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Research into the interaction between powerful laser radiation and plasma is reviewed in the
context of laser fusion. Topics discussed include absorption and scattering of laser radiation by
plasmas and the transfer of heat from the region in which absorption takes place to denser plasma
layers. It is shown that parametric processes that lead to anomalous (nonclassical) absorption
and scattering of laser radiation by plasmas do not prevent the attainment of laser energies of the
order of kilojoules or dozens of kilojoules. The main problems that await investigation before
existing data can be extended to the megajoule range that is necessary for the ignition effusion
reactions by lasers are reviewed.

1. INTRODUCTION

Inertial fusion (IF) has in recent years occupied a
prominent place in fusion programs undertaken by the most
advanced countries across the world. In the United States,
IF funding is comparable with the funding of magnetic sys-
tems. ''2 A similar situation has emerged in Japan. The Euro-
pean high-performance laser facility3 has a component de-
voted to IF. Similar projects are being discussed in our own
country.

The US inertial fusion program provides for the igni-
tion effusion reactions at the end of the present decade, i.e.,
before the year 2000.1|2 The attainment of this goal will de-
pend on the successful completion of an extensive range of
construction and technological projects as well as the devel-
opment of new high-power laser systems and new laser tar-
gets. Purely scientific studies of the laser/plasma interaction
in IF targets and of the dynamics of plasmas in the field of an
electromagnetic pulse will also be necessary. The scientific
problems in laser-plasma physics as a whole were formulat-
ed 15-20 years ago, and there is now an extensive body of
data in this field. However, the increase in the output of laser
installations and in the size of plasmas available for power
engineering has necessitated a constant re-examination of
the data in the light of the relative importance of diiferent
processes, the interplay between them, the methods used for
illuminating the targets, the target parameters, and so on.

The following appear to be the most important current
goals for studies of the interaction between laser radiation
and high temperature plasmas:1"3

1. Improved understanding of processes governing the
absorption of powerful laser radiation by plasmas, of large
dimensions and development of reliable scaling for the ab-
sorption coefficient at high laser intensities.

2. Development of methods for controlling stimulated
Mandel'shtam-Brillouin scattering (SMBS) in low-density
plasmas of large dimensions.

3. Studies of a range of topics involving stimulated Ra-
man scattering (SRS) in plasmas, including the interpreta-
tion of low-threshold generation of SRS and the observed
level of nonlinear saturation.

4. Studies and development of scaling for the conver-
sion of laser radiation energy into electron beams and the
development of methods for reducing the number of fast
electrons to a level acceptable for IF.

5. Deeper theoretical and experimental studies of fila-
mentation and self-focusing of laser radiation in plasmas of
large dimensions, and elucidation of the interrelation be-
tween filamentation and other parametric processes such as
SRS, SMBS, and parametric decay.

6. Studies of heat transfer in the plasma corona and the
conversion of laser radiation into x-rays; development of
methods for increasing the conversion efficiency and for
controling the spectrum and duration of x-ray emission for
different targets.

7. Development of methods for improving the unifor-
mity of energy absorption and the compression ratio for tar-
gets of different design with a view to controlling the coher-
ence (both spatial and temporal) and the profile of laser
beams.

These are complex problems whose solution will de-
pend mostly on advances in the experimental base. The ma-
jor modern installation for laser fusion (LF) is the Nova at
the Livermore National Laboratory in the United States.
This system generates up to 100 kJ per nanosecond pulse at
the wavelength of 1.06 /j.m and 50-60 kJ at 0.35 /jm. This is
the only installation that can produce plasmas with milli-
meter dimensions which are typical for targets in which ther-
monuclear fusion reactions can be ignited. However, experi-
ments on the physics of the interaction (in so far as they have
been published) have been confined to lower energies, name-
ly, 2—4 kJ. Such experiments do not constitute a direct simu-
lation of the ignition conditions and amount to an intermedi-
ate stage along the path to full-scale experiments.

