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ABSTRACT OF THE DISSERTATION

Investigations of Stimulated Raman scattering
from High Density Underdense Plasmas
Irradiated by a 0.35 Micron Laser

by

Humberto Glodulfo T. Figueroa Lopez
Doctor of Philosophy in Physics
University of California, Los Angeles, 1986
Professor A.T. Forrester, Co-Chair

Professor Chan Joshi, Co-Chair

Studies of stimulated Raman back and forward scattering and the generation
of high energy electrons at 0.35 microns are presented. To isolate the various
phenomena occurring at different densities, we attempted to control the plasma
density by varying the thickness of the foil targets and also by using foam tar-
géts of variable average density. The frequency of the scattered light is used as
a diagnostic to measure the plasma density. Time resolved and time integrated
spectra for various plasma densities are discused. Also, the measured energy and
angular distribution of the high energy electrons from foil targets are presented.
Two-plasmon decay is suggested as the probable mechanism generating the hot

electrons.
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The backscattered light presents a broadband spectrum in the sub-half-
harmonic region. This spectrum is limited by a sharp cut-off near 400 nm and by
a spectral gap near the half-harmonic region. The half-harmonic spectrum is
shown to be split into a red and a blue shifted peak. Effects of the self-generated
magnetic fields and plasma temperature on Raman scattering and two-plasmon
decay, respectively, are examined as possible mechanisms responsible for the
splitting of the half-harmonic spectrum. Finally, a discussion of the effects of the
coupling of Raman and Brillouin scattering on the Raman spectrum is presented
with emphasis on the quarter critical region. This last mechanism is suggested to

contribute to the splitting of the half-harmonic light.
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CHAPTER 1

INTRODUCTION

High frequency parametric instabilities excited when an intense electromag-
netic pulse (w,,k,) propagates through an underdense plasma are currently under

active investigation!™. Energy and momentum conservation give

Wy =0 + Wy, Ky=k;+Kky (1.1)

where at least one of the decay waves is an electron plasma wave (epw) with the

dispersion relation

Wy = 0F + 3k2vZ ; (1.2)

o2 is the electron ther-

W, = (4mnZ/m,)"? is the plasma frequency, v.= (KT./m,
mal velocity, and k; is the electron plasma wave wave vector. In the underdense
corona of a laser fusion pellet there are two such instabilities of great
significance: the stimulated Raman scattering (SRS) instability and the two-
plasmon decay (2wp) instability. This is because the plasma waves associated
with these instabilities can have phase velocities on the order of the speed of
light and therefore produce very energetic electrons when they damp®®7°, Since

such electrons can preheat the fuel in a laser fusion pellet before significant

compression, the 2, and the SRS instabilities are of particular concern. In the




20, decay instability, the two decay waves are both plasma waves, so that the
frequency matching can occur only if ®, = 2w,. This instability can therefore be
expected to occur only near the quarter-critical (n./4) layer of an inhomogeneous
plasma. The SRS instability, on the other hand, results from the resonant decay
of an incident photon into a scattered photon plus a plasmon. Since the
minimum frequency of an electromagnetic (e.m) wave in a plasma is @y, this
process can occur in the plasma region with densities n < n/4. If the scattering
of the laser light from SRS is strong enough, the laser light could be prevented
from reaching the critical density where the laser absorption is the strongest. On
the other hand, the energy of the laser beam could be anomalously absorbed by
the underdense plasma through the excitation of the plasma waves by SRS. The
relative importance of the reflective and absorptive nature of the SRS instability,
is dictated by the conservation law for wave action, or Manley-Rowe relation’!

which gives

= = (1.3)

where W; = Nfio; and N; is the change in the number of quanta in the jth wave.
Thus, except at n /4, the energy given to the scattered e.m. wave is always

greater than that for the plasma wave.

Experimental observations of the SRS instability have been reported by
several authors. Bobin et al.2 observed a scattered spectrum at /2 and a width
twice that of the laser when a 1x10° W Nd-glass laser was focused on a solid

hydrogen target. Later, Watt et al.!® studied the threshold and growth rate of




SRS. In their experiments, a 3x10°W/cm? CO, laser was focused on a 20 cm
long hydrogen plasma which was created and confined by a 16.5 kG 6-pinch.
Once the laser exceeded an intensity of 3x10%® W/ecm?, an exponential growth
was observed in the backscattered light. This scattered radiation showed a shift
in frequency which was in agreement with the expected frequency shift due to
scattering from the excited plasma waves at the measured density of

2x10' c¢m™, Raman scatter from a 0 pinch has also been observed by Amini®®,

Phillion et al!® reported the first SRS measurements from solid targets
when a high intensity 1.064 pum laser (Shiva) and a 0.532 um laser (Argus) were
focused on solid disc targets of both low- and high- Z materials. The scattered
spectrum, spectrally and temporally resolved, showed a broadband of frequencies
with a maximum intensity below ®,2. The half harmonic spectrum showed a
blue and a red shifted peak. The scattered spectrum was observed at laser inten-

2

sities as low as 5x10% W/cm?. These experiments were among the first using a

solid target where SRS apparently occurred "below threshold".

Spectrally and temporally resolved measurements of SRS reported by
Turner and co-workers?, showed that when flat solid targets were irradiated
with a high power, nanosecond, 0.523 pum laser beam, the observed scattered
light came principally from densities below n./4. The scattered light occured
nearly simultaneously over a wide range of frequencies and it was seen to occur

in bursts of duration < 50 psec.

The first measurements of the SRS spectrum with a 0.35 pm laser as a
pump, were made by Tanaka et al”? Tanaka made time integrated measure-
ments of the backscattered light when a parylene slab target was irradiated with

a 0.35 pum laser with intensities between 101 W/em? and 10'° W/em?. A broad




continuum spectrum was observed, similar to the one reported by Phillion et al.!?
A distinct gap in the spectrum between the @,/2 and the broadband spectrum
was conjectured to be due to profile steepening. The half-harmonic radiation
intensity showed two distinct increases at the threshold intensites of 4x10' and
4x10™ W/cm?. The first increase was attributed to the excitation of the 2w,

decay instability and the second, to the excitation of SRS at the n. /4 layer.

The most direct way to observe the Raman instability in experiments is to
measure the frequency shift of the scattered light from the frequency @, of the
incident laser. This shift should agree with the frequency of the electron plasma
waves for plasmas with densities below n /4. It is irnpoxtént to recognize, how-
ever, that the scattered light with frequency ®,/2 could ambiguously come from
the mode conversion of the plasma waves from the 20, instability into e.m.
waves. This mode conversion, which is a process inverse of resonance absorp-
tion, is possible since the plasma waves are being excited very close to their

cut-off density.

The first measurements of parametrically excited plasma waves at n/4 were
made by Schuss et al.!! In their experiments, a 40J, 130 nsec FWHM CO, laser
was focused into a hydrogen gas jet. The plasma waves thus excited, were
detected through Thomson scattering of a ruby laser from these waves. The
scattered ruby light showed a sharp increase in intensities at a frequency shift of
Aw = /2, indicating that the scattering process was due to the presence of
plasma waves at n /4. These measurements agreed with interferometric measure-

ments of the plasma density.

Ruby Thomson scattered measurements also allowed Baldis et al.!? to

observe the decay plasma waves generated by 2, decay when a 5x10'? Wiem?,



4 nsec FWHM CO, laser pulse was focused on a solid carbon disc. Optical inter-
ferometry, performed simultaneously with Thomson scattering, showed steepen-
ing of the profile at densities n,/4 and below. Time resolved Thomson scattered

measurements 16-17

showed the saturation of the 2w, decay instability which was
attributed to the ion motion driven by the ponderomotive force associated with

the large amplitude electrostatic waves.

Thomson scattering has been used to probe for Raman driven plasma waves

by several groups. Darrow et al.%?

used the frequency shifted signal, by the
plasma frequency ,, of the Thomson scattered light as a sensitive diagnostic of
plasma density in an optical mixing experiment. Walsh et al.’2 used Thomson
scattering to simultaneously time resolve the Raman driven plasma wave and the
Brillouin driven ion wave. Recently, Mayer and co-workers!?® have investigated
the evolution of plasma waves from a plasma with a density gradient, by k and
time resolving the Thomson scattered light. Finally, D. Umstadter'!* at UCLA
has recently simultaneously measured the frequency shift of the backscattered
light and the frequency of the plasma wave (by Thomson scattering) and con-

clusively demonstrated that the backscatter instability was Raman by the &~ and
k-matching condition.

High energy electrons generated by the SRS and 2w, decay instabilities
have been observed directly by Ebrahim et al.%%62 Joshi et al.%, Burger et
al®and Villeneuve et al%; and indirectly via the high energy x-ray
bremsstrahlung they produce by Phillion et al.%, by Nugent et al.%”, and by Keck
et al.’’. Ebrahim and Joshi®' made detailed measurements of heated electron
distributions created by the interaction of a 1012 - 101 W/em? CO, laser with

plasmas created from solid targets. The angular measurements of the energetic




electrons indicated that the electrons were ejected preferentially in the backward
direction with maximum energies of up to 600 KeV. Since the plasmas ¢reated
from the solid targets were highly inhomogeneous with peak plasma densities
larger than the critical density, the authors were unable to discriminate the pro-

cess responsible for the accelerated electrons.

Villeneuve et al.%? measured the hot electron emission from a uv laser pro-
duced plasma from a solid target. The majority of the hot electrons with ener-
gies between 100 - 400 keV were thought to be produced by the 2, decay since
the hot electron threshold correlated very well with the onset of the w,/2 radia-

tion.

In the experimental part of this dissertation, we present direct observations
of the SRS instability induced by a 0.35 pum laser in totally underdense plasmas.
At this short wavelength, collisional or inverse bremsstrahlung absorption is the
dominant coupling mechanism. Also, the inhomogeneous threshold for SRS is
much higher for a given scalelength at shorter wavelengths. However, the next
generation of laser-fusion targets will produce plasmas that are thousands of
wavelengths long. In such plasmas, the extent to which this instability will play
a role will be dependent upon the complex interplay between lowering of the
threshold with increasing scalelength and whole-beam or small-scale self-
focusing because of thermal or ponderomotive effects, on the one hand, and sta-
bilization by significant collisional absorption below n/4 on the other. To iso-
late the phenomena occurring at and below n./4, we attempted to control the
maximum density of the plasma by two different methods. In the first method,
we used a 1 pm prepulse on a limited thickness target. An intense 0.35 yum

mainpulse is then used to excite the instabilities in such a preformed plasma. In




the second method, foam disc targets of various densities were irradiated by the
0.35 um main pulse. These targets allowed us to vary the average plasma density
in the neighborhood of n/4 and at the same time permitted us to create plasmas,
with only a laser of modest energy of about 50 J, whose lengths approached that

of plasmas expected to be generated from a future laser fusion pellet.

This dissertation is structured as follows. Chapter II contains a review of
the SRS theory that is directly applicable to our experiments. The theory of
plasma waves and electromagnetic waves propagating in a rippled plasma is
presented in Chapter III. The experimental results from foils and foam targets,
together with a detailed discussion of the results, are presented in Chapters IV
and V. Chapter VI discusses the splitting of the half-harmonic light, and
Chapter VII contains the summary and conclusions. The appendix contains a

short review of the laser system used in these experiments.




CHAPTER 11

RAMAN THEORY

The theory of Raman scattering in homogeneous and inhomogeneous plas-
mas has been worked out by several authors. For completeness, we give a
simplified review of this theory following very closely the works of Drake et al.*

and Estabrook and Kruer?,
Stimulated Raman scattering is the process by which an incident e.m. wave
of high enough intensity decays into a plasma wave and a scattered e.m. wave of

different frequency. This process satisfies the frequency and wave vector match-

ing conditions:
Wy = Qg + Dy (2.1
and

ko = ke + k, (2.2)

Here, (m,k,) is the frequency and wave vector of the incident e.m. wave;
(00g,K) and (MgpyK,) are the frequency and wave vector of the e.m. scattered

wave and plasma wave respectively.

From these two equations one can easily see that SRS will occur in the
region of densities n < n/4. Thus, the scattered frequency will fall in the range
0/2 €0, £ 0, OF0,/2 corresponds to scattering from n./4, whereas ®=w,

corresponds to the limiting case of scattering from zero density. This two bounds




for the scattered frequency are correct in the cold plasma approximation; how-
ever, corrections due to the finite plasma temperature will modify these two lim-
its.

In what follows, we will consider a 1-D plasma; thus, we will be concerned
only with two types of Raman scattering: (1) stimulated Raman backscattering
(SRS-B) and (2) stimulated Raman forward scattering (SRS-F). The labels back
and forward correspond to the direction of the scattered wave. In back scatter,
the direction of the scattered wave opposes that of the incident e.m. wave. In
forward scatter, the scattered wave travels in the same direction of the incident

wave. The k-matching diagram for these two processes are shown in Figs. 2.1(a)

and 2.1(b).

