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Stimulated Raman Scattering from Plasmas Irradiated
by Normally and Obliquely Incident Laser Light
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The frequency spectrum and the angular distribution of the scattered light aud the ab-
sorption coefficient due to stimulated Raman scattering are obtained by extensive numer-
ical simulations of one- and two-dimensional plane plasma targets irradiated normally
or obliquely by high-power laser light. Theoretical models are given to explain the nu-
merical results.

Stimulated scattering of light from laser-irra-
diated plasmas has attracted much attention in
recent years because of its detrimental influence
on the laser-fusion concept. Stimulated Raman
scattering (SRS) is due to parametric excitation
of an electron plasma wave which coherently
scatters off part of the laser intensity. Thresh-
olds and growth rates for SRS have previously
been computed for various conditions (see, for
instance, Forslund, Kindel, and Lindman' and
Galeev et al.2) and some important nonlinear
properties have been found particularly from nu-
merical simulations. " The present paper con-
siderably extends previous theoretical under-
standing,

We first report numerical and theoretical re-

suits on the frequency spectrum of the scattered
light and the process of dissipation due to SRS.
The computed system, one-dimensional in space
with transmitting boundary conditions, has a lin-
ear density profile with n, „=n,/2, an inhomoge-
neity scale I,= n(dn/dx) '=-50c/&u, atn =n, /4, and
an initial electron temperature T„/m,c' =10 '.
As in all simulations of SRS the ions are assumed
immobile. Electrons hitting the boundary on the
dense side of the system are absorbed and re-
emitted cool to simulate a net heat flow out of the
system and allow a quasistationary nonlinear
state to be established.

For laser amplitudes 0.06 ~v, /c ~0.1, vo=—eEO/
m~„E,=E,e, cso(k, x —~g), a plasma wave

train is excited and is localized at n = n, /4 with
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FIG. 1. Frequency spectra of the reflected and the
transmitted light, R(~) and T () (logarithmic scale)
for nondissipative SRS from a one-dimensional simula-
tion with v 0/c =0.1.

(o =&@~,= o),/2. Light absorption is weak in this in-
tensity regime. A remarkable feature is the ap-
pearance of a spectrum of anti-Stokes lines in
both the transmitted and the reflected light, Fig.
1, with a regular line spacing Aw=a~, . The ef-
fect can be described by the following model
equation, valid for not too large amplitudes:

(~) 8~ (n)8 A, 8 A +~ 2A(n) ~ 2~A(n-1) (1)

where A~" is the vector potential of the nth or-
der spectral line. Here n is a finite-amplitude
plasma wave packet with frequency ~~, and a suf-
ficiently small spatial width since phase matching
for this process cannot be satisfied exactly in one
dimension. For anti-Stokes frequencies in the
transmitted light the coupling described by Eq.
(1) is efficient (approximate phase matching) if n

has phase velocity along the density gradient as
generated directly by SRS. Production of anti-
Stokes lines in the reflected light, however, re-
quires a component of n with phase velocity oppo-
site to the density gradient. This is also found
when solving Eq. (1) numerically. Such outbound
plasma waves are not excited by the fundamental
Raman process, but are generated by reflection
of inbound plasma waves at their cutoff slightly
above n, /4 The prese.nce of outbound modes is
clearly observed in the simulations.

For laser intensities v, /c& 0.1, strong absorp-
tion and electron heating occur and determine the
saturation of the parametric instability, .mode-

0
0

FIG. 2. Solution of the dispersion relation for a mod-
el distribution f„consisting of a bulk (4 function at v
=0) term and a linearly decreasing tail, containirg
10"70 of the electrons (upper diagram) and 20% of the
electrons (lower diagram). Velocity and frequency are
normalized to the maximum tail velocity and the total
plasma frequency. For large 4', ~ approaches the plas-
ma frequency of the bulk density.