Kilojoule laser pulses can also be produced in the Ome-
ga installation at Rochester. University in the USA, the Vul-
can System at the Rutherford Laboratory in England, and
the Gekko-12 at the Institute for Laser Technology at Osaka
(Japan). However, more or less systematic studies of the
physics of the laser/plasma interaction have been carried out
only at the Rutherford Laboratory. Moreover, a series of
experiments on the interaction between laser radiation and
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plasmas at lower energies (a few dozen kilojoules) were per-
formed at the Naval Research Laboratory in Washington
(USA), the National Research Center at Ottawa (Canada),
the National Laser Facility at the Ecole Polytechnique at
Palaiseau (France), and the Institute of Basic Physics of the
USSR Academy of Sciences in Moscow. They differ from
previous work by greater experimental sophistication and a
broader set of diagnostic facilities capable of yielding more
detailed information on the interaction processes and of pro-
viding a means of scaling these interactions to higher ener-
gies.

Our aim in this brief review is to examine current work
on the physics of the laser/plasma interaction and to identify
the basic problems that will have to be solved in the next few
years.

2. ABSORPTION OF LASER RADIATION BY TARGET PLASMA

The attainment of a high absorption coefficient for laser
radiation in a plasma target has always been one of the most
important problems in fusion research. The transition dur-
ing the first half of the 1980s to lasers generating shorter
wavelengths (0.25-0.35 /um) resulted in higher absorption
coefficients, i.e., >80%. At the same time, the absorption
process was largely confined to inverse bremsstrahlung, i.e.,
the classical mechanism. The absorbed energy was therefore
transformed into the thermal energy of the plasma, and the
number of accelerated particles was quite low. The acceler-
ated electrons observed in these experiments were ascribed
to stimulated Raman scattering which, together with stimu-
lated Mandel'shtam-Brillouin scattering, was responsible
for the reflection of the laser radiation.

Stimulated scattering plays an important part in mod-
ern experiments on the interaction between laser radiation
and high-temperature plasmas. An analysis of the underly-
ing processes is presented below. However, recent evidence
suggests that there is appreciable nonlinear absorption of
shortwave laser radiation in modern large-scale experi-
ments.4'5 Analysis of plasma emission spectra at the second-
harmonic frequency (Fig. 1) provides convincing evidence
for the presence of parametric instabilities near the critical
density even for relatively low laser flux densities (less than
1014 W/cm2), i.e., values below those necessary for the igni-
tion of fusion. The importance of parametric processes in the
region of the critical plasma density has again been raised in
Refs. 4 and 5 in relation to the generation of hard electrons.
This is in agreement with the view of Soviet workers who,
more than a decade ago, emphasized the importance of para-
metric absorption near the critical and quarter-critical den-

sities6 and parametric absorption effects in plasma emission
spectra at frequencies corresponding to the harmonics of the
laser radiation.7

Parametric absorption transforms laser radiation into
longitudinal plasma waves localized near the critical and
quarter-critical plasma densities for which the following res-
onance conditions are met, respectively: caoxca^ and
c>)0 =;2«pe, where ca0 is the laser frequency,
^pe = (47re2nee/me)

1/2 is the electron Langmuir frequency,
e and mc are the charge and mass of the electron, and ne is
the electron concentration. A parametric instability corre-
sponding to the decay of a photon into a plasma-electron
wave (plasmon) and an ion-acoustic wave (phonon) is ex-
cited near the critical density, and the decay of the photon
into two plasmons occurs near the quarter-critical density.

The excitation and nonlinear saturation of parametric
instabilities were examined in some detail in Ref. 8, but this
discussion was confined to the idealized conditions prevail-
ing in time-independent, homogeneous, and weakly-inho-
mogeneous plasmas. Because the plasmon group velocity is
low even when the transformation coefficient is low, the cor-
responding electric-field amplitude may substantially ex-
ceed the laser field and may therefore lead to highly nonlin-
ear effects such as the generation of accelerated electrons
and laser-frequency harmonics, plasma density deforma-
tions, and so on.

Theoretical estimates6 indicate that up to 10% of para-
metric absorption is possible under conditions typical for the
ignition of thermonuclear fusion reactions. However, there
are as yet no reliable measurements of the contribution of
parametric absorption of laser radiation by plasmas. Such
measurements present a very complex experimental prob-
lem, but it has become increasingly obvious that such experi-
ments will have to be performed, especially in connection
with the direct target compression method.1 Recent publi-
cations4'5 suggest that this is becoming one of the more im-
portant problems among those tackled by the LF program.

3. STIMULATED MANDEL'SHTAM-BRILLOUIN SCATTERING

In addition to parametric absorption in laser plasmas
there are also important processes such as parametric (stim-
ulated) scattering in which a laser photon decays into an-
other, lower-frequency photon and a plasma oscillation, i.e.,
a plasmon (SRS) or photon (SMBS). Studies of stimulated
scattering in laser plasmas are reviewed in Ref. 9.

