficult to conclude the existence of filamentation because of the
effects of refraction by plasma. We can, however, determine several
experimental observations from the burnthrough experiments. First of
all, the 10um Al target was burned through around the laser peak. If
one assumes that the burnthrough was due to the target ablation, a mass
ablation rate m is estimated to be 3x10° g/cm’s. This value is
significantly higher than m = 4x10° g/cmzs which is derived from the
scaling law obtained in a previous KrF laser-plasma experiment with
lower intensity (= 1013W/cm2) and larger focal spot size (74um diameter
for 90% energy contour)l{ This implies that the shock wave,
rarefaction, and resulting target disassembly are playing an important
role in the target burnthrough. The 2D hydrodynamic simulation
results in chapter 4 show the critical surface is located 10um inside
the initial target surface at t=1.8ns (0.6ns before laser peak).

Secondly, if one assumes that the modulation seen in the image was
caused by refraction of the transmitted iight by the plasma (temporal
misalignment of the image to the streak camera slit), the time scale of
change in the refractive index is roughly estim-~.ted as fast as 150ps.
Such a fast change in density wvariation was observed in the CASTOR
results; indeed, at early time in the laser pulse, CASTOR predicted a
density variation time scale of = 20ps. The interesting point here is
that this experimental evidence supports the density variation seen in
CASTOR (see chapter 4.3), which is caused by a complex interplay of
laser beam refraction and local mass ablation.

Thirdly, despite the strong temporal modulations in the
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transmitted light, the signals appeared at almost the same spatial
position throughout the pulse. One can see vertical stripes of light

signal in most of the images except for fig.A4.3 with high laser

energy. As seen in fig.A4.1, our beam has spatial structure which is
constant in time. Similar structure is observed in the transmitted
light, especially at late time in the laser pulse. This means that

the structure was not smoothed out by the plasma but remained so
throughout the laser pulse. Although more details of the target
behavior have to be examined by experiment and 2D simulations, this
experimental observation may suggest the imprint of the laser beamzx
In addition, this observation confirms that our hotspot analysis in
which the focal spot structure was implicitly assumed to be steady in
time is appropriate for our case.

Finally, in spite of the strong modulations in space and time in
the transmitted light, the intense and weak parts appeared at almost
the same time (clearly seen in the 3D maps), except for the particular
data in fig.A4.6. This experimental evidence excludes the possibility
of filamentation. If the modulation was caused by filamentation, one
would expect the intense part to burn through faster than the the weak
part, since the m s ablation rate is larger for high intensity. We
conclude that generally global burnthrough is observed, nct a partial
burnthrough due to filamentation. In the next sectlion, the

possibility of filamentation are discussed in detail.

A4.4 Possibility of Filamentation
Filamentationa) is an important process by which spatial

modulaticns in the laser pulse intensity profile can be amplified due
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to changes in the plasma refractive index. The resultant enhancement
in intensity can modify other instabilities such as SBS.
Filamentation can be classified as ponderomotlve3'“ or thermalS). At
high intensity, the ponderomotive force of the laser beam can drive
plasma out of the beam, thereby increasing the refractive index and
leading to stronger focusing of the beam. At low intensity, if the
beam size 1is larger than the electron mean free path, inverse
bremsstrahlung heating increases the plasma pressure inside the beam,
resulting in lower density of plasma and increased refractive index
inside the beam.

The instability thresholds for filamentation are summarized in
reference 6. If we define the threshold condition by one e-fold
acrease of the 1laser intensity and amplification distance by an
inverse bremsstrahlung absorption length Labs. the intensity thresholds

for ponderomotive filamentation (IP) and thermal filamentation (IT) are

given by6)
2 12 1 2l n
I (W/em®) = 3x10°° —=— = (A4.1)
P 3 172 n
A T c
2 13 1 2 n
I_ (Wem®) = 6x10°° —— T _° (A4.2)
T 7\2 nc

where A and T are laser waveiength in um and electron temperature in
keV. Figure A4.6 (a) shows the dependence of intensity thresholds on
incident laser intensity for A = 0.2Sum and ne/nc=0.5. It is noted

that the temperature dependence for threshold was converted to

intensity dependence via a relationship Tev= 600-1(:;“. where 114 is
laser intensity in 1014W/cm2. At low intensities (low temperature),
IP is substantially higher than IT. As Iintensity (temperature)

increases, I_r increases because of longer electron mean free path.

08
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Relationship between perturbation wavenumber



For the assumed conditions (ne/nc=0.5. L = Sum), both

abs

intensity
thresholds are higher than the corresponding laser intensity, hence we
do not expect amplification of intensity by filamentation. This is
mainly due to strong inverse bremsstrahlung absorption restricting the
amplification distance. On the other hand, if one assumes ne/nc=0.l
(L}bs= 180um), the intensity threshold for thermal filamentation is
actually lower than the corresponding laser intensity. However, such
a long scale length of plasma in our experiment is not expected.