coupling effects such as the production of anti-
Stokes lines being weak. A rather turbulent field
of electron-density oscillations is excited extend-
ing beyond n, /4. Electron heating is connected
with the formation of a high-energy tail in f,(v„).
Although this is a strongly nonlinear effect, the
main features of the quasistationary state of
light reflection and absorption and electron heat
conduction may be described by a quasilinear ap-
proach, where the frequency and damping rate of
the plasma oscillations are determined by the
linear dispersion properties due to the distribu-
tion f, including the tail. Since the tail extends
beyond the phase velocities of the electrostatic
modes excited, the dispersion relation for these
modes is changed and contains a new beam-like
branch. Figure 2 shows frequency, damping
rate, and phase velocity of this branch for an ap-
propriate model distribution. Since the frequen-
cy is considerably smaller than the plasma fre-
quency, in particular at the point of maximum
damping, plasma oscillations are excited by SRS
at n &n, /4. There is also a decrease in phase
velocity with increasing strength of the tail. In
a self-consistent system this should lead to a re-
duction of the maximum tail velocity as is in
fact observed in the simulations; see Fig. 3.

Figure 3 also shows the blue shift of the Raman
frequency ~, because of the reduction of co (Jop
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TABLE I. Reflectivity 8, transmission coefficient
T, absorption coefficients. , and frequency of the plas-
ma modes &u/ap fol two runs, vp/c=0. 2 and 0.3. (cu/

cop), h«, is obtained from Eq. (2); (u/mp) p» by mea-
suring o- ~& in the frequency spectrum of the reflect-
ed light, as shown in Fig. 3.

&e

vp/c R (~/~p) theo r (~/~p)/e xp

0.2 0.43 0.27 0.30
0.3 0.41 0.43 0.16

0.40
0.28

0.41
0.30

J

0 u)0

aLp Llal„I)I), s, il

p/mc
—co, predicted by the modified dispersion rela-
tion. Comparing the observed values of ~ with
the dispersion curves of Fig. 2 where the model
distributions have about the same tail population
(10% and 20%, respectively) as the distributions
shown in Fig. 3, we find approximate agreement
with the values of co at the point of maximum
damping. This is in the spirit of a quasilinear
saturation where the modes most strongly driven
by SRS require the largest damping rates. The
Raman frequency (d, and the absorption coeffi-
cient A are connected by a relation derived from
the Manley-Rowe relations for a three-wave
parametric process. ' With introduction of the
reflection coefficient R and the transmission co-
efficient T such that A =1 —R —T, it is found that

FIG. 3. Frequency spectra of the reflected light 8()
and distribution functions f,(P„)for dissipative SRS,
from two one-dimensional simulations: v p/c = 0.2,
upper figures; v p/c =0.3, lovver figures.

arise. For SRS it has been shown' that the Ra-
man cutoff density n, /4 is such a point. The re-
sults of Ref. 6 ean be generalized to the case of
side scattering (k„x0)and oblique incidence (k,

„

pp 0).' In the limit y «y„yp the homogeneous
growth rate, the most interesting case for appli-
cations, the wave equation for the vector poten-
tial of the scattered wave becomes formally iden-
tical with the corresponding equation in Ref. 6,

g = [((up —(u, )/(up](1 —T). (2)

The values of ~, obtained from the frequency
spectra and those obtained from Eq. (2) with use
of the observed values of A and T agree quite
well, as seen in Table I. From Eq. (2), the de-
cxease of A with increasing laser intensity in the
dissipative regime v, /c 0.2 is related to the re-
duction of the frequency ~ of the electrostatic
modes.

The angular distribution of the scattered Raman
light is investigated by two-dimensional simula-
tions. Here boundary conditions along the density
gradient are identical to those used in the one-
dimensional simulations while we apply periodic-
ity in the transverse direction. A general numer-
ical result is that SRS occurs mainly at those
points of the density profile where k,„=0, i.e.,
at the classical turning points of the scattered
light (the localization of SRS at n, /4 in the one-
dimensional simulations is a special case of this
phenomenon). To explain this behavior, we re-
call that, in an inhomogeneous plasma, paramet-
ric instabilities are in general convective. ' Only
at particular points may absolute instabilities

$ =~~,'x/L, L =n(dn/dx)

V =pc cos pv k /4 (y =pc &-k Pc&-pcPe 0 ~ 1 ly Pe s

k=k, —k„A,A, =A+, cosy.