SMBS is now regarded as a serious impediment to the
efficient introduction of energy into plasma. Most of the ra-
diation reflected by plasma is ascribed to it. The main danger

I
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FIG. 1. Plasma generation spectra at the frequency of the second har-
monic of the laser radiation, reported in Ref. 5 for a molybdenum
target exposed to radiation flux density of 10'3 (a) and 3x 10" (b)
W cm ~2; normal incidence, detector at 45°. The peak at the unshifted
frequency is ascribed to the linear transformation of the laser radiation
to the second harmonic. The other peaks in (a) are due to the paramet-
ric decay instability (just above threshold). The broadening of the
spectrum in (b) is due to plasma turbulization near the critical density.
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with SMBS is that this parametric instability encompasses a
broad region of plasma ranging from the critical density
«c=:«c = mecoo/4ire2 to less than 0.01«c, i.e.,
"e.min ~«c Te/mec

2 where c is the velocity of light and Te is
the temperature of plasma electrons. An increase in the tar-
get size and laser-pulse duration is accompanied by an in-
crease in the size of the region in which SMBS is excited and,
correspondingly, an increase in the fraction of reflected radi-
ation. This applies equally to both direct and indirect target
compression methods because, in both cases, the laser radi-
ation must cross a relatively thick layer of low-density plas-
ma before it reaches the absorbing region. It is possible that
the generation of hard electrons and the inhomogeneity of
energy release have more hazardous effects because the tar-
get is spatially separate from the absorption region, but the
suppression of nonlinear reflection is a problem common to
all types of target.

SMBS data at kilojoule levels are reported in Refs. 9 and
10(/10 = 0.53 yum) and Ref. 11 (0.35 /zm). The most impor-
tant empirical fact is the relatively low level of SMBS reflec-
tion, ranging from 10% at A0 = 0.53 /^m and of the order of
5% at >i0 = 0.35 /j,m. At flux densities in excess of 1014

W/cm2, the latter percentage remains practically constant.
An increase in the flux density produces a change in the
scattering pattern whereby backward scattering at low flux
densities is replaced by 'lateral' scattering for flux densities
> 10" W/cm2 (Fig. 2).

In principle, an SMBS level of the order of 10% is ac-
ceptable for LF, but it is still not clear how it depends on the
plasma inhomogeneity scale L. The values of L attained in
the experiments reported in Refs. 10 and 11 amount to <400
fim which is lower by roughly an order of magnitude than
the values expected for the megajoule range. It is still not
clear how an increase in L will affect the level of scattering
since experimental data10'1' cannot be compared with exist-
ing theories. The analysis reported in Ref. 11 shows that the
observed SMBS threshold is close to theoretical predictions
for homogeneous and infinite plasmas, and is appreciably
lower than the predictions of the theory that takes into ac-
count density inhomogeneities and would therefore seem to
be closer to reality. This is also indicated by preliminary
results reported in Ref. 12 in which an ultrashort laser pulse,
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FIG. 2. SMBS reflection coefficient R as a function of q for 0.53 fim laser
radiation (3.5 kj per pulse; plasma dimensions L> 100(U0): /-backward
scattering (180-150°); 2-side scattering (150-90°). Gold foil target 5 (im
thick, normal incidence, pulse length 1 ns.

10 ps long was used in order to minimize the influence of
hydrodynamic motion on SMBS. These data suggest that an
increase in the inhomogeneity scale leads to a reduction in
the nonlinear scattering threshold and, possibly, an increase
in reflection.

The theoretical explanation of this low SMBS threshold
may be found in double SMBS (DSMBS) proposed in Ref.
13 and confirmed experimentally in Ref. 14 at low energies
(of the order of 10 J).