Let us consider a plane polarized em. wave E(x,t) propagating in an

infinite, homogeneous plasma
E(x,t) = Eje cos(kyx — @yt)

. (Ko — @,1)

Eje.e +c.e (2.3)

1
2

The equilibrium will consist of electrons oscillating in the electric field of the
incident e.m. wave. The ions are assumed to be fixed. Let us now perturb the

electron density with a small disturbance

ny(x,t) = ny el " P 4o g (2.4)

This perturbation will scatter radiation with frequency and wave vector

W5 = Oy = Wy £ A (2.5a)



P S
R (a)
k
P
k0 .
(b)
K, K,

FIG. 2.1. k matching for (a) SRS-B, and (b) SRS-F, assuming all frequencies

positive.
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and

kS

i}

ks =k, £k, (2.5b)

The scattered sidebands will beat with the incident e.m. wave at the frequency
and wave vector (o)p,kp). This beat wave will enhance the density perturbation
through the ponderomotive force, which in tfurn, will scafter more radiation.
Thus, we have a feedback loop whose final result is the excitation of the daugher
waves (0gKs) and (Wepu-Kp) at the expense of the energy contained in the pump
(t,,k,). Notice that Fig. 2.1 does not correspond to Eq. (2.5b) since now ) can

be negative.

2.1 EQUATION FOR THE SCATTERED EM. WAVE.

Let us assume that the scattered e.m. wave are plane waves of the form

i(ke X ~

E.(x,t) = E,e.e *) e (2.6)

From Maxwell’s eqns. one gets the vector wave eqn. for E.(x,t):

o°E 2]
g o, L 9P Am O 2.7
V(VE) - VE + 5 — =55 2.7

Since we are looking for scattering at the frequencies @, we have to consider
the components of the current density J that oscillate at those frequencies. Thus,

the only possible combinations of density and velocity in J will be

11



Jio = —engv, —enyv, (2.82)
and

J_=—enyv_ —env, (2.8b)

Here, v, and v, are the quiver velocities of the electrons in the fields of the scat-

tered waves and the incident wave respectively:

—ie
= E 2.9
Vi - | (2.93)
—ie
Yo T E, (2.9b)

v, is the complex conjugate of v,. The relations (2.9) are valid only if the elec-

tron velocity is much less than c. This is true for most of today’s lasers.

Substituting eqns. (2.9), (2.8), and (2.6) into eqn. (2.7) one gets, in the 1-D

case.
ny
(©2 - 02 - kv, = mgn—vo (2.10a)
0
and
n
(©2 - 0f - HDv_= ol—v; (2.10b)

12




These equations give the scattered electric field produced by the interaction

of the pump with the density perturbation.

2.2 EQUATION FOR THE PLASMA WAVE

The plasma wave will be excited by the ponderomotive force that results

from the beating of the sideband modes with the incident e.m. wave.

The equations needed to get an expression for the behavior of the density
fluctuations in terms of the coupling between E, and E, are the following:

a) Poisson’s eqn.:

V.E = ~4nen, (2.11)
b) Continuity eqn.:
on
= + V.(v) =0 (2.12)
at
c¢) Equation of motion:
av e , Vo
— = —-——FE - 3yf—— — =V{(v. 2.13
" o F 3V T2 (v.v) (2.13)

The first term on the RHS of the eqn. of motion is the acceleration due to the
longitudinal electric field, the second term is the acceleration due to pressure,
and the last term is the ponderomotive acceleration. This last term will contain

the beating between E; and E,.

Since we are looking for perturbations with phase K,.X — Wgput, we need to
take the components of the eqns. (2.11), (2.12), and (2.13) with that phase.

Fourier analizing in space and time, we get
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ik E = —4men; (2.14)

“Oepully + TokyV = 0 (2.15)
g =~ = 3ivEmrl, = ik (V_V + V,Ve) (2.16)
Cpw m € n, pt'—Yo +Y¥o

Solving for n; one gets:

¥
ny V_Vy + V¥, 217
n . kP 2 a2 31(2 2 ’
0 O)epw (Dp p Ve

Now, multiply eqn. (2.16a) by v, and eqn. (2.16b) by v, and substitute into eqn.
(2.17). We get

2 2 _ 322 = o2 2 1Vol? 11 218
0w = 07 = 3gv¢ = k0, | 5=+ - (2.18)
where
D, = ck? - of + o} (2.19a)
and
D_=c%k?- o+ o} (2.19b)

2.3 DISPERSION RELATION FOR SRS-B

From egns. (2.19) and (2.5), one can obtain the relation between D, and




+D_ (2.20)

If D,= D_= 0 both side bands will be resonantly excited, otherwise only the
(®_.k.) will be unstable and the D, term can be neglected in eqn. (2.18). This

latter case will be true only if

> Dgpu " (2.21)

In the case of SRS-B, the range of values for the wave number of the

plasma wave will fall in the interval k, < k; < 2k, with k, on the order of k,

nC
only at T Thus,

and both D, and D_ cannot be simultaneously excited. Therefore, in the case of
excitation of the SRS-B instability, the D, term can be neglected in the disper-

sion relation, eqn. (2.18), resulting:

2w}y, |2
(@& — 02 = 3k2v3) (0?2 - 0f - c%k32) = - %‘—’—w (2.22)

Notice that on the left hand side we have the dispersion relations of the plasma
wave and the scattered e.m. wave which are now coupled through the pump v,

For v, = 0, we regain the uncoupled modes.
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2.4 GROWTH RATE FOR SRS-B

One can estimate the growth rate for SRS-B by letting g5y > Wepy + 10

and substituting in egn. (2.22). Neglecting the temperature term, one obtains:

1/2
5 = Savo [ Op ] (2.23)
P

4 |0, ®

The value of k, can be obtained from the ®- and k-matching conditions eqns.

(2.1) and (2.2) to give:

. n /2 1 127312
kz—o{lw—} + [1-2[—} (2.24)
c . n,

2.5 THRESHOLDS FOR SRS-B

So far, we have neglected all the energy dissipation terms in our calcula-
tions. This means that SRS-B could be excited by any e.m. wave of arbitrary
intensity. However, if the daughter waves dissipate energy into the bulk of the
plasma, the instability will grow only if the intensity of the pump is higher than
a given threshold. This threshold can be estimated by introducing a phenomeno-
logical dissipation process into the eqn. (2.22). Let v, and Y. represent the
energy dissipation terms associated with the plasma wave and the scattered e.m.

wave respectively. Thus, assuming weak damping, eqn.(2.22) can be written as
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2,02 2
Zf| vl

7 (2.25)

2 i Y 2.2 2y _
(mepw + WYpOepw — 0)?)(03_ + 1Y _ — ¢“k* — OJP) = -

Here, the temperature term has been neglected. Letting 0.5, — ©, + i we get

at threshold (8=0):

e 0

2 .

(2.26)
p

The physical meaning of this relation can be made clear if we wrife it in

terms of the growth rate. Substituting eqn.(2.23) into eqn.(2.26) we get
&% = Yo¥- (2.27

This says that the threshold will occur when the rate at which the energy is
being deposited into the dawghter waves equals the rate at which the daughter

waves dissipate energy.

2.5.a COLLISIONAL THRESHOLD

If the dominant mechanism that dissipates energy into the plasma is

electron-ion collisions,then the ¥, and y_ terms are given by

Y= (2.282)

and

17




)]

=

Vei
—_ 2.28
5 (2.23b)

|

’Y_“__"

I'ra

W

Here, v,; is the electron-ion collision frequency. Substituting the eqgns. (2.28)
into eqn. (2.26) one gets the threshold due to collisions. Fig. 2.2 shows the
values of collisional threshold vs. the plasma density. We have used the typical
parameters that apply to our experiments: T, = lkeV and A, = O.SSuﬁ. The
maximum threshold is on the order of 10'* W/cm? and occurs at n /4. This thres-
hold is 2 orders of magnitude lower than the average laser intensity used in our
experiments. Therefore, collisions would not prevent us from exciting the SRS-B
instability. However, collisions is not the only mechanism that can dissipate
energy. Plasmas created from solid targets are highly inhomogeneous, and con-
vection of the daughter waves can effectively dissipate energy out of the interac-
tion region. This introduces a new type of threshold that the pump has to over-

come in order to excite the SRS instability.

2.5.b CONVECTIVE THRESHOLD

Let us assume a plasma created from a solid target with a density profile as
shown in Fig. 2.3. The daughter waves resonantly excited at x, will move away
from the resonant region and will be absorbed by the plasma in regions where

the phase mismatch exceeds 1/2%4.

The threshold due to this convective process can be estimated by substitut-

ing the dissipative terms v, and Y_ in eqn. (2.26) for




IR i 1 P T

THRESHOLD (W/cm?)

L ! tillll
0.01 0.1

DENSITY (n/ny)

FIG. 2.2. Collisional threshold for SRS-B and SRS-F vs. plasma density for a

0.35 wm laser and a plasma temperatute of 1 keV.
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FIG. 2.3. Local SRS-B k-matching in an inhomogeneous plasma.
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'Yp = W%E" (2.293)
and
Vo
Vo= '“z"" (229b)
Here, vy, _ is the group velocity of the plasma wave and the scattered e.m. wave, -

and { is the length of the interaction region. The length of the interaction region

is defined as the distance between the turning points of the WKB problem:

4
jAk(x)dx =172 (2.30)
0

where Ak = ko—kp——k_. In the case of a linear density profile, Ak = x{dkp(O)/dx},
which gives (% = (dkp/dx)_l. Substuting this expression for { together with equa-
tions (2.29) into eqn. (2.26) we get the inhomogeneous threshold for a linear

density profile:

2
Yol 2
{-—-—-} = mmka (2.31)

which is weakly dependent on the plasma density. Here, L is the density

scalelength defined as

-1 1dn 232
L =— (2.32)




Eqn. (2.31) can be expressed in a more useful form in terms of the pump inten-

sity and pump wavelength in vacuum:

W - 4x1017
em? L(um)A,(um)

X( (2.33)

Figure 2.4 shows the inhomogeneous threshold for SRS-B in a plasma with a
linear profile vs. the plasma scalelength. We see that for pump intensities on the
order of 10" W/cm?, millimeter plasma scalelengths are necessary in order to

exceed the threshold.

There are some situations in which the density profile is best approximated
by a parabola as is the case of plasmas created from exploding thin foils. There-
fore, it is useful to find an expression for the convective threshold of SRS-B in a

plasma with a parabolic density profile.

If we assume a density profile of the form

the mismatch coefficient will be

x? %k,

Ak = —
2 dx?*

for instabilities occurring at the peak of the plasma density. Thus, the threshold
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15
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SCALELENGTH (pm)

FIG. 2.4. Convective thresholds for SRS-B and SRS-F vs. plasma scalelength

for a 0.35 pum laser and kAp << 1.
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for a parabolic profile is

1/3
W 5%101 ng )
I = — | TEV) 2.34
G AZHum)LY3 (um) [n } e 239

In the intermediate density regime, @ =3w,, the threshold for SRS-B in a plasma
with a parabolic profile can be much lower than that for a plasma with a linear
profile with the same scalelength for modest temperatures. At low densities,
®,=100,, other energy dissipation meéhanisms such as Landau damping dom-

inate the behavior of the threshold.

2.6 STIMULATED RAMAN FORWARD SCATTER

One of the characteristics of forward scattering is that the involved density
perturbations possess a smaller wave vector than the ones responsible for back-
scattering. This can be seen from the k-matching construction shown in fig. 2.1.

For SRS-F, k, is given by:

ko =k, — k.

o, n 172 a vy
%:Yﬁ"?}"i'%?] (2.35)

We can see that the largest value that k; can take is k, at n,/4, whereas at low

or,

densities k,, tends to @wy/c. Thus, near ny/4, the D, term is non-resonant and can

be neglected in eqn. (2.18). This means that the expressions (2.23), (2.26), and
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(2.31) for the growth rate and threshoid for SRS-B will also hold for SRS-F in
this region. The only difference is that now k, is given by eqn. (2.35) rather than
by eqn. (2.24). Since k, for SRS-F is smaller than for SRS-B, the SRS-F thres-

hold will be higher and the growth rate will be smaller than for SRS-B.

The collisional threshold and the convective threshold for SRS-F are shown
in Figs. 2.2 and 2.4.

At very low densities, k,—®y/c, and the first term on the right hand side of
eqn. (2.20) becomes very small. In this case, both side bands are nearly resonant
and the D, term cannot be neglected in eqn. (2.18). Keeping both terms in the

dispersion relation, the growth rate and convective threshold in this limit take

the form:
2
6} I ig
pYo
= 2.36
V8aw,c 239
and
2 3
v w
ol o 4 |2 (2.37)
¢ kol { o
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CHAPTER 1II

PROPAGATION OF WAVES IN A RIPPLED PLASMA

The usual SRS theory that predicts the behavior of the scattered spectrum
assumes that the plasma density variations are negligible on the scale of the
plasma wavelengths involved in the scattering process. However, due to the
high SRS threshold, whenever one excites the SRS instability, stimulated Bril-
louin scattering (SBS) will also invariably be excited. SBS excites an ion wave
which ripples the plasma density with wavelengths smaller than that of the
plasma waves from SRS. Thus, it is important to understand the behavior of the

plasma waves and e.m. waves in the presence of a rippled plasma.