The above discussion is based on a simple homogeneous plasma
theory, where the average laser intensity and plasma temperature are
related by a simple scaling law expected from the self-regulating
model. Next, we examine the dependence of filamentation growth rate

by taking into account laser beam inhomogeneity and alsoc non-iocal

thermal transport7{ The dispersion relations for ponderomotive and

thermal filamentation are given by6)

2 2
W v
L O e L - I (ponderomotive) (A4.3)
1 o r r 2 2
c 2v
ef
2 2
2,2 4 Vo @ e
4 k% k% + k© - =0 (thermal) (A4.2)
1t 7o r 2 2,2
14v™ c™ 2
el el
where the wavenumber of the perturbation is defined by k = Er + igp
k -k =0, and k 1is parallel to k . v and A are electron-~ion
“r O =t -0 el el
collision frequency and mean free path. The solid lines in fig.A4.6

(b) show the relationship between instability wavenumber (kx) and
intensity perturbation wavenumber (kr) calculated from egs. (A4.3) and
(A4.4) for I =2x10'°W/cm®, T=814eV, and n_/n_=0.5. Ponderomot ive
filamentation shows an optimum perturbation scale length (l/kr) = lum

but requires a growth length of 100um (defined by Zle = 1). Thermal



filamentation requires less growth length (= 20um) than ponderomotive
filamentation, but it is still larger than the absorption length.
If one assumes that a beam with hotspots of intensity Ihs

interacts with bar:ground plasma whose temperature is decided by the

average intensity Iav (Ihss 2.3-Iav), the required growth length
becomes shorter. This is shown by dashed lines in fig.A4.6 (b) which
are calculated for IL=2.3><10“W/cm2, T=600eV, and n_/n =0.5
(Iav=10“'d/cm2). Thermal filamentation shows substantial reduction of

growth length for these conditions.

Recently, the classical theory of 1laser filamentation in a
homogeneous plasma has been extended to include the effects of nonlocal
electron heat transport7). It has been shown that the classical
thermal conductivity Ko given by Spitzer-Hérme) is not adequate under
conditions where the temperature scale length is shorter than some
appropriate electron mean free path. The new theory suggests that the
thermal conductivity k should be modified to account for kinetic
transport effects. By solving the Fokker-Planck equation
numericallyg). Epperlein derived an empirical relationship7)

1

) _ 2 -
K/KSH =[ 1 + ( SOkAe) ] (A4.5)

where ke i1s defined by

2

A =1 (22 1m (A4.6)
4ntne
and k is the perturbation wavenumber for filamentation. For large k,

eq. (A4.5) gives K/KSH< 1, which is commonly known as flux inhibition.

By taking into account eq. (A4.5), eq.(A4.4) is modified as

2 2
\"4 w [
4kfk§+k‘——-°-z——2%—s‘f=o (A4.7)
T14p° %A% K
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The dotted line in fig.A4.6 (b) shows the solution of eq. (A4.7) for the
same conditions as before. Evidently, for shorter perturbation
wavelength, the growth length can be reduced substantially.

For the focused laser beam conditions in our experiment, we
roughly estimate l/krz 2um, which then requires a growth length = Sum.
This condition may or may not be satisfied in our plasma. It might be
satisfled in the particular case of fig.A4.6 where the 1intense
transmitted 1light signal (saturated in the image) appeared = 1ns
earlier than the rest of the signal. I[f perturbations smaller than

2um exist in our laser beam, we should expect growth of thermal

filamentation. However, since spatial resolution in our focal spot
measurement was = 2um, we cannot conclude the existence of
filamentation due to such a small perturbation in our experiment. It

should be noted that we do not expect such small perturbations, since

generally we did not observe evidence for filamentation.

A4.S Summary

Images of the transmitted light through Al and plastic targets of
various thickness showed strong temporal and spatial modulations.
Relatively thick 10um Al ta:get was burned through by the irradiation
of tightly focused KrF laser beam. Temporal modulation in the
transmitted light is expected due to temporal density variations seen
in the CASTOR simulation results. It was found that the laser beam
non-uniformity is not smoothed out by the plasma but remains throughout
the laser pulse, which may suggest the importance of "“imprint". For
our laser-plasma conditions, thermal filamentation dominates

ponderomotive filamentation. Taking into account non-local heat
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transport, thermal filamentation shows significant decrease of the
growth length for short scale perturbations. Because of the short
scale axial length of our plasma, we generally do not expect and did

not observe filamentation in our experiment.
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