DSMBS corresponds to two SMBS processes coupled
coherently by a common ion-acoustic wave. One of them is
initiated by a standing light wave and the other by a wave
reflected from dense plasma layers. Since the incident and
reflected light waves propagate in opposite directions, the
ion-acoustic wave provides a distributed feedback loop be-
tween the scattered waves, and the DSMBS process cannot
be described by convective amplification (as is usual in
SMBS). It is in fact a generation process (absolute instabil-
ity). In the plane-layer plasma model, the DSMBS threshold
is much lower than the SMBS threshold. However, in prac-
tice, the density distribution in the laser plasma corona can
be very complicated, so that the extension of these descrip-
tions to the megajoule range will have to await further ad-
vances in the theory and a detailed comparison with experi-
ment. The question of the magnitude of the nonlinear
reflection coefficient and the mechanism responsible for
SMBS stabilization have not as yet been finally resolved.
Experimental data11'14 suggest that SMBS undergoes a
qualitative change for flux densities s:1014 W/cm2, i.e.,
there is a broadening of the scattered spectrum, the reflected
light intensity undergoes small scale fluctuations, and the
scattering region changes in the course of time and shifts in
space. This suggests that SMBS assumes all the features of a
chaotic process. Comparison of the data reported in Refs.
10-15 indicates that the saturation of scattering and chaotic
scattering regime are related phenomena. Possible reasons
for this interrelation are suggested in theoretical papers16-17

that discuss SMBS saturation in terms of the nonlinearity of
plasma-ion motion.

SMBS saturation in slightly nonisothermal plasmas,
i.e., plasmas with ZTe/T, < 10 (Z is the mean degree of ioni-
zation and re(j) is the temperature of electrons and ions), is
due to the trapping of ions by the ion-acoustic wave field.
This is accompanied by a reduction in the phase velocity of
the wave, which leads to resonance with the ponderomotive
force due to beats between incident and scattered waves, the
resonant interaction length becomes shorter, and scattering
becomes saturated. The change in the phase velocity of the
ion-acoustic wave in space and in time, corresponds to a
broadening of the SMBS spectrum and the onset of time-
dependent and chaotic scattering. The results reported in
Ref. 16 on the level and width of the SMBS spectrum are in
qualitative agreement with SMBS experimental data ob-
tained with the CO2 laser in a prepared plasma at low ener-
gies.18'19

When the plasma is highly nonisothermal
(ZTe/Tt > 10), the few resonant particles present have no
appreciable effect on the dynamics of the ion-acoustic wave.
The nonlinearity of the ion sound is then due to the steepen-
ing of the wave profile, i.e., the generation of its higher har-
monics. The analysis reported in Ref. 17 shows that the hy-
drodynamic nonlinearity leads to the formation of a periodic

90S Sov. Phys. Usp. 34 (10), October 1991 E. T. Tikhonchuk 905



Shockwave that is unstable and splits into a sequence of
weakly-coupled independently-moving solitons. This evolu-
tion of ion sound results in plasma turbulization, a departure
from the coherence of scattered waves, and chaotic SMBS
with saturation at a relatively low level.

The above nonlinear SMBS saturation mechanisms are
in qualitative agreement with experiment, but require
further development for the creation of a complete SMBS
model and the construction of the necessary scaling up to the
megajoule range.

Control of scattering by a reduction in laser-beam co-
herence is also important in SMBS studies. The two methods
for reducing coherence are the random phase procedure
(RPP) proposed by Japanese researchers20 and induced
spatial incoherence (ISI) suggested in Ref. 21. In RPP a
plate consisting of square elements is inserted into the beam
before the focusing lens. One half of these elements shift the
beam phase by 180° while the other half leave it unaltered.
This splits the beam into several hundred or even thousand
elements with different phases. This method can be used to
smooth out large-scale beam inhomogeneites and instead
produce a large number of small-scale inhomogeneities
(usually smaller than 10/zm) and relatively small field am-
plitudes in the far zone. The results reported in Refs. 22 and
23 indicate that the SMBS can be reduced by a factor of 10-
100 by applying RPP in the kilojoule range. The authors of
Refs. 22 and 23 suggest that this effect is due to the suppres-
sion of filamentation of the laser beam in plasma, since in
these experiments SMBS is largely due to regions of higher
field strength, i.e., filaments. It is important to note that the
suppression of SMBS by RPP is exclusively due to the fact
that the target is located in far zone in which the individual
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FIG. 3. SMBS reflection coefficient R as a function of q for laser radi-
ation:22 7-coherent laser beam, 2-randomized phase beam (RPP meth-
od), J-reduced space-time coherence (ISI method). Solid curve-detec-
tion sensitivity threshold. The plasma was in the form of a cylinder 0.3 mm
in diameter and 0.8 mm long. Its temperature and density was 0.5 keV and
0.08«c, respectively. The second harmonic radiation from a neodymium
laser was focused along the axis of the cylinder (pulse length 0.6 ns, energy
per pulse up to 500 J). A lens with a relative aperture of 1:10 was used in
the case of the coherent beam and the ISI method. The corresponding
figure for the RPP method was 1:2.5; the laser-beam correlation time in
the ISI method was 2 ps.

beam elements are averaged out and superimposed. The sup-
pression of SMBS is therefore observed provided the focus-
ing lens has a sufficiently short focal length and a relative
aperture of 1:5 or less.