Recently, there has been a renewed interest in the study of the propagation
of high frequency plasma waves in the presence of ion acoustic fluctuations. In
the corona of a laser fusion pellet ion fluctuations can arise from several sources.
First, The stimulated Brillouin scattering (SBS) instability can generate fairly
large amplitude, ny/n, = 10%, ion waves with wave numbers twice that of the
incident e.m. wave’2. SBS can occur from very low densities, all the way up to
the critical density n.. Second, large amplitude ion waves with a wide spectrum
in k space have been seen near the quarter critical density layer and are thought
to be associated with the 2w, decay instability’>~’¢. Finally, ion acoustic tur-
bulence driven by the return current can occur near the critical density’’. Ton
fluctuations can influence the laser light absorption’® 8 and may affect the high

frequency instabilities which are capable of producing high energy electrons in

26




laser fusion pellets. Early theoretical work in this field was carried out by Kaw
et al®®. They studied the energy transfer between the primary plasma wave and
its spatial harmonics which were coupled to the primary wave via the ion
fluctuations. Later, Nicholson®® showed that the density modulations tended to
reduce the spatial and temporal parametric instability growth rates. Rozmus et
al.%7 analyzed the threshold conditions for SRS-B from an underdense plasma in
the presence of the ion acoustic fluctuations. They concluded that under certain
conditions, the threshold for SRS-B could be reduced by the presence of the ion
fluctuations. Barr and Chen®® studied the harmonic excitation of the plasma
wave from SRS in the presence of a rippled density induced by SBS at very low
densities. The ripple was found to reduce the usual growth rate of SRS and also
permitted the presence of other decay modes. In a subsequent paper, Rozmus
and co-workers>® presented a model for SRS in the presence of SBS and non-
linear effects described by the Zakharov equations. One of the main results of
this model is that it predicts enhanced damping and collapse phenomena in the
region where the Raman gap exists. Recently, Aldrich et al.®® studied the Lang-
muir collapse of the plasma waves when SRS is excited in the presence of SBS.
On the experimental side, Darrow et al. % have shown very recently the coupling
between the primary wave an its spatial harmonics when such a plasma wave 18
excited through the beating of two laser lines acting resonantly with the plasma

frequency.

In this chapter we address the effects of a density ripple on the propagation
of both e.m. waves and electron plasma waves. The ripple is assumed to be sta-
tionary in time. We find that the presence of a ripple in the plasma density intro-

duces "forbidden" bands of frequencies (evanescent modes) for both types of
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waves; the plasma waves being the most affected for typical values of the ripple
amplitude.

As we will see in chapter VI, the presence of these forbidden bands can
split the SRS radiation at wy/2 into a red and a blue shifted satellite. The blue
satellite is found to be more sensitive to the ripple hight and plasma temperature
than the red peak. Experimental measurements of such splitting show a good

qualitative agreement with the theoretical predictions presented here.

3.1. THEORY

Consider an infinite plasma whose density n, varies sinusoidally in space

about an average density value n, as given by

n;(x) = n,(1 + ecos kx) (3.1

Here, € is the relative amplitude of the ripple and k; its wave vector in the x
direction. An electromagnetic wave propagating in such plasma will satisfy the

wave eqn.

2
4n 91 1 9Er
V= —— + — 3.2
RURORF IO G2
where the current density J is given by
J=~—nev (3.3

The transverse electric field Ep and the electron velocity v are related by the eqn.
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of motion
. e
= — 3.4
\ - Er 3.4

Let us perturb the plasma such that

n=n,+n (3.5)
and

v=0+v; (3.6)
Combining egns. (3.2)-(3.6) and linearizing in the perturbations we get

o%Er 0°E;
2 a2
") = cop{l + gcos kxJEy + 3

(3.7)

C

where cog = 4rn eX/m,

Letting Ep(x,t) = ET(::L)ei“m + ¢.c and substituting into eqn. (3.7) one gets

d?E(x o -2 ol
d:;z( ) 3 L-g CZP cos kx |[Ex(x) =0 (3.8)

Transforming to the dimensionless variable & = k;x/2 and using the relation

cos(2E) 3“200325 - 1 one obtains
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PE(E) . 4o? - of +ewf)  Bew] cos% [BpE) = 0

d(t=2 Czkiz Czkiz

This relation can be written as

d*Er(8)
dg?

+ [B — H%cos2EJEHE) = 0

which is the Mathieu eqn. Here, we have made use of the definitions

4w* - of + ewld)
Czkiz
and
2
2 _ 880)p
CZkiZ

(3.9

(3.10)

(3.11)

(3.12)

Relation (3.10) represents the behavior of an e.m. wave of frequency @ propagat-

ing in a plasma with a stationary rippled density.

The case of the propagation of an electron plasma wave in a rippled plasma

was considered by Kaw et a1 and the relation that they obtained for the longi-

tudinal electric field under similar conditions was

d°Er (&)

e [b ~ h%cos%E]E (§) = O,
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where

_ 4(w?* - a)};’* + ecopz)

b= . (3.14)
[~y §
and
Rem?
h? = 2 (3.15)
3V§kiz

Here v, is the thermal velocity. Notice that eqn.(3.13) is identical to eqn.(3.10)
and therefore both the e.m. waves and the electron plasma waves will show a
similar behavior. The only difference between both relations is that now c? s

replaced by 3v§. The parameters H and h are related by

3v2
H? = —h2 (3.16)
C2

Thus, we only need to solve egns. (3.10 ) or (3.13) in order to get the dispersion

relation of both modes.

The fact that H? can be much smaller than h* for 2 given ripple amplitude
g, makes the e.m. waves far less sensitive to the density ripples than the plasma

waves, as will be seen latter.

Following Kaw et al.,, it is possible to express the solution to the eqns.(3.10)
or (3.13) as a Laurent series in ¢i2% multiplied by the factor ¢l Here, q is in

general a complex quantity. Thus, we can write
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EE) = mim Eel®m+ 25 (3.17)

Mism—o
where E represents B or Ep.

Substituting this solution into egns. (3.10) or (3.13) we get the recursion

relation
B’Epp — [d0® ~ 16(m + %)Z}Em + B2E,_; = 0. (3.18)
Here
B - yf. __4 2 2 f
5 22 (o mp) or e.m. waves
1
o = ) (3.19)
b~ b4 (0 — w2 for plasma waves
2 3V§'ki2 P
and

532 {H2 for e.m. waves

3.20
h?  for plasma waves ( )

Notice that o is independent of the ripple amplitude, and for a given average
density n, and ripple wave vector k;, o? can be regarded as the frequency of the

wave; B2 on the other hand, represents the ripple amplitude.

For the primary wave (m = 0) we have from the relation (3.18):

2 |E E_
(062“(12)“7[%}“4- El]: 0 (3.21)
0 o4
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which represents the dispersion relation of either the e.m. wave or the plasma
wave propagating in a rippled plasma. Notice that as the ripple amplitude £ goes

to zero, we obtain from the dispersion relation (3.21):

a? - =0. (3.22)
By letting
2k
= 2= 3.23
1= (3.23)
we get
W = oapz + c?k? for the e.m. waves and ®® = 033 + 3v2K? for the plasma waves

which are the usual dispersion relations for the e.m. waves and for the plasma

Waves.

In order to evaluate the dispersion relation (3.21) we still need to know the
parameters E. /E,. These parameters can be obtained from the three term recur-
sion relation, eqn. (3.18). This relation can be solved by doing a continued frac-

tion expansion®® for the unknowns E, in terms of E;. Thus, we have:

E 2
= LU B = (3.242)
™l 402~ 16(m + —%)2 - ﬁzmgﬂ
m
E 2
e B . (3.24b)
™ 402 — 16(m + %)2 ~ p2 é’“
m
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from which E./E, can be obtained in terms of Eyy/Eyy and so on. Thus, the

expression for Ey/E, will be:

E B2
- = - (3.252)
© 4o? - 16014+ - B2 B .
402 - 160+1)" - B2 B
4o — 16(3+%)2 —p2...
and
E_ 2
E‘ = p - (3.25%)
> 4o - 16(-1+1)7 - B2 b .
402 - 16(-2+3)* - B? B

4o — 16(—3+~%)2 - B2 ..

Since one cannot start from

+] , .
and move up to higher terms, the opposite 1s
O

what is normally done. One starts with a large enough value for m such that

2
- B (3.26)
mEL 16(m + —‘-’2&)2

Ey
Then, one substitutes these values for

into eqns. (3.24a) and (3.24b) and

0

E
work your way up to reaching = The values of E4/E, for given o? and q,
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are substituted into the dispersion relation (3.21) which will be identically
satisfied only for certain values of o and g, or in other words, for certain values

of w and k.

For the plots of the dispersion relation shown below, we used m = 10 in
the continued fraction expansion, which gave an error < 107 for E,/E,. The

values of B? used were less than 100.

The solid line of Fig. 3.1 represents the ripple-free dispersion relation of
either an e.m. wave or an electron plasma wave in terms of o? vs. q. We have
represented the dispersion relation in this manner to facilitate the comparison
with the corresponding dispersion relations in the presence of a ripple. The sym-

bol v represents either V3v, or c.

When a ripple is present, the waves can couple with their spatial harmonics
which possess the same frequency but their wave vectors are shifted by multiple
integers of k;, These spatial harmonics are represented by the dotted lines. One
should expect a strong interaction between the wave and its harmonics at the
points where both dispersion relations intercept each other. This strong interac-
tion can be observed in Fig. 3.2, where the numerical solution for the dispersion
relation (3.21) has been plotted for B? = 1 and q varying between -4 to 4. Only
the real solutions for o?<5 are shown. Now, the dispersion relation does not
extend continuously from o?=01t0 ¥ = 5, but instead, it breaks at o? = n?
(n=1,2,3,...), giving rise to forbidden frequency bands around these values. This
figure only shows two bands, a broad band around o? = 1 and a much narrower

band around o = 4. These bands come from the Bragg reflection of the waves at

intervals k = k;/2 apart.
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FIG. 3.1. Continuous line :Dispersion relation of an e.m. wave or plasma wave
in the absence of a ripple. Dotted curves: dispersion relation of the spatial har-

monics of the original wave.
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FIG. 3.2. Dispersion relation of a wave propagating in a ripple plasma with B =

1.
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The width of the forbidden bands depends on the ripple amplitude, and for
B2 =2 the stop band around o = 4 starts to become clearly resolved as shown
in Fig. 3.3. As the ripple increases the stop bands become broader, and for
B2 = 10 the dispersion relation already bears little resemblance to the one without
any ripple as shown in Fig. 3.4. In Fig. 3.5 we have plotted the first two solu-
tions o? and a? for q = 1 as shown in Fig 3.3 for several values of B%. Waves

with frequencies between Otf and o2 possess complex wave vectors k, its real

k.
part being equal to i(?,m-l)—zi (or £q = 1,3,5,...). These waves are evanescent,

and corresponds to the first forbidden band found in solids. For B? <« 1 one can

estimate the values of 0. by expanding the dispersion relation (3.21), obtaining

2
al=1t% %—. (3.27)

The subsequent forbidden bands will be narrower occuring at af=n%n=1,2..

At frequencies outside the the forbidden bands, the roots of the dispersion rela-
tion for k are real, corresponding to propagating waves. In Fig. 3.6 we have
plotted the dispersion relation near the first forbidden band for p? = 2, showing
the real and imaginary parts of ¢. In Fig. 3.7 are plotted the values of the ima-
ginary part of q vs. B? for a* = 1. Notice thai for high enough ripples the wave

could be damped le-folding in about 0.4 ripple wavelengths (Im(q) = 0.8).

Some of the interesting features of the dispersion relation that are worth
mentioning are the following. a) From Fig. 3.3 we see that it is possible to find
solutions to propagating waves for a2<0 or, what is the same, for ® < ®,. This

happens for waves with small k’s and its spatial harmonics. However, for large
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FIG. 3.3. Dispersion relation of a wave propagating in a rippled plasma with p?

= 2.
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FIG. 3.4. Dispersion relation of a wave propagating in a rippled plasma with p?

= 10.
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FIG. 3.6. Dispersion relation near the first forbidden band. The real and ima-

ginary parts of q are shown for B2 = 2.
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FIG. 3.7. Imaginary part of q vs. p? for o = 1.
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used: 800, 2000, and 4000 A°. Two 1/4 meter visible spectrographs were used
to obtain the Raman spectra in the backscatter and 45° sidescatter directions.
Here, the angles are measured from the backscatter direction which is taken to be
at zero degrees as shown in Fig. 4.1(b). The backscatter spectrum was resolved
using an S20 subnanosecond resolution streak camera to give the maximum den-
sity as a function of time. The sidescatier spectrum was spatially resolved to
give an idea of the density profile of the plasma. An array of six absolutely cali-
brated photo-diodes with a 300 A°® bandwidth filter was used to monitor the
angular distribution of the half-harmonic light. A transmission calorimeter and
an x-ray crystal spectrograph (RAP) were used to obtain the transmitted 0.35 pum
beam energy and continuum x-ray emission between 1 and 3 keV, respectively.
In addition, two electron spectrometers were used to obtain energy and angular
distribution of hot electrons in the range 35 to 350 keV and + 45° to -135°,

respectively.