Thus, in the limit y &&yo the various side-scatter-
ing processes at n &n,/4 differ from the scatter-
ing at n, /4 only by different values of VP and L/
&u~,

' op L/n, and hence correspond to the same ab-
solute instability. The growth rate increases
with increasing V' and L/n. As a function of den-
sity and angle of incidence O„wehave

2 nV' ~—2 —2 — ———2k
Pl Og" lp ~ 2

C C C 0

where k„c/~p = sinep, and k„'c'/&up' = 1 —2(n/n, )'~'.
To discuss the simulation results in more de-

tail, it is convenient to distinguish between the
polarization vector A, in or perpendicular to the
plane of scattering (which is the plane of inci-
dence for oblique incidence). I,et us first con-
sider the latter case. For normal incidence, Aoy
= 0 in Eq (4), V' h.as a maximum at n =n, /4, but
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FIG. 4. Plots of simulation electrons from two-di-
mensional runs with normal incidence, v 0/c =0.1, T«
=10 3m,c; x and y in units of c//&, . (a) Linear den-
sity rp foilen(x) =(0.2x/48+0 1)n~;. (b) exponential pro-
file n (x) =0.3 exp[(x —48)//50]n, . The cell size in these
runs is ~ =Ay =0.5c/~&„and the number of simula-
tion electrons is approximately 5x 10 .

only slowly decreases with decreasing n. Thus,
for a linear density profile, L/n = const, there
should be backscattering at n, /4 and side scatter-
ing at some lower density with backscattering
slightly dominating. This is, in fact, observed
in the simulations; see Fig. 4. (Note that side
scattering leads to scattered light outside the
plasma propagating at some angle 8, because of
refraction, tan8, =k„/k,„=(I1—2(n/n, )'"]n,/nP". )
For an exponential density slope, I.= const, how-
ever, scattering at some n &n,/4 dominates be-
cause of the larger L/n. There seems to be the
general tendency for a single mode to dominate
at least in a finite region of the size of several
wavelengths. Figure 4 gives an example of such
behavior, where the modes n, =0 at n =0.25n, and

n, = 2 at n =0.18n, are excited while the mode n,
=1 at the intermediate density n =0.23n, is sup-
pressed nonlinearily.

Oblique-incidence simulations show that SRS al-
ways takes place at some n &n,/4. Side scatter-
ing with k„k,„0dominates, thus leading to Ra-
man light propagating back into the quadrant of
incidence. The results can be explained by the
theory outlined above. Given a density profile
and an angle of incidence 0„the scattering mode

with the largest growth rate can be computed in a
straightforward way; e.g. , for a linear profile
and 80 = 23', y~ =y(n =0.2n, ) = 1.24y(n =n,/4).
Thus in general the frequency v, of the Raman
light is higher than u&,/2 and SRS at n, /4, as seen
in the one-dimensional simulations, is found only
under rather special conditions. However, the
conclusions from these simulations, i.e., the
generation of Raman anti-Stokes light and the
process of the dissipation, are valid also in high-
er dimensions if suitably modified.

If the polarization vector is in the plane of
scattering, SRS is found to be much weaker since
V'~ cos'y, while the 2~~,-decay instability is ex-
cited. For normal incidence, Raman backscat-
tering at n = 0.25n, and the 2~~, decay coexist but
for oblique incidence the 2~~, decay is the domi-
nant process leading to considerable absorption
of light. In this case the decay modes are strong-
ly asymmetric, the outward-propagating plasma
mode being much stronger than the inward-prop-
agating one, creating a situation which is phenom-
enologically similar to resonant absorption at n
= n, . A detailed theoretical analysis is still to be
done. The decay process is also associated with
some anomalous scattering of light (& 5%) at ~,/
2 and 3&so/2, with the latter strongly dominating
because of the predominance of the outward-going
plasma. mode. Thus the light at 3&v,/2 recently
observed experimentally" seems to be due to
the 2'~, decay and not to SRS which in those ex-
periments has probably not been excited because
of its high threshold.