A modification of RPP was proposed in Ref. 24
whereby the phase plate was replaced with a matrix of lenses
with long focal lengths. This system produced a focal spot
with a sufficiently uniform intensity distribution and sharp
edges.

The disadvantage of RPP is that the small-scale inter-
ference pattern within the focal spot is practically indepen-
dent of time. Laser beams with relatively short coherence
time were suggested in Ref. 21 as a means of achieving aver-
aging in time. In the ISI method, the spatial coherence of the
beam is reduced by inserting into it two echelons before the
focusing lens, which split the entire beam into several dozen
or several hundred elements. The delay between the individ-
ual elements is greater than the laser correlation time, so that
these elements become mutually incoherent. The interfer-
ence pattern within the focal spot is then time-dependent.
The ISI method is effective in suppressing small-scale fila-
mentation of the laser beam if the laser coherence time is
much shorter than the pulse length, but is comparable with
the time necessary for the filaments to develop. According to
Refs. 22 and 23, the ISI method can be used to reduce SMBS
by more than three orders of magnitude, i.e., to the sensitiv-
ity limit of the detecting equipment (Fig. 3).

However, there is no evidence that the RPP and ISI
methods will influence SMBS in the megajoule range be-
cause there are no data on the dependence of SMBS reflec-
tion on plasma dimensions.

4. STIMULATED RAMAN SCATTERING

In the currently available energy range (kilojoule
range), SRS produces much less nonlinear reflection than
SMBS, the factor being not more than 10~3-10~4. The
main danger with SRS is that there may be collisionless
damping of the electron plasma wave excited during this
process and, consequently, undesirable generation of hard
electrons. In principle, SRS is therefore more hazardous for
direct compression and less hazardous for x-ray targets. Ex-
perimental studies of SRS have attracted considerable atten-
tion in recent years.25"33 Advances have also been achieved
in SRS theory.3*""

Important results were reported in, for example, Ref. 25
in which the correlation between SRS and the generation of
accelerated electrons was studied in considerable detail. It
was shown that the temperature of the hot electrons was 25-
30 keV and was practically independent of the laser energy
flux density. The number of fast electrons was directly pro-
portional to the SRS intensity. There was also good correla-
tion between temporal characteristics of the hard x-ray
pulses and SRS. All these facts constitute serious evidence
that it is precisely SRS that is mostly responsible for fast
electrons, and contradict the hypothesis34 that the SRS pro-
cess is initiated by a beam of fast electrons. Moreover, the
discussion presented in Ref. 35 and 36 shows that the experi-
mental data are as yet insufficient for a positive identifica-
tion of the mechanism responsible for SRS generation.

Another unresolved problem is the low SRS threshold
(appreciable SRS is observed even at flux densities of 1014

W/cm2) and the dependence of the threshold on the plasma
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inhomogeneity scale. There are reasons to suppose that the
low SRS threshold is due to negative feedback loops between
waves in the plasma42 and (or) local density inhomogene-
ities.41 SRS then acquires properties typical for absolute in-
stability, and this has indeed been observed experimental-
ly.32 If these suggestions are confirmed, a further reduction
in the SRS threshold can be expected with increasing plasma
inhomogeneity scale and, consequently, greater SRS contri-
bution as laser pulse energy increases.