4.2 PLASMA DIAGNOSTICS.

Raman-scattered light itself is a diagnostic of the plasma density. We have
used this fact to obtain an estimate of the temporally averaged electron density
profile of the plasma by space resolving the 45° Raman-sidescattered light and of
the maximum electron density of the foil plasma {at the time Raman backscatter-
ing is occurring) by time resolving the Raman-backscattered light. The experi-
mentally measured density profile and time evolution enables a comparison to be
made with hydrodynamic code simulation of our experiment using the 2-D code

LASNEX",

* LASNEX simulations were carried out at Lawrence Livermore National Lab by Kent Esta-
brook
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Figure 4.2 shows the schematic of the experimental arrangement for
measuring the plasma density profile. Raman-sidescattered light at 45° with
respect to the 0.35 pm beam axis, and perpendicular to the density gradient, was
imaged using a {/2.8 achromatic lens onto the slit of a 1/4 meter space resolving
spectrograph with a magnification of 5. The slit size was about 150 um wide
which gave quite a reasonable spectral resolution. The spectra were recorded on
Kodak 4143 infrared film. The density profile obtained from a 2000 A° carbon
target target is shown in Fig. 4.3, In this particular case information was
obtained about the plasma density between 0.075n, and 0.095n.. The plasma
region between these densities was determined to be roughly 50 um long in rea-
sonable agreement with code calculation after taking into account the plasma

motion.

In view of the rather large horizontal error bars, which are mainly caused
by the motion of the plasma, it is not very meaningful to deduce a density scale
length from such a measurement. The usefulness of this diagnostic is rather in
determining how large the plasma region is which produces the Raman sides-
cattering. The refraction of the Raman sidescattered light at angles greater than
45° was estimated to have a negligible effect on these measurements because of

the shadowing effect of the lead washer on which the target was mounted.

A more useful diagnostic of the density history of the plasma was found to
be the time resolution of the Raman-backscattered spectrum. An example of a
time-resolved Raman backscatter spectrum from a 4000 A° thick carbon foil is
shown in Fig. 4.4(a). In this particular picture both the half-harmonic emission
at approximately 700 nm and the time fiducial at approximately 525 nm are not

visible, as a result of attenuation used in front of the streak camera slit.
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FIG. 4.2. Experimental arrangement for space resolving the Raman sidescattered

radiation at 45° with respect to the backscatter direction which gives information

about the density profile.
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However, from this and other streak records from 2000 A° and 800 A° thick car-
bon foils, which essentially show very similar behavior, we deduce that the shift
of the long wavelength cutoff to the blue as a function of time is indicative of
the peak density of the foil (plateau region), decreasing with time. The experi-
mentally obtained values of the maximum plasma density as a function of time
are compared in Fig. 4.4(b) with those from LASNEX simulations. Such com-
parison leads us to believe that the 800 A° thick foil is already below nc?4, the
2000 A° thick foil is below n,, and the 4000 A° thick foil is above n, within 100

psec of the peak of the 1 um (marked 1w) prepulse.

Experimentally, the slope of the continuum x-ray emission gives us a
plasma temperature of 500 eV for the 800 A° thick and 700 eV for the 2000 A®
thick carbon foil plasmas. This is in reasonable good agreement with the simula-
tions which predict a peak temperature of 450 and 750 eV for the 800 A° and
2000 A° carbon foil plasmas, respectively. Backscattered radiation around 0.35
um (presumably from SBS) was monitored by tilting the targets to avoid any
specular back reflection and was found to contain £ 1% of the 0.35 um (Gw)

incident energy for all three foils and occurred in every shot.

4.3 RESULTS AND DISCUSSION

43.a SCATTERED LIGHT MEASUREMENTS

We believe we are observing backscattered and sidescattered light from a
stimulated process for the following reasons. First, the streak data show that the
frequency of the scattered radiation varies with the plasma density as would be

expected from SRS because of the frequency matching condition. Second, the
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time integrated babkscattered spectra (Fig. 4.5) show an enhancement by a factor
up to 10* above the bremsstrahlung background in the frequency range expected
from SRS. Third, although the experimental value does not agree with the
theoretical threshold, there is a threshold for the onset of both back and sides-
cattering. As the laser intensity is increased there is also a nonlingar growth;
however, comparison with theory is once again difficult because both the onset
and growth of the instability is strongly influenced in our experiments by plasma
heating and hydrodynamics. Finally, the backscattered light above the
bremsstrahlung background in the frequency range between 4000 - 6000 A°
(presumably from below the quarter critical) is found to be strongly polarized, as
shown in Fig. 4.6, in the same direction as the incident light, as would be
expected from SRS, We have no evidence that suggests whether we are observ-
ing a convective or an absolute instability, Time resolution of the SRS-B light
(Fig. 4.4(b)) shows that backscattering is over by the peak of the laser pulse. The
threshold for the convective SRS-B for a plasma with a linear density profile is
shown in Eqn. (2.33) to be I(W/em?) > 4x10'7/AL. In order to exceed this thres-
hold during the rise time of the laser pulse, either the laser intensity locally must
have been one to two orders of magnitude higher than the estimated average
intensity (FWHM), or the plasma scalelength must have been greater than the
estimated 50 microns, or a combination of the two. If instead of a linear profile,
we assume that the plasma has a parabolic density profile, then for a T, = 750
eV, L = 50 um, and n, = O.ln; plasma, the threshold for SRS-B becomes
1x10%° W/ecm? (see eqn. (2.34)), which is close to the average density used in the
experiments. However, in this case one might expect the SRS-B radiation to be

emitted from the maximum density region which occurs at the plateau of the
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parabolic density profile. Time resolved backscattered measurements show that at
a given time SRS-B occurs not only at the peak foil density, but over a wide
range of densities. Two dimensional simulations also show strong self-focusing
of the 0.35 pum laser beam because of thermal effects. The 0.35 pum laser beam
locally heats a 70 um diameter region of a 2 mm diameter preformed plasma
from an initial temperature of 100-150 eV to a final temperature of 500 - 750
eV, depending on the foil thickness. To maintain pressure balance, the density
within the heated volume must decrease leading to self-focusing of the laser

beam.

As mentioned earlier, the SRS-B light is emitted in a series of 50 -100 psec
bursts simultaneously over a wide spectral range. This puzzling behavior has
also been seen in 0.53 um experiments on solid targets?>. There are two sources
of noise from which the Raman instability can grow. The first of these is the
bremsstrahlung radiation that is emitted with the appropriate polarization, and
second is the Thomson scattering of the incident radiation from thermal density
fluctuations in the plasma. Certainly, if bremsstrahlung radiation acts as a noise
source for Raman, then it is stronger at shorter .wavelengths in the time
integrated spectra. If this is the case, then fewer number of e-foldings are
required at lower densities (shorter wavelengths) compared to higher densities.
In the time resolved spectra, we could not detect the backgroud bremsstrahlung
radiation because of the limited dymamic range of the streak camera. The

bremsstrahlung radiation from an optically thin plasma is given by*?

2

n

E(A) = 6.63x10% [n—e] T?’Z %1"(13&0‘““ Teh), (4.1)
< e
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where E(A) is the energy emitted by the plasma at temperature T, per unit
wavelength, per cubic centimeter, per unit solid angle per unit time in all
transverse polarizations, the temperature T, is in eV , and A is in A®°. Assuming
a linear density profile with a maximum density n/4, a plasma radius R = 50
um, and a temperature of 700 eV, the energy radiated between 3500 and 6500
A® with polarization parallel to the laser light will range from 6x10710 JJA%/Sr to
2x1071957A%/Sr, being larger at shorter wavelengths. So, even though the radiated
thermal energy increases with frequency, it does not vary considerably between
3500 and 6500 A° (since hw<kT,), and SRS in this region grows from essen-
tially the same noise levels. On the other hand, SRS can grow from collective
Thomson scattering (1/kAp>>1) from thermal fluctuations in the plasma. We
can estimate the level of Thomson scattering from thermal density fluctuations in

the plasma by following Sheffield”>

and assuming a temperature of 750 eV and
the plasma length of 0.40 um (approximately the interaction length in the region
of interest). For an average incident energy of 30 J, the estimated Thomson
scatter levels between 0.25n; and 0.08n, in the backward direction was on the
order of 10710 JJA%/Sr. Thus, the levels of collective Thomson scattering are

apparently on the order of bremsstrahfung. Thus, both processes will give com-

parable contributions to the noise level.

The number of e-foldings growth from the noise level can be estimated if

we assume that the Raman reflectivity is given by the expression15

4y
Ay = B0 [Lx1-a) 4.2
Al ~A)=B [e A] (4.2)

8
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where B is the noise level at frequency o, A = (0,/0y)r where r is the fraction

of light reflected, and

kgL Vos 200P @, T -1
X = ~2 - = (4.3)
8k, | ¢ SRR n,

In the above 'expression L is the density scalelength and 7 is the Landau damping
rate. As can be seen from Fig 4.5, we observe 3x107°J/A%Sr SRS-B light in the
region 4000-5000 A° when a 2000 A° thick carbon foil is used. In this
wavelength region Landau damping dominates, or is as important as collisional
damping. If we take as the noise level B = 1071930J/J/A%/Sr, then the number
of e-foldings will be about 13. The estimated plasma amplitude corresponding to
this growth is ny/n = 7x107%, which is way below the estimated warm plasma
wavebreaking limit which is ny/n=0.17. Experimentally, however, the
reflectivity showed a weak increase with the intensity, implying that the instabil-
ity was probably been driven quite close to saturation. The number of e-foldings
in the above calculation would be much greater if the reflectivity was normalized

to energy in the hot spots instead of to the the incident energy.

Now we discuss the time integrated results. Figure 4.5 shows the time
integrated SRS-B spectra. These spectra often showed peaks that were superim-
posed on top of the bremsstrahlung continuum. Film density at representative
frequencies was converted into absolute spectral energy denmsity J/A®/Sr. An
absolute calibrated photodiode with appropriate filters to monitor the half-
harmonic Raman light placed close to the beam axis was used to calibrate the

half-harmonic energy density. The error in the absolute magnitude of the Raman
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light at a particular frequency should be less than a factor of 2 because of uncer-
tainties in the spectrally dependence transmission of the opftics. A common
feature to all the spectra is the short wavelength cutoff at 0.4 (im wich is caused
by the cutoff filter used in front of the spectrograph. Nevertheless, the Raman
spectrum is found to be rapidly decreasing around this wavelength, which can
be attributed to strong Landau damping of the plasma waves at these low densi-
ties. On the long wavelength side, the Raman spectrum extends to 0.06n, when
the target is a 800 A° thick carbon foil. In this case no half-harmonic emission
at 0.7 um is observed. This is consistent with simulations results which show
that the 800 A° foil plasma was already below n/4 at the time of the peak of the
1 um prepulse. However, when we further increase the foil thickness to 2000 A°,
then we first observe the onset of the half-harmonic emission which is a unique
signature that there is a ny/4 density layer to interact with the 0.35 micron laser
pulse. Also the broadband Raman emission from below n /4 now extends up to
0.09n,. In previous experiments? a similar gap between the half-harmonic and
the broadband Raman spectrum (which normally extends up to 0.2n, in solid tar-
get experiments) has been attributed to profile steepening at n /4 because of Zmp
decay instabilify. Profile steepening at n/4 reduces the density scalelength for
densities down to the lower shelf density of the steepened profile and conse-
quently raises the Raman threshold in this region. In the present experiments it
is unlikely that the gap in the 2000 A° Raman spectrum between 0.09n, and n /4
is caused by profile steepening. This is because this long wavelength cutoff of
the broadband spectrum is a function of the foil thickness. For instance, as the
foil thickness is increased to 4000 A°, the broadband extends up to 0.16n,. It is

therefore likely that the half-harmonic emission is generated early on in the 0.35



um laser pulse by a process which has a lower thre_shold than the process which
generates the broadband radiation. Both the absolute Raman instability and the
two-plasmon decay instability which occurs near n./4 have a lower threshold
compared to the convective Raman instability which occurs below n,/4. The
threshold for the process generating the half-harmonic radiation is apparently
exceeded in both 2000 and 4000 A° cases, but the threshold for the Raman insta-
bility below n./4 is exceeded in the case of the 2000 A° thick foil only when the
foil density has dropped to 0.09n.; whereas it is exceeded in the case of the 4000
A® thick foil by the time the density has dropped to 0.16n..

A recent model attributes the presence of the sub-quarter critical frequency
band at such low laser intensities to enhanced Thomson scattcring“oﬁl. Accord-
ing to this theory, the reflected levels of certain frequencies due to incoherent
Thomson scattering from thermal fluctuations can be enhanced if the electron
velocity distribution possesses a hot tail. Enhanced scattering will result at those
frequencies that are scattered from plasma waves whose phase velocity falls on

the increasing slope portion of the hot tail.

In an inhomogeneous plasma, the hot electron tail is created by the ener-

n
getic electrons excited at the -ZC— layer that stream down the density gradient.

Both the fraction and the temperature of the hot electrons affect the band of the
enhanced frequencies as shown in Figs. 4.7(a) and 4.7(b) (these figures have
been reproduced from ref. 51). The vertical lines represent the predicted
enhanced bandwidth and the rectangle just above the abscissa represents the

experimental measurements. No experimental data was taken around 200 nm.
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Comparisons between experiments and theory show a good agreement as
long as one makes three assumptions: 1) A n./4 density exists at all times; 2)
The hot electron temperature is about 18 keV; and 3) The temperature of the

hot electrons decreases during the scattered pulse.