In conclusion, we have presented simulation
and theoretical results on stimulated Raman scat-
tering in an inhomogeneous plasma concerning
the frequency spectrum of the scattered light,
the process of absorption, and the angular dis-
tribution of scattered light for general direction
of incidence of the laser light. For polarization
in the plane of incidence the 2~~, decay is strong-
er than SRS and seems to be responsible for the
half-harmonic frequencies, essentially 3~,/2,
recently observed experimentally.

This work was performed under the terms of
the agreement on association between the Max-
Planck-Institut fur Plasmaphysik and EURATOM.
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Reflection of Phonons at Interfaces between Silicon and Solid Hydrogen and Deuterium*
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The reflection of phonons at an interface between a silicon crystal and solidified hydro-
gen and deuterium has been investigated by the heat-pulse method. The reflection coeffi-
cients are found to be much smaller than predicted by the acoustic-mismatch theory.

According to the theory of Khalatnikov, ' the
thermal boundary resistance (Kapitza resistance)
at an interface between two materials occurs be-
cause phonons attempting to pass from one medi-
um to the other are reflected by the mismatch in
the acoustic properties of the media. Experimen-
tal investigations of the thermal boundary resis-
tance' have traditionally measured either (1) the
resistance at the interface between a classical
solid (e.g. , silicon or copper) and liquid 'He or
'He, or (2) the resistance between two classical
solids. In experiments of type (1) a wide variety
of solids has been investigated. In every case,
the measured Kapitza resistance has been con-
siderably smaller, by up to a factor of 100, than
the value predicted by the acoustic-mismatch the-
ory, except at very low temperatures (T(0.1'K).
On the other hand, in experiments of type (2) in-
volving two classical solids, the results have
been in generally good agreement with the acous-
tic-mismatch theory. One could speculate, there-
fore, that the anomalously small value of the
Kapitza resistance to liquid helium is an effect
unique (a) to liquids, (b) to helium, or (c) to any
material in which quantum effects are important.
Folinsbee and Anderson' have shown that the Ka-
pitza resistance to liquid and solid helium are of
the same order of magnitude, indicating that
speculation (a) is incorrect. To decide between
(b) and (c) one must study a quantum system oth-
er than helium. A convenient measure of the im-
portance of quantum effects is de Boer's "quan-
tum parameter" A*. A* is defined by

A* =h/ (moo)"'

where 0 and e are the range and strength, respec-
tively, of the interatomic potential, and m is the
molecular mass. Materials for which A* 0.5
are classical in the sense that zero-point motion
makes only a small correction to the lattice dy-
namics. ' For 'He and 'He A* is 3.08 and 2.68,
respectively. The only other materials with A*
) 1 are H, and 0„for which A* has values 1.73
and 1.22. We report here measurements for
these solids. In order to make a comparison,
data were also taken for liquid and solid 4He, and
for solid neon (A*=0.59).

The experiments used the heat-pulse technique
instead of the traditional dc-heat-flow Kapitza-
resistance measurement. Using this method,
one can study the reflection coefficient of pho-
nons of a particular polarization, whereas the dc
method averages over phonon polarizations. The
experimental arrangement (Fig. 1) was similar
to that of Guo and Maris. ' The silicon crystal
and sample chamber, surrounded by a vacuum
space, were in thermal contact with a helium pot.
The temperature was controlled by pumping on
the pot and by varying the current through an at-
tached resistance heater. At the beginning of the
experiment the sample chamber A. was under vac-
uum. A pulse of phonons was generated at the
lower face of the silicon by Joule heating of a thin
film of Constantan. Some of these phonons were
reflected from the upper face of the silicon and
detected by one of two thin-film superconducting
bolometers on the lower face. Separate echoes
were observed corresponding to longitudinal and
transverse phonons, and also to phonons whose
time of flight indicated that they had undergone
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