The mechanisms responsible for the nonlinear satura-
tion of SRS and the methods that can be used to control them
present us with exceedingly important questions. Simple
models37'38 that relate fluctuations and SRS saturation with
enhanced collisionless damping of plasma waves by elec-
trons are in conflict with experimental data because they
cannot explain the low level of saturation. An important fac-
tor responsible for SRS saturation is probably the enhanced
ion-density fluctuation that leads to the randomization of
Langmuir waves, their enhanced damping, and trapping in
density voids. Secondary parametric instability of Langmuir
waves excited during SRS and (or) the SMBS process could
be the source of these enhanced fluctuations. This is indicat-
ed by numerical stimulations of SRS in the hydrodynamic
approximation39 and the particle-in-a-cell method.40'43

Further evidence is provided by experimental data on the
anticorrelation between SRS and SMBS in laser plasmas at
wavelengths of 0.3 5 fim (Ref. 33). These data partially con-
firm previous results obtained with a CO2 laser44'45 and, in
essence, show that SRS and SMBS are never observed at the
same time (Fig. 4). However, experiments44'45 in which the
plasma is prepared in advance show that SRS occurs at the
initial stage of the interaction and is followed by the slower
SMBS process whereas SRS vanishes altogether. The reverse

situation was reported in Ref. 33, i.e., SMBS continued for
less than 0.5 ns on the leading edge of the laser pulse and
thereafter the SMBS intensity fell sharply and SRS was ob-
served. It may be that the absence of SRS during the initial
stage of the interaction in Ref. 33 was due to the fact that the
plasma was formed in the presence of the laser pulse and a
time of the order of 0.5 ns was necessary to ensure a greater
inhomogeneity scale whilst the SRS threshold fell to the lev-
el of the acting laser field. This means that the possible inter-
action between SRS and SMBS under conditions typical for
fusion reactions will require further experimental investiga-
tion.

According to Refs. 30 and 31, existing experimental
data on SRS can be interpreted in terms of the interaction
between three nonlinear processes, namely, additional
damping of Langmuir waves by density fluctuations, possi-
bly initiated by SMBS, additional excitation of Langmuir
waves by an external source (e.g., an electron beam) or some
other parametric instability, and a steepening of the plasma
density profile by the pressure produced by the Langmuir
waves. The relative importance of these three mechanisms is
at present unclear. It seems that filamentation instability of
the laser beam also plays a definite role in this connection.
This is indicated by experiments22'23 on the influence of la-
ser-beam coherence on the level of SRS. It has also been
shown that, as in the case of SMBS, the RPP technique can
be used to reduce scattering by a factor of more than 1000.

Finally, we note that SRS is similar to other parametric
instabilities in the sense that it displays chaotic properties,
i.e., scattering is fluctuational in character, giving rise to
bursts, time-dependent dimensions and position of scatter-
ing regions, and a variable scattered spectrum.30'32 It is still
unclear whether these are the properties of SRS itself or
manifestations of the saturation mechanisms.
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FIG, 4. SRS intensity level curves Ca,b) and time dependence of SMBS
intensity (c,d). Target-plastic film 3-/»rii thick. Laser beam at normal
incidence, wavelength 0.35/zm, energy per pulse 1-2 kJ, beam spot diame-
ter on the target surface 0.25-1 mm. The pulse length is indicated by
arrows in (c,d). The SRS radiation appears only after the SMBS pulse.

5. FILAMENTATION OF LASER BEAMS AND COUPLING
BETWEEN PARAMETRIC PROCESSES

Filamentation instability, which is seen as a local en-
hancement of the laser field and the formation of filamentary
beam structures, occupies a particular place in LF, especial-
ly in the direct compression method.9 Filamentation is often
said to arise from an inhomogeneity in the energy released by
laser beams in plasma, which influences target compression
symmetry, the excitation of secondary instabilities, e.g., SRS
and SMBS in strong-field regions, and the turbulization of
the low-density corona. As a rule, filamentation leads to the
enhancement of inhomogeneites in powerful laser beams,
which are already quite large because of inhomogeneities in
the amplifying elements of the laser. An increase in the laser
beam energy and, consequently, in plasma dimensions, pro-
duces a reduction in the self-focusing threshold, whereas a
reduction in the radiation wavelength gives rise to more haz-
ardous consequences because of the reduced separation be-
tween the absorbing regions and target evaporation.

Filamentation in a plasma with milimeter dimensions
and its dependence on laser coherence was recently investi-
gated23'46'47 in the kilojoule range. In contrast to most pre-
vious studies, filamentation was observed by direct interfer-
ometry, and additional diagnostic procedures were
employed to examine the effect of filamentation on SRS and
SMBS.