Comparisons of the experimental data with simulations (see Fig. 4.4) indi-
n
cate that the peak plasma density from all three foils fell well below Tc very

early in the main pulse, and that the scattering process is over before the peak of
the pulse. If this is the case, then the hot electrons will be generated only very
early in the pulse and are not likely to affect the scattered spectrum at later
times. It is possible that due to the trangverse profile of the laser, hot electrons
may be generated from n/4 regions near the edge of the plasma while scattered
light occurs from the central core. In that case, the fraction F; of hot electrons
will decrease considerably and the enhanced frequency band will get narrower
and will shift towards the red contrary to what it is observed. Also, since the
scattering is over before the peak of the pulse, there is no reason why Ty would
decrease, shifting the enha.nce:d band towards the blue.

Another difficulty of this model, as an explanation for the observed broad-
band spectrum, is that the measured scattered intensities are much higher than
those predicted by this model. We conclude then that the enhanced Thomson
scatter may be a noise source for the observed spectrum rather than being

responsible for it.

43.b HOT ELECTRON GENERATION FROM FOIL TARGETS
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Concurrent to spectral measurements reported here, the characteristics of the
high-energy electron emission from these preformed plasmas were investigated
by H. Azechi and N. Ebrahim of Yale University. These measurements were car-
ried out by employing two 180° focusing magnetic electron spectrometers with
four surface barrier detectors, each, as detection elements. For these studies the
targets were oriented at 45° with respect to the laser axis to reduce the refraction

of 20, decay plasma waves because of the density gradient.

Typical electron spectra in the energy range between 35 and 350 keV are
shown in Fig. 4.8(a). These measurements were made in the plane of the elec-
tric field vector of the laser (p-polarization) and in the direction of the density
gradient, i.e., —45° with respect to the laser. The error bars denote shot-to-shot
variation. The shaded area in Fig. 4.8(a) represents the electron detection thres-
hold set by detector noise level. As can be seen, when an 300 A® carbon foil
was used, only the lowest energy channel at 35 keV showed significant electron
emission above the background noise. This was also found to be the case at
other angles. It will be recalled that at this thickness no half-harmonic emission
was observed, and the Raman emission was confined to densities below 0.06n,.
The kinetic energy of an electron moving at the phase velocity of a plasma wave
generated by SRS at 0.06n_ is =3.7 keV for T, =500 eV. If we assume that the
maximum amplitude (therefore potential) of the plasma wave is given by the
warm plasma wave-breaking limit™, then we obtain perturbed density
ny/n, = 0.24 for our conditions. Since the plasma wave is an electrostatic wave ,

Poisson’s equation gives the maximum potential in the wave frame as

2

(ny/ny)mvy. The maximum energy of an electron moving initially in phase with

2
the wave is thus (%)mvg' [1 + 2(n1/n0)1’2] , which turns out to be 17 keV. Thus
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it is not surprising that no hot electrons were observed on any of the higher

energy channels except the lowest channel when an 800 A° thich foil was used.

There was an abrupt increase in the high-energy electron emission at a foil
thickness of 2000 A® when the half-harmonic radiation was first observed indi-
cating the presence of the n/4 density layer. On the other hand, at this thickness
simulations show that there is no critical density layer 100 psec after the peak of
the prepulse. This strongly suggests that the electrons are being generated at
n./4. On increasing the thickness further to 4000 A° the electron emission did
not increase appreciably (more than a factor of 2). Thus, most of the high energy
electron emission occurs in the vicinity of n/4, and the contribution of the
parametric decay instability and resonance absorption is small in our experi-

merits.

The experimental spectra were fitted with a Maxwellian distribution of the

form
f(E) = (%)NoEuzTﬁmexp(mE/TH), (4.4)

where N, is the number of electrons per solid angle, E is the energy, and Ty is
the hot electron temperature. The electron spectra from a 2000 A° thick carbon
foil target had a Ty = 30-40 keV when measured in the plane of the E vector of
the laser {p-pol) and Ty = 15-20 keV when measured out of the plane of the E
vector of the laser (s-pol). These measurements are probably not influenced by
the target potential which arises because high-energy electrons escape the

plasma, leaving the target with a net positive charge. By connecting the target
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directly to the grounded Tektronix 519 oscilloscope®, we measured the target

potential to be less than 5 kV on a nanosecond time scale.

The observed angular distributions for p- and s- polarizations were spec-
trally integrated to give the total electron energy in joules per joule of laser
energy per solid angle (J/¥/sr). This is shown in Fig. 4.8(b) for a 2000 A° thick
carbon foil plasma. The p-polarization case shows electron emission more
intense than that for s-polarization. The polarization dependence is most pro-
nounced at —45%). Although refraccion of plasma waves by density gradients
cannot be ruled out, this systematic polarization dependence points to 26, decay
as the probable generation mechanism for the high energy electrons near the n /4
density layer. The electron emission with p-polarization at +45% and —135° is
not as strong as that at —45°, probably because of partial shadowing effect of the
washer used to mount the target foil. No measurements of the electrons in the
forward direction within the cone angle of the laser beam were carried out, since

a significant amount of laser energy is transmitted by the foil targets.

The main findings of the experiments were the following:

1- We have observed Raman back and sidescatter apparently below the convec-
tive threshold for a linear profile.

2- The SRS-B spectrum shows a gap near the quarter critical density and a
wavelength cutoff near 400 nm.

3- The spectrum shows a splitting of the half-harmonic light. This will be dis-
cussed further in Chapter VI.

4- The broadband spectrum between 400 and 600 nm was strongly polarized in
the same direction as the incident laser, as would be expected in Raman scatter-

ing, whereas the half-harmonic radiation showed no prefered polarization. The
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depolarization of the half-harmonic may be indicative of a strongly polarized
rippled n /4 or Faraday rotation due to localized magnetic fields in this region.

5- High energy electrons were observed from plasmas with densities below n,.
The generation mechanism seems to be more efficient at n /4. The angular dis-
tribution and polarization dependence suggest 2w, decay as such a mechanism.

6- The length of the plasma region where SRS sidescatter was occurring was
estimated to be on the order of 50 pm.

7- The levels of backscattered light were about 107 %. Such low scattered
levels and the small plasma lengths obtained from the foils indicate that SRS-B
was probably being excited locally where the laser intensity was one or two ord-

ers of magnitude higher than the average intensity.

The fact that plasma lengths on the order of 50 um were obtained with the
foil targets led us to look for another plasma source that would simulate better
the dimensions of a plasma from reactor-size pellet (millimeter plasma
scalelengths). Foam targets offered us that option. These targets are very low
density polymers filled with voids such that the laser beam can penectrate and
ionize the inner walls of the target. Another advantage of these targets is that
the plasma hydrodynamics is minimized; this makes easier the interpretation of
the time integrated scattered spectrum, since the plasmas remain confined for

longer periods of time.

We have carried out experiments with foam targets of variable average den-

sity and it is the purpose of the next chapter to discuss our findings.
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CHAPTER V

EXPERIMENTS WITH FOAM TARGETS

There is mounting evidence from Lawrence Livermore National Lab, Ecole
Polytechnique {(France), Rutherford Lab (U.K), and the Institute for ILaser
Engineering (Japan) that the laser-to-plasma coupling efficiency is increased as
one goes from 1 pm radiation to shorter wavelengths. Absorption, by predom-
inantly inverse bremsstrahlung, up to 90% is observed at 0.25 um (4th. harmonic
of 1 pum) at an intensity of 2x10'° W/em?, using nanosecond or less long pulses,
and a spot size of several hundred pm. Although this is good news for laser
fusion, the crucial question is if this high absorption into a thermal electron
population will scale to plasmas that are millimeter scalelength created by many
nanosecond long laser pulses. Such long scalelengths may lower the threshold for

high frequency instabilities and deposit the laser energy in hot electrons.

We tried to create such long plasmas with a modest laser energy of less
than 50 J in =1 ns using a 0.53 um laser. Experiments on slab targets with such
pulses give plasma scalelengths of around 50-100 um. Our experiments with
foils did not produce substantially longer plasmas, even when the separation
between the prepulse and the main pulse was varied. The plasma scalelength
was limited basically by the focal spot size. To create substantially longer
plasmas,therefore, we used a novel technique: foam targets whose average den-
sity was much less than the solid density. We discuss these experiments in this

chapter.

69



Figure 2.4 shows, following Estabrook and Kruer?®, the thresholds for SRS
vs. the plasma scalelength in the case of a linear density profile for a 0.35
micron laser and several densities for which k Ap < 1. The SRS-B threshold
depends weakly on the plasma density. It can be seen that in order to overcome
the threshold, very high laser intensities and/or very long plasma scalelengths are
required. This condition is particularly severe for SRS-F and probably that is the
reason why it has not yet been conclusively seen. Also, for density profiles
decaying not faster than the exponential n = ngexp(—x/L), the inhomogeneous
threshold for SRS-B decreases as the plasma density increases. Thus, we might
expect SRS-B to be the strongest in regions close to the quarter critical density
(n./4). However, contrary to expected, several research groups working with
0.35, 0.53 and 1.06 um lasers have reported a "gap” in the backscattered spec-

trum at densities near the quarter critical layer®®.

Figure 5.1 shows the time evolution of such a spectrum obtained by focus-
ing a 0.35 micron, 1 ns FWHM laser pulse on a solid flat Al target. The focal
spot size was of approximately 70 microns giving an average laser intensity of
10PW/cm?  On the right hand side of Fig. 5.1, near A = 700 nm, the typical
splitting of the half harmonic radiation (presumably originating at n/4) can be
seen®, To the left of this quarter critical region is the Raman emission from the
sub-quarter critical plasma, which does not increase monotonically up to the
quarter critical layer. Instead, there is a distinct gap between 600 nm and 700
nm. Moreover, this gap is present throughout the pulse together with the half
harmonic radiation. It corresponds to a lack of Raman backscatter between
0.17n, and 0.25n,, where n, represents the critical density for a 0.35 micron

laser.
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FIG. 5.1. Backscatter spectrum from a solid Al target showing the Raman gap

between the half-harmonic radiation and the sub quarter critical spectrum.
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This gap has been attributed to the steepening of the density profile due to
the presence of the 2e), decay instability at the quarter critical density layer”’.
Unfortunately, direct interferometric probing for the evidence of the steepened
profile at these high densities (2.5%10% cm™) is very difficult. Also, more
recently, this behavior of the Raman spectrum has been explained in terms of
the enhanced Thomson scattering from the energetic electrons generated at ng/4

that stream down the density gradient*®°L,

Both of these explanations of the spectral gap ( steepening of the density
profile and enhanced Thomson scattering) require the presence of the quarter
critical density layer. Thus, a good way of isolating these two phenomena from
those independent of the presence of the n/4 density layer would be to create

-long plasmas of variable densities where the SRS threshold could be exceeded.

The principal motivation behind this work was then to create sufficiently
long plasmas of densities less than and greater than n /4 and to examine the time

dependent behavior of the scattered light in the back and forward directions.

5.1. EXPERIMENTAL CONDITIONS

The experiments described in this chapter were also carried out on the Glass
Development Laser (GDL) system at the National Laser Users’ Facility at the
University of Rochester, The experimental set-up is shown in Fig. 5.2. The tar-
gets used were 600 £ 100 pum thick, 3 mm diameter foam discs of various aver-
age densities with a maximum value of usually < 0.25n, We expected complete
ionization of these targets since simulations showed a laser burn-through on the
order of 800 pum at the peak of the 0.35 wm pulse for an average target density

of 0.5n,. The average cell size was on the order of 10 pum in diameter for a
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target with a density of 6.92x107 gr/cm®, or an electron density of 0.25n,. Prel-
iminary experiments on Raman scattering and more recent experiments on Bril-
louin scattering from such targets have been reported in the literature?®%8, The
average density of the foam targets used in these experiments was varied by
altering the dextran (CgH;;Os) concentration in the aqueous solution during the
foam making process”. These targets were irradiated by a tightly focused 0.35
micron, 850 ps (FEWHM) laser pulse with an average intensity of
1.5%101° W/cm?. Both back and forward scattered light were spectrally and tem-
porally resolved by using a 1/4 meter, 30 A° resolution optical spectrograph and
a Hamamatsu C979 streak camera with a resolution of 30 ps. A calibrated Gen-
Tec ED200 calorimeter with filters to absorb radiation near 0.35 pm was used
to measure the total Raman backscattered energy. The laser burnthrough, as

predicted by simulations®

, was verified by time resolving the transmitted portion
of the green line (0.53 pm) contained in the main 0.35 pm beam. This assured
us that the entire thickness of the foam target had been ionized with a peak
plasma density less than 0.44n, (which is the critical density for the 0.53 um
probe beam), thereby creating plasma lengths larger than 600 pm during the

laser pulse.

That the foam target plasmas were hundreds of microns long was confirmed
independently by imaging the Raman sidescattered light in the wavelength range
520 - 620 nm. For targets with an average density of less than n/4, these
images showed emission from plasmas that were typically 300 um long. A

second calorimeter was used to measure the reflected energy of the 0.35 um line.

5.2, RESULTS AND DISCUSSION
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Both forward and backward spectra were obtained simultaneously from
foam targets designed to produce plasmas with average densities between
0.11n, and 0.25n,. The optical path of the forward scattered spectrum was phy-
sically delayed by 1.2 ns with respect to the backscattered spectrum so that the
two were clearly resolved by the streak camera. Interestingly, irrespective of the
target density the backscattered spectrum from all these targets had the strongest
emission in a narrow band of wavelengths between 470 nm and 500 nm,
corresponding to densities of 0.05n, and 0.07n, (assuming a plasma temperature
of 1 keV) as shown in Fig. 5.3. The spectrum shown in this figure was
attenuated by 10° and only this band of wavelengths survived such strong
attenuation. Up to 0.3% (150 mJ) of the incident energy was Raman backscat-
tered in the solid angle subtended by the focusing lens (ie., 5x10738r). This
rather large level of SRS-B rules out the posibility of the spectrum being due to
collective Thomson scattering of the incident laser beam from the enhanced

noise fluctations in the plasma.

In order to observe the behavior of the less intense regions of the spectrum
, an arrangement of neutral density and cut-off filters was necessary to be able to
reduce the scattered intensity around 500 nm (where the emission was the most
intense) to levels comparable with those at other wavelengths. An example of
one such spectrum from a target with an average density of 0.22n, is shown in
Fig. 5.4(a). Here, the short wavelength cut-off corresponds to the limiting case of
scattering from zero density for a plasma temperature of 1 keV. The apparent
gap in the spectrum between 520 nm and 585 nm is not real; it is due to the
filters (Kodak wratten no. 25) used to suppress the very intense emission in this

region. Unlike in Fig. 5.1, we can see now the emission extending right up to
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700 nm or 0.25n. In fact, these targets gave long wavelength cut-offs
corresponding to densities between 0.22n; and 0.24n,.. No detectable half-
harmonic emission was observed with these targets. The detection threshold
being > 107°J/A/Sr. When a target with an average density of 0.25n, was used,

we readily observed the half harmonic emission for the first time.

A typical streak record of the details of the Raman emission for this kind of
target in the vicinity of n/4 is shown in Fig. 5.4(b). The half harmonic radiation
at 700 nm on the right hand side is seen to appear first, indicating the presence
of the quarter critical layer. The typical splitting of the half harmonic radiation
is not readily resolved in this picture due to overexposure of the film. Sub quar-
ter critical radiation follows about 250 ps later, but it does not extend continu-
ously up to the half harmonic region in contrast to Fig. 5.4(a). Instead, a very
distinct gap between 620 nm and 700 nm is seen, lasting only while the strong
half harmonic emission is present. This gap, caused by reduction of the scattered
signal by a factor of 10-20 compared to the signal obtained with a 0.22n, target,
closes within 100 ps as soon as the strong half harmonic radiation is over. It is
conjectured that the strong half harmonic emission is indicative of the bulk
plasma being able to support the n/4 layer, whereas the weak part which follows

is probably due to localized residues of the quarter critical density.

Fig. 5.5 shows the time integrated backscattered intensity vs. the
corresponding wavelength for the 0.22n, and the 0.25n, foam targets. The plot
is a composition of several shots taken with different levels of attenuation which
sampled the scattered spectrum in a topographic manner. For both types of tar-
gets the overall behavior of the backscattered spectrum is very similar, It peaks

around 500 nm and then drops off on both the long and short wavelength sides
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very rapidly. The difference between the two spectra becomes noticeable in the
region near 600 nm. In this region, the spectrum from the 0.25n, target drops
faster than the one from the 0.22n, target, reaching the detection threshold near
625 nm and rising above threshold again about 700 nm. There is a difference of
only a factor of 10 in intensity between the two spectra at 600 nm, for instance
(the 0.25n, spectrum being less intense). Since this reduction is concurrent with
the appearance of the half-harmonic radiation, one is led to speculate that the
process causing the half harmonic is in some way responsible for further quench-
ing the Raman instability below n./4, although even in the absence of the half
harmonic radiation the Raman emission peaks at 0.06n, and falls off rapidly at
higher densities. In our experiments, however, if the half harmonic is regarded
as the signature for the 2@, instability, then it is clear that this instability cannot
entirely account for the reduced Raman levels at densities close to n /4. Also, as
Fig. 5.4(a) indicates, the Raman spectrum extends continuously up to 700 nm but
the level of scattering between 600 nm to 700 nm is on the average 104 times
weaker than that at the peak. The plasma is acting as a narrow band source.
Such a strong suppression of Raman cannot be attributed to either the opacity or
the influence of localized regions of ny/4 which may be present. These results
indicate that the quenching of the SRS-B instability in density regions near n /4
may be due to other processes that are quite independent of the presence of the

n./4 layer. Further studies are underway to resolve this issue.
When foam targets with average density of 0.5n, were used, the SRS-B
reflectivity dramatically decreased to 107 of the incident energy. As reported

earlier?’, this is still a factor 10-30 greater than that obtained with foil targets.

Since the average density is greater than n/4, Raman presumably cannot occur
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in the bulk of the plasma but occurs either locally or in the front blow off

plasma.

Fig. 5.6 shows the reflectivity of the 0.35 micron line vs. the average foam
density used. The width of the band indicates shot to shot variation. It has been
shown recently that the backscattered light near the 0.35 micron line is due to

)98. The backscattered levels tend to increase as the tar-

Brillouin scattering (SBS
get density increases, reaching a maximum level of 9+2% for target densities of
0.20n,. Such a high level of SBS can influence the Raman instability since now

SRS has to occur in a rippled density profile.

Now we discuss the forward scattered spectrum. This spectrum was
obtained from targets with average densities between 0.11n, to 0.22n,.. A typical
example of such a spectrum is shown in Fig. 5.7 for a target with an average
density of 0.22n.. The vertical line at 530 nm is the trace green line contained
in the 0.35 micron main laser pulse. It serves as a fiducial line for both spectral
and temporal calibration. The forward spectrum typically extends over a wide
range of wavelengths from about 420 nm to 620 nm, it is polarized in the same
direction as the incident beam, and it is about 10* times weaker than the back-
scattered spectrum. Typically, forward scatter was observed at the peak of the
laser pulse and lasted for about 100-150 ps, whereas the backscatter occurred
throught the laser pulse. Also, a 20% decrease in laser energy quenched the for-
ward scatter, indicating that this spectrum is probably the result of a non-linear

process excited near threshold.

One feature common to forward and backscatter was the wavelength range
over which the two spectra occurred. The scattered spectrum from the SRS-F

instability might be expected to be extended to lower densities or shorter
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wavelengths compared to the SRS-B spectrum, since the high phase velocity
plasma waves characteristic of SRS-F have little Landau damping . However, as
can be seen from Fig. 2.4, the threshold intensity for SRS-F at 0.1n, is already
3.5x10'® W/cm? and increases to 1017 W/em? at 0.03n, for a plasma scalelength
of 600 um. Of course, for plasma lengths of 600 um and a linear profile, the
local density scalelengths are shorter than 600 pum, and therefore, the threshold
intensities at a given density will be even higher than the ones estimated above.
Since the average laser intensity in these experiments was on the order of
101° W/em?, the plasma had to have either a much longer scalelength to exceed
the threshold for SRS-F, or the instability was being generated locally in regions
where the laser intensity was much higher (possible hot spots or filaments) or the
forward scatter was not growing from noise. The coincidence of the spectral
range for the forward and backward spectra suggest this last possibility, that the
forward scatter is not growing from noise, but that it is possibly being seeded by
SRS-B. There are two ways in which this coupling can take place. First, the
plasma waves created at low densities by SRS-B can move up the density gra-
dient until the plasma wave vector becomes short enough to support scatteting in
the forward direction. This possibility was first considered by Koch and Willi-

amsloo.

Assume that a plasma wave with frequency ©,,, has been excited by SRS-
B at a density ny/n, (the subscript b stands for backscatter) in the front side of
the target. This wave will move to regions of higher densities until reaching a
density where the ® and k matching conditions for the excitation of SRS-F will

be satisfied. At this point, the relations defining this instability will be:
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W = O + 3kIvE (5.1)
where

kp =k, — kg (5.2)

is the k matching condition for 1-I3 SRS-F and

2 21172
W, —
k, = _;[._..,"_.....E_.P_L (5.3a)
1
ks = — [, - Oepy)? — 0311 (5.3b)

Substituting relations (5.3) and (5.2) into relation (5.1) one gets the following
expression for the density ng/n, at which SRS-F is being excited as a function of

the frequency Mgy, of the plasma wave excited by SRS-B:

2 12 2
Yol lq = Dy - Leowp T Pepw | _
GL] [(1 - =) nﬂ]} + [ o, }

2
-3{-‘-’-‘1} [1+(1—-9-33’i-“l)2]—- [1 wﬁ(ﬁ)zlfﬁ = 0 (5.4)
c W, < e

Now, @, can be related to the density n,/n, where it was excited through the ©

and k conditions for SRS-B. Thus, equation (5.4) relates the original density
ny/n, to the density ngn, where this wave could seed forward scatter. This rela-

tionship is plotted in Fig. 5.8(a). Here we have assumed a temperature of 1 keV.
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The dashed bisector is shown for reference. (b) Number of e-foldings that the

plasma wave decays through Landau damping in going from ny/n, to n¢n..
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If the plasma were a non-dissipative medium the plasma wave would travel from
ny/ng to ngn, with a slight reduction in the amplitude of the density perturbation
associated with it. This can easily be seen if one substitutes the dispersion rela-
tion of the plasma wave and Poisson’s Eqn. into the relation for the conservation
of the energy flux, However, because of the interaction of this wave with the
plasma particles, the plasma waves generated at low densities will show a strong
damping as they move to their corresponding ng/n,. If we assume a plasma with
a length L and a linear density profile of the form n =nx/L. ( n, is the peak
plasma density) we can estimate the number of e-foldings o that the wave will
decay in going from n,/n, to nyn.. In this case, o0 will be given by o = J'dex
where kg is the spatial Landau damping given by ki = (1/22m)my /vy, @ is the
temporal Landau damping and v, is the group velocity of the plasma wave . Fig.
5.8(b) shows the number of e-foldings vs. the original density ny/n,. Only those
plasma waves generated at densities higher than 0.07n, will have chance of
reaching the necessary density layer to excite SRS-F. Waves generated below
0.05n, will be heavily Landau damped. This means that the forward scattered
spectrum will have a short wavelength cutoff around 490 nm. We see, however,
that the forward spectrum extends to regions of shorter wavelength. This indi-
cates that it is unlikely that this process is solely responsible for the presence of

the forward scattered spectrum.

The other possibility for the observed forward scatter is through the cou-
pling of SRS-B with SBS. This coupling occurs between the large k plasma
wave of SRS-B and the ion acoustic wave of SBS with wave vector k;. As we
saw in chapter I1I, the result of this coupling is the generation of plasma wave

modes with wave vectors k, * nk; and frequency gpy T n@,e = Wepy,- The
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small k mode with wave vector k, — k,. will propagate in the opposite direction
to the incident laser beam since k; > k,. For reasons of clarity, the effects of this
coupling has been represented once more in Figs. 5.9(a) and 5.9(b). The solid
curve in Fig. 5.9(a) represents the dispersion relation of a plasma wave in the
absence of a ripple in terms of normalized dimensions. These normalized
dimensions have been chosen in order to ease the comparison with the case
when there is a ripple present. If one assumes that the density ripplé is produced
by the presence of SBS, then k; = 2k, and the plasma wave from SRS-B will be
located in the region limited by the points (1) and (2). The exact location of the
plasma wave in this region will depend on the plasma density. The point (1)
corresponds to zero density (k, = 2k, or q = 2), and the point (2) corresponds to
the quarter critical density (k, =k, or q = 1). In the presence of a ripple, the
spatial harmonics interact among themselves, creating forbidden frequency bands
as was explained in chapter IIl. The interaction between these modes is plotted
in Fig 5.9(b).

A plasma wave with normalized wave vector g, excited by SRS-B, will
interact with the density ripple created by SBS to generate a large wave vector
plasma wave q; and a small wave vector plasma wave g, which propagates in
the opposite direction to the incident laser beam. If this small k vector is excited
in the front half side of the plasma, as shown in Fig. 5.10, then it will propagate
to lower densities until reaching a turning point. Notice from Fig. 5.9(b) that for
the spatial modes with small wave vectors g, their wave vector decreases as the
mode moves to lower densities. This is in contrast to the usual case where the

wave vector of a plasma wave increases as the density decreases.
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Once the small k¥ wave has been reflected to the forward direction, it will
pass through the original density layer where it was generated, becoming a
source of scatter in the forward direction. The result is that a particular density
layer could scatter light at the same frequency in both the forward and the back-
ward directions. This situation is in contrast to the case where SRS-F and SRS-
B are excited independently. In this case, the scattering in the backward direction
is red shifted with respect to the scattering in the forward direction due to the
fact that the plasma wave from SRS-B has a larger wave vector than the plasma
wave from SRS-F. Thus, in an inhomogeneous plasma, the presence of a rippled
density will make possible the scattering in both the forward and backward
direction in the same range of frequencies. This type of behavior was observed
in these experiments as shown in Fig. 5.4(a). Thus, it is possible that the
observed forward scattered spectrum is not being excited from noise but from the

beating of the large k plasma wave from SRS-B with the ion acoustic wave from

SBS.

The main findings of these experiments with foam targets are following:

1- For targets with average density less than 0.25n, up to 0.3% of the incident
energy is backscattered within a solid angle of 5%x10~3 sr. These high
reflectivities suggest that Raman scattering is operative in these long foam target
plasmas rather than just enhanced Thomson scattering of the laser light.

2- When the foam density is increased to 0.5n, the reflected Raman light drops
to about 107 of the incident since the instability can no longer occur in the bulk
of the plasma.

3- When targets with an average density less than 0.22n, are used, no detect-

able half-harmonic emission is observed. In such targets, most of the Raman
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emission occurs in a range of frequencies between 470 nm and 500 nm.

4- When targets with average density slightly higher than n /4 are used, the
half-harmonic radiation is detected for the first time. Concurrent with this, the
Raman emission between 600 nm and 700 nm is further reduced by a factor of
10-20. When the half-harmonic ceases there is an abrupt increase of the scat-
tered signal by the same factor in this range of frequencies near 700 nm, The
peak emission still comes from around 500 ﬁm.

5- Weak, broad-band forward scatter is observed only when targets with aver-
age density less than n /4 are used. This emission occurs around the peak of the
laser pulse and lasts for < 150 ps.

6- The forward scattered spectrum covers the same range of frequencies as the
backscattered spectrum and disappears with a 20% reduction of the laser inten-
sity. It is suggested the possibility that the forward emission is being seeded by
SRS-B. The most likely way in which this excitation can occur is through the

coupling of the plasma wave from SRS-B with the ion acoustic wave from SBS.
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CHAPTER VI

HALF HARMONIC SPLITTING

Although the splitting of the half harmonic radiation emanating from the
n./4 layer into a red- and a blue-shifted satellite has been consistently reported
by sevéral groups!®194 it is not clear yet what mechanism is the source of such
splitting!%. We have carried out theoretical and experimental studies in this
respect, and it is the purpose of this chapter to report our findings. Here, we
study several mechanisms capable of splitting the half-harmonic light and
analyze the extent to which they can be responsible for the splitting observed in

Our experiments.

6.1 SPLITTING DUE TO SELF-GENERATED MAGNETIC FIELD

The first of these mechanisms is the presence of a d.c magnetic field per-
pendicular to the laser path. This magnetic field can be generated by the flux of
energetic electrons ejected from the plasmal® (fountain effect) or by the

VnxVT7 mechanism.

Let the pump wave be E = e cos(kx — ot). The self-generated magnetic
field B, perpendicular to k, will in general have both y and z components. The
dominant polarization of the backscattered e.m. wave will be the same as the
incident beam. Therefore, its electric field E, will make an angle with respect to
B, and both ordinary and extraordinary modes will be able to propagate simul-

taneously. Thus, two SRS-B processes are possible:
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((Do’ko) - ((’Jepvwkp) + (mse’kse)’ (6.1&)

(0:K0) = (@cpw Kp) + (W50,Kg)- {6.1b)

Here (0g,Ke) and ((g.K,,) represent the scattered extraordinary and ordinary

e.m. waves, respectively, satisfying the dispersion relationl%8

2.2 2 .2 2
¢k o, Oy g — (6.22)
2 ) :
g Wge msc g
0 =l + k3 (6.2b)

The electron plasma wave (0gpy K,) 18 at the upper-hybrid frequency
2z,

- = Iyl
Wepyy = Wy = (5 + O,

where @, = eB/mc is the cyclotron frequency. The Raman process involving the
ordinary wave does not give anything new. The minimum scattered frequency is
=wy/2, if W, <« wy, as is usually the case. On the other hand, frequency match-

ing with the extraordinary wave gives

@, = O, + (0F + 0H2, (6.3)

The minimum frequency at which the instability occurs will be that at which
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ke =0, or

1
O = g = [0 + (@2 + 402)1"%] (6.4)

and for o, < ), this occurs at a plasma density of

o) o,
2 0 c
- 1 - 6.5
©p 4 ( wo) ©)
or
Npmax 1 —0
= (1 = 9.34x107BX,) (6.6)
B, 4

where B, is expressed in gauss and A, in gm. The minimum scattered frequency

is thus

W, = W2 + W /4, (6.7)

and the Raman backscattered light involving the extraordinary wave is blue-

shifted by an amount which is

ALJ(A®) = 1.15x107°B, (G). (6.8)

In a warm plasma, the scattered frequencies g, and @, are both red-shifted by

an amount which isi433

2
T (keV
9 [XE} © ;%_m__;i )mo, (6.9)
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thus not introducing any relative shift. This result (eqn 6.8) is the same as that

obtained by Barr et al.® who verified this model using 1D particle simulations.

6.2 SPLITTING FROM 2w, DECAY

A second process which might lead to splitting of the half-harmonic signal
is the mode conversion of the two-plasmon decay waves into e.m. waves!!%. In
the cold plasma approximation an e.m. wave with frequency @, can decay into
two plasma waves, each with frequency ®,/2 at n/4. However, when thermal
corrections are included the plasmon frequencies can show a significant red and
blue shift. Furthermore, if both plasmons are mode converted into e.m. waves,
then a symmetric splitting around ®,/2 will be observed. This splitting can be

as strong as the Raman red shift caused by finite temperature effects.

Let (0cpwisky) and (Wepy.ky) be the two plasma  waves. Taking

0, = ©y/2 — 3, the frequency matching condition gives
o, = [(©0y2 — 8)% + 3kIvHY2 + [(0,/2 — 8)® + 3kIvA2 (6.10)

Assuming & < ®,/2, we obtain after expanding,

vZ ki + k)

2
T M . — 6'11
6 2 c k, ( )

where k,, is the laser wave number in vacuum. Substituting 8 into the dispersion

relation of the plasma waves, we get
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3vZ (kf - ki)

c? kg

(6.12)

W,
Depwi,2 = '""2""' 1x

The x and y components of the plasma wave vector, originated from the

two-plasmon decay instability, are related for maximum growth rate in a homo-

geneous plasma by!1?
172

==t L= (6.13)

Here, k, = k&, kixax and ky are the x and y components of the plasma wave
wave vectors as shown in Fig. 6.1. Notice that ki, = —ksy = ky. Using Eq.

(6.13) we can write Eq. (6.12) as

Oepwiz = (6.14)
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which is no longer dependent on kj.

On mode conversion, the scattered light spectrum will show broad red- and

blue-shifted peaks with respect to ®,/2, with frequency shifts given by

1/2

2 k2
Ao 9 Ye |1 32200 (6.15)
W, 16 cz 3 k(?
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FIG. 6.1. Relationship between the x and y components of the pl'asmon
wavevectors(k; and k;) that give the maximum growth rate for the 2w, decay

instability. Curve 1 relates k4 to kyy, and curve 2 relates kyy to Ky,
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This frequency shift will be limited by Landau damping to approximately

kyAp < 0.6, Thus the allowed range of wavenumbers will be

k
B o 66 (6.16)
2k, TVkeV)
leading to a symmetric splitting in the range
To(keV T (keV
okeV) A TelkeV) 21, 6.17)
227 2% 511 T2 (keV) '

Here, A, is the laser wavelength in vacuum.

)
This broadening of the blue- and red- shifted satellites around TO is in

contrast with the spectral shift due to thermal effects on Raman backscatter in
which a red shifted sharp line should be observed. In these calculations the
angular dependence of the conversion efficiency of the plasma waves into e.m.

waves has not been considered.

6.3. SPLITTING DUE TO A DENSITY RIPPLE FROM SBS

A third mechanism we analyzed which is capable of splitting the half-
harmonic light is the coupling of the plasma wave excited by SRS with the ion
wave from Brillouin scattering.

Stimulated Brillouin scattering (SBS) is the decay of an intense e.m. wave

into an ion acoustic wave and a scattered e.m. wave. This instability occurs in
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the density region n < n.. and has a threshold lower than SRS. Therefore, pro-
vided that the laser pulse is long enough, whenever SRS is excited it will occur
in the presence of a rippled plasma due to SBS. SBS was present in all our
experiments on both foil and foam targets when SRS was observed. Figure 6.2
represents the regions of occurrence of SRS-B in the presence of SBS. The o?
axis is given by either of the relations (3.19) depending on whether we are refer-
ing to e.m. waves or plasma waves. A density ripple created by SBS will have a
wave number k; = 2k,, where k, is the wave number of the incident e.m. wave
(or pump). Therefore, the pump wave will always be represented by the point
" (0), since the value of q for the pump will be q = 2ky/k; = 2k,/2k, = 1. Near the
quarter critical density the wave number of the scattered wave will tend to O,
whereas the wave number of the plasma wave will tend to k,. These two waves
are represented by the points (4) and (2), respectively. As the plasma density
goes to zero, the wave number of the scattered wave will tend to —k,, whereas
the wave vector of the plasma wave will tend to 2k, These waves are
represented by points (3) and (1) respectively. As the plasma wave varies
between these two values, the scattered wave will move between the points (3)
and (4). As SBS is excited, the plasma waves will suffer a disruption of their
dispersion relation near the n./4 (point (2)) density layer, and also near zero den-
sity (point (1)). The dispersion relation of the scattered e.m. wave will only
suffer a disruption near zero density (point (3)). Close to the quarter critical

density (k, = 0) the frequency of the scatterd wave becomes smaller than .

In order to quantitatively evaluate the effects of a ripple driven by SBS on
SRS-B, let us consider the specific example of a 0.35 |im laser produced plasma

at a temperature of 1 keV. Fig. 6.3 shows the values of h? ( see Eqn. (3.15)) as a
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FIG. 6.2. Dispersion relation of either a plasma wave or an e.m. wave as in Fig. 5.9.

101




12 T T T T T T T T

8e §
R S .
©
= T i
=

ar 4

O 1 1 1 i i i i |

0.40 016 0.22 C.28

FIG. 6.3. Values of h? vs. average density for several typical ripple ampitudes
due to SBS. The plasma temperature was lkeV, and a 0.35 um incident laser was

assumed.
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function of the plasma density for typical values of the SBS driven ion wave
amplitudes. We see that h? goes from O to 11, whereas H? for the e.m. wave
will go from 0 to 6x107% according to relation (3.16) . If we look at Fig. 3.7
we see that the plasma wave could be heavily damped, whereas the damping felt
by the e.m. wave would be very weak. We can also estimate the relative width
of the first forbidden band for the plasma wave near n./4 and for the scattered
wave at very low densities. For the plasma waves we see from Fig. 3.5 that

af — a2 =3 for h? = 7. This means from Eqn. (3.19) that

2 2 2
W, — - v,
—— = 27— = 5x107%, (6.18)
(0,/2) c?

here, we have divided by ® /2 since the frequency of the electron plasma waves
excited by SRS at n/4 is near ®,/2. For the scattered e.m. wave at very low

densities we have from Eqn. (3.27) that

HZ

ol - o= > (6.19)
this means that from relation (3.19):
oi-o? @ _ e (6.20)
d 2

Thus for a very low plasma density, the width of the first forbidden band for the
scattered wave given by relation (6.20) could be much smaller than the

corresponding bandwidth for the electron plasma waves as given by relation
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(6.18). In Egn. (6.20) we have made use of the fact that at very low densities
the values of both @ and k of the pump are very close to the ones corresponding

to vacuumn.

To end the quantitative evaluation of the effects of a density ripple on both
the plasma wave and the scattered e.m. wave excited by SRS-B let us look at the
frequency shift of the scattered wave near n /4. In this region its wave vector is
zero and its frequency is approximately /2. Therefore, using Eqn. (3.28) one

gets

2

w 2

P _ 3

(@y/2) 32

-

which is very small and could be neglected. Thus, we conclude that when con-
sidering the excitation of SRS in the presence of SBS, we can neglect, under the
present conditions, the effects of the ripple on e.m waves and consider only the

effects on the plasma waves.

In order to have a better understanding of the effects of a rippled density
due to SBS on SRS-B, we show in Fig. 6.4 the parallelogram construction of the
©- and k- matching conditions for SRS-B. Here, 0, 0, and 0, represent the
incident e.m. wave, the scattered wave , and the plasma wave, respectively.
The curve on the right represents the locus of points for which ® = ®, — ©,; and
k =k, - k.. This curve is obtained by keeping ®, and k, fixed and varying
and k; on the parabola that represents the dispersion relation of the e.m. waves.
The - and k- matching conditions will be satisfied at the points where this locus

intercepts the electron plasma wave dispersion relation. In the absence of a
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FIG. 6.4. Parallelogram construction of the @- and k- matching conditions for

backward Raman.
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ripple there is usually only one solution; however, when a ripple is present, the
primary electron plasma mode (which is the strongest mode) will give rise to
two solutions when k, = 0. Figure 6.5 is a schematic of the dispersion relation
of the primary electron plasma mode showing the frequency step at k, =k, ( or
k, = 0). The dashed curve represents the plasma wave dispersion relation in a
warm plasma in the absence of a ripple. The plasma density increases in the
vertical direction. We have also represented the ioci of points of frequency and
wavevector @, — @, and k, + k,, respectively at each density. The w— and k-
matching conditions @, = 0 + Wepy and k, =k, + k¢ will be satisfied at the
points where the curves cross each other. The solutions are represented by the
points (a) and (b). The presence of a ripple will introduce a negative shift Ak in
the wave vector and a positive shift Aw in the frequency of the excited plasma
wave. As a consequence, the scattered spectrum will come out red shifted. In
regions near n/4 where k = 0, there will be a continuous range of solutions for
the frequency matching, but only the solution at each end of the frequency step
will be undamped (see Figs. 6.5b and 6.5d). These two solutions will introduce
two different frequency shifts away from /2 in the scattered spectrum. These
two shifts can be estimated as follows. For a given ripple amplitude € and a
given plasma temperature, the parameter h? can be found from Eq. (3.15) and
then the values of o.? for k = k, can be calculated numerically as in Figs. (3.2),
(3.3), and (3.4). Once o is known, we proceed in the following manner. From

the definition of o (see relation (3.19)) we have:

2 =2 2,252
Wgpw = O + 3avky
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ple for four different plasma densities.
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where we have set k; = 2k,. Substituting into the frequency matching condition

we get

W, = @ + (0F + 3alvik)M?

= o, + (0 + 3atvZKH? (6.21)

since kg =0. If we set 0, = ©,/2 ~ Aw and assume A® <K 0,/2, we get after

expanding relation (6.21),

2
A\
Aw = %azc—z% ) (6.22)

which is just the shift due to thermal corrections multiplied by o Relation

(6.22) can also be written as

_ 9 TheV) o

A@ =
O=3% 7511 ¥ %

(6.23)

Now, since o2 is larger than 1, the shift produced by this solution will be posi-
tive, meaning that the scattered spectrum will be shifted towards the red by an
amount given by Eq. (6.23). The shift produced by o2 is more elaborate  since

ol

can positive or negative (see Fig. 3.5). The maximum value that a2 can take
is 1, corresponding to the absence of a ripple, and simply representing the red
shift due to thermal corrections. As the ripple increases, the value for o2 will
move away from 1, reaching the value zero at h% = 3.5. At this point the red

shift due to o? becomes zero. For larger ripple amplitudes, o2 becomes
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negative creating a blue shifted spectrum.

For the development of this model we have assumed an infinite, homogene-
ous, 1-D plasma and a stationary ripple whose amplitude remains constant in
time. In real life, the plasma is neither infinite nor one-dimensional, and the rip-
ple amplitude is most probably a function of time. We have chosen, however,
such a simplified model in order to highlight the physics behind it, which other-
wise would be obscured by the complicated mathematics. An improvement to
this model would allow for density gradient effects, a spectrum of ion waves in

1D (rather than only SBS induced ion wave) and finally ion waves in 2D.

6.4 EXPERIMENTAL DATA

Now we discuss the half harmonic results obtained in our experiments with
foil targets. The threshold for the onset of the half-harmonic emission was found
to be lower (:2.5><1014 W/cmz) than that for the Raman emission from below
n/4. The most striking feature of the half harmonic spcctrurﬁ was its nearly
symmetric splitting about the half-harmonic position. The red and blue satellites
were typically separated by 200 A°, each satellite had a bandwidth of about 280
A° Furthermore, as shown in Fig. 6.6, the separation of the peaks was found to
be strongly dependent on the laser intensity. For instance, at a laser intensity of
2.5x10 W/em? the peaks were first observed from a 7500 A° thick Al foil
separated by 79 A°, whereas at an intensity of 10! W/em? the splitting was

200 £ 30 A®,

As discussed above, there are several mechanisms which may lead to the
splitting of the half- harmonic spectrum. Raman in the presence of a perpendic-

ular magnetic field seems unlikely since, according to Eqn. (6.8), it would
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require a 10 MG magnetic field to produce a 115 A° blue shift. In our experi-
mental configuration such a large field can only be produced if the electron
plasma waves associated with Raman or 2w, decay grow to very large ampli-
tudes to trap a significant number of electrons. Such megagauss self-consistent
B fields have been observed in two dimensional particle simulations of the SRS-
F instability when the long wavelength, high phase velocity plasma waves
approach wavebreaking amplitudes!!!. In simulations such large B fields tend
to isotropize the hot electrons via the Weibel instabilitylm’m. In the present
experiments, no evidence of SRS-F from densities below n./4 was seen when the
transmitted light was spectrally analyzed. Furthermore, measurements of the
high-energy electrons showed that their angular distribution was highly anisotro-
pic. Thus, we do not think that the half-harmonic splitting is caused by the self

generated magnetic fields.

Mode conversion of the plasma waves driven by the 2w, instability is
another possibility, as was shown above. If we assume that the plasma expan-
sion is isothermal during the time the half-harmonic is emitted, then for a plasma
temperature of 750 eV, a peak separation of £100 A® from the unshifted position
would correspond to plasmons with wavenumber about 2.8 k,. Furthermore,
Landau damping limit predicts a maximum broadening of about +280 A°, The
peak separation is seen to decrease with the laser intensity in qualitative agree-
ment with the plasma temperature decreasing with lower laser intensity. How-
ever, the blue shifted peak appeared to be more sensitive to the laser intensity
than the red shifted peak, dissapearing for low enough intensities. This observa-

tion cannot be explained by this mechanism.




SRS-B generated from the interaction between the laser beam and the two
plasmons from the 2w, instability can be discarded as a possible mechanism
responsible for the splitting of the spectrum at ©,/2 because of the following rea-
sons. First, interaction of the laser beam with the plasmon going down the den-
sity gradient (m,k,) will give rise to a scattered e.m. wave with frequency
higher than , Thus, it will have to undergo several processes in order to fre-
quency downshift to the SRS-B interval wy/2 < 0 < @,. Second, although it is
possible to generate SRS from the interaction of the laser beam and the plasmon
going up the density gradient (w,;,k), this will only happen for plasma tempera-
tures much higher than 10 keV. The resulting e.m. wave will have the same
direction as k, (45° < 8 < 90°). Only strong refraction effects would make turn
to the backward direction. Both of these possibilities can be ruled out in our

experiments.

Raman-like scattering between the SBS backscattered light and the kj
plasmon was proposed by Turner et al.1% as an explanation for the existence of
the blue shifted satellite. However, because of the geometry of our experiment,
the process would account for a maximum blue shift of about 20 A°, which is
much smaller than the observed shift. Thus, we do not think that forward scat-
tered SBS from the k, plasmon can be the sole responsible for the presence of

the bue shifted satellite.

The last mechanism proposed here is the splitting of the half-harmonic light
due to the the excitation of SRS-B in the presence of ion fluctuations from SBS.
As was explained above, the dispersion relation of the plasma wave in the pres-
ence of SBS is double-valued at n./4. Each of these branches can interact with

the incident laser and scatter light with a frequency slightly red- and blue-
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shifted from w,/2. These shifts are given by relation (6.22). In Fig. 6.7 we have
plotted the expected blue and red shifts for a 0.35 um laser and a plasma tem-
perature of 1 keV. The shifts are represented in terms of A vs. the ripple hight €.
We see that there is a good qualitative agreement between the experimental data
(see Fig 6.6) and the expected shift from SBS. Namely, for low intensities only a
red shifted peak is observed (presumably the ripple hight is not significant), but
as the laser intensity increases, a split structure is observed with the blue satellite
being more sensitive to the laser intensity than the red satellite. To quantita-
tively compare the observed shifts with those predicted by this model, requires

the knowledge of both the local temperature and the ripple hight.
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FIG. 6.7. Splitting of the scattered spectrum about w,/2 as a function of the rip-

ple amplitude € driven by SBS.
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CHAPTER VII

SUMMARY

In this thesis we have presented studies of SRS back and forward scatter
from long scalelength plasmas excited when an intense 0.35 um laser is focused
on a limited mass solid target. We attempted to create plasmas whose
scalelengths would resemble those created by the future laser-fusion pellets, and
tried to isolate the different processes occuring at different densities in the
coronal region. we used two types of targets: a) Thin foil targets of various
thicknesses, and b)Low density foam discs of fixed thickness and variable aver-

age density.

The plasmas from the foil targets were created by exploding the foils with a
low energy prepulse. The instabilities were excited with an intense main 0.35 ym
pulse, nanoseconds later. By using different foil thicknesses, this technique
allowed us to vary the peak plasma density. High energy electrons were
observed from—plasmas with peak densities below the critical density, indicating
that resonance absorption was not the principal mechanism responsible for the
hot electron tail. The angular distribution and polarization dependence suggested

2w, decay as the generation mechanism rather than SRS.

The backscattered light from the carbon foils showed a sub-half-harmonic
broadband spectrum from sub-quarter critical densities. It was limited to
wavelengths = 400 nm. This short wavelength cut-off was attributed to strong

Landau damping of the plasma waves below such low densities. The long
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wavelength cut-off increased as the foil thickness increased. This cut-off was
shown to be dominated by plasma hydrodynamics and the laser beam temporal

profile.

The half-harmonic spectrum was observed for those targets for which simu-
lations showed the presence of the quarter critical layer at the peak of the
prepulse. This spectrum had a split structure comprising a blue and a red shifted
peak, whose separation was a function of the laser intensity. The amount of
light backscattered was on the order of 107 %, Although the scattering process
showed apparently a threshold lower than the theoretically predicted for a linear
profile (presumably the dominant threshold), polarization measurements, fre-
quency matching, and levels of scattered light, indicated that SRS was being

observed.

The plasma lengths achieved by exploding foils with a prepulse, were not
very much different from the ones obtained from solid slab targets because the
laser focal spot dominated the plasma hydrodynamics. In order to obtain much
longer length plasmas, foam targets with average densities less than the solid

density were developed.

The scattered light from the foam targets showed the same general features
as the light from the foil targets, except now the levels of the backscattered light
increased to 0.3% of the incident energy. Up to 80% of the scattered light
appeared in a narrow band of frequencies between 470-500 nm. This increase in
the levels of the scattered light was directly due to the long plasma lengths
achieved with the foam targets, estimated to be > 600 pum. The spectrumn near
the half-harmonic region (or near the quarter critical layer) was about 104 times

weaker than the levels near 500 nm (or 0.1n.) where SRS was the strongest.
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When foam targets with average density less than 0.25n, were used, the scattered
light levels near half-harmonic increased by only a factor of 10-20. This indi-
cated that the main process responsible for quenching SRS-B near n./4 appeared
to be independent of the presence of the n /4 layer. This result confradicts the
popular notion that the low levels of scattered light near the quarter crifical
region (the so called Raman gap) is due to the steepening of the density profile

near n/4 due to the presence of the 2w, decay.

We examined several competing mechanisms occurring at n./4 in a ripple-
free plasma that could give rise to the splitting of the wy/2 light. Out the four
mechanisms examined, 20, decay appeared to be the most likely process respon-
sible for the observed splitting. This explanation, however, was not completly
satisfactory, since one had to assume ad hoc that the plasmons from 20, decay
were being mode converted into e.m. waves through the process inverse of reso-
nance absorption. After invoking mode conversion, 2, decay could account for
the presence of two peaks, for the width of both peaks, and for the lower thres-
hold presented by the ®,/2 radiation compared with the sub n /4 spectrum. This
model, however, failed to predict the observed asymmetric splitting of the peaks;
the blue shifted peak was found to be more sensitive to the laser intensity than

the red shifted peak.

Since SBS was operative in all our experiments on both foil and foam tar-
gets when SRS was observed, we examined theoretically the propagation of both
the e.m. waves and the plasma waves in the presence of an ion density ripple.
We found that a ripple introduces forbidden frequency bands due to constructive
interference at k = nk;/2. The e.m. waves were found to be far less sensitive to

the density ripples than the plasma waves. We also showed that a SBS-induced
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ripple can directly influence the frequency matching condition for Raman at n /4
and thereby lead to an assymetric splitting of the half-harmonic radiation, The
blue shifted peak was found to be more sensitive to the ripple amplitude in rea-
sonable agreement with the experimental data. This theory is an attempt at
understanding the normal high frequency modes of a plasma in a rippled density.
A full treatment of the effect of the SBS instability on SRS, particularly on SRS

threshold, reflectivity levels, and peak widths, still needs to be calculated. -

We also observed scattering in the forward direction from the foam targets.
This scattereing was about 10* times weaker than the one in the backward direc-
tion and disappeared with a 20% reduction of the laser intensity. Since the SRS-
F has such a high threshold, and since the scattered frequency range is similar to
backscatter, it is suggested that the forward emission is being seeded by SRS-B.
The most likely way in which this excitation could occur was through the cou-

pling of the SRS-B plasma wave with the SBS ion acoustic wave.
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APPENDIX

GLASS DEVELOPMENT LASER SYSTEM

In this appendix we describe the laser system used in our experiments.

The experimental work described in this dissertation was carried out at the
National Laboratory for Users Facility at the University of Rochester using the

(lass Development Laser (GDL) system.

GDL is a Nd: Phosphate glass laser with six amplification stages, the last
one having a rod with a aperture of 90 mm. The system is capable of generating
150 J in 1 ns. The output beam at 1.054 pm (1 ) is triple converted to 0.35 pm
(3 ) by means of two KDP type II crystals with an efficiency of 30%. The
beam at the output of the second KDP crystal is a mixture of the fundamental,
the second, and the third harmonic in a proportion of 10 - 1 - 40 respectively.
These three different frequencies are separated by means of selective reflecting
mirrors as shown in Fig. A.1. The mirrors M1, M2, and M3 drive 95% of the 3®
beam, together with 5% of the 2 and 1w beams to the target. The main part of
the 1o beam is directed by the mirrors M4 and MS. The remnants of the three
frequencies that are transmitted through the M4 mirror are used as laser

diagtnostics. In the figure, only three calorimeters are shown.
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