It was shown in Ref. 46 that for energy flux densities in
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excess of 1014 W/cm2 and wavelengths of 0.53 /zm, the laser
beam split into filaments with linear dimensions of < 10 ̂ m,
and the maximum field intensity in the filaments was greater
by a factor of seven than the average over the beam cross
section. This is clearly unacceptable for LF because it leads
to considerable compression assymmetry. Analysis of radi-
ation transmitted by the plasma has produced information
on the effect of reduced laser-beam coherence on filamenta-
tion. According to Ref. 23, the suppression of filamentation
by RPP is due to a shift of the characteristic scale of laser
beam inhomogeneity toward dimensions <5 fim which are
more stable with respect to filamentation. The suppression
of inhomogeneities with larger linear dimensions is in fact
the principal aim of methods relying on reduced laser beam
coherence. The RPP and ISI techniques can be used to raise
the filamentation threshold to 1015 W/cm2 at wavelengths of
about 0.5 /an.

It is important to emphasize that, according to Ref. 23,
the influence of laser-beam incoherence on SRS and SMBS is
conveyed by filamentation. This conclusion is based on the
fact that the characteristic laser-beam correlation time
(about 2 ps) is greater by more than an order of magnitude
than the scattered-field rise time for SRS and SMBS. How-
ever, we must emphasize that the results reported in Ref. 23
were obtained in experiments with tenuous plasma prepared
in advance. The extension of these data to the plasma in
fusion targets may not be satisfactory because there is then
no reflected laser wave that could be responsible for the stim-
ulation of filamentation and other parametric processes.9-13

6. HEAT TRANSFER IN THE CORONA OF LASER PLASMA

The particular feature of LF is that the laser-beam ener-
gy is absorbed in relatively tenuous layers of the plasma cor-
ona in which the electron density is ne <«c. Even for mod-
ern-short-wave lasers, such density values are lower by
roughly two orders of magnitude than the density of a solid.
Energy transfer from the hot absorbing region to the colder
region in which the target material is evaporated is assured
by electronic thermal conduction.

The positive consequence of the separation of the ener-
gy absorption region from the region of material evaporation
is that this can be used to smooth out inhomogeneities in
energy release since the heat transfer process is diffusive in
character. However, experiments and numerical calcula-
tions show that this effect seems to be significant only for
long-wave lasers (A0>1 fim). For short-wave radiation
(A0 ~0.35-0.5 /um), the heat transfer length is insufficient
for appreciable smoothing of absorption inhomogeneites for
energy flux densities #>1014 W/cm2. A negative conse-
quence of the separation of absorption and evaporation re-
gions is that the thermal conductivity of plasma is often ina-
dequate to assure the transfer of the necessary amount of
heat. There is as yet no unified and generally accepted model
of heat transfer in the corona of the laser plasma.

The classical description of heat transfer by the heat
transfer equation

nedTe/dt = -div Q, Q - -xvre,

where X~nevtt/ve> vt* = (Te/mc)
l/2 is the characteristic

electron velocity, and ve is the collision frequency, is valid
only for very smooth temperature and density inhomogene-

ities in which the scale L is greater by a factor of more than
100 than the electron mean free path Ae = ute/ve. The ther-
mal flux Q is no more than 0.01 of the maximum energy flux
Qts = ne ute ^e that can be transported by freely moving elec-
trons. In laser plasmas with laser beam energy densities
g>1014 W/cm2, the condition Q/Q{s<0.01 is violated and
the actual value of Q is less than the classical value. The
result is that the absorption region becomes heated and there
are steep temperature and density gradients in the neighbor-
hood of this region.

The maximum heat flux density in laser plasma is com-
monly characterized by the thermal conductivity limiting
factor/ defined by Qmax = fQh. Comparison of experimental
and computed values shows that / ranges from a few hun-
dreths to a few tenths.48 Such a large spread in the values of/
is probably due to the change in the relative importance of
different mechanisms that limit thermal conductivity under
different experimental conditions and the very crude con-
ceptual basis used for the coefficient/

One of the most frequently employed models of heat
flux limitation relies on the replacement of the local classical
expression for Q with a nonlocal expression corresponding
to the "spreading" of the classical flux—;fVre over a region
of the order of the inhomogeneity scale.49'51 However, the
expressions for Q proposed in Refs. 49 and 50, and also the
coefficient / itself, do not follow from the more rigorous
transport description. Other mechanisms restricting ther-
mal conductivity rely on nonlinear effects such as the excita-
tion of oscillations in plasma under the influence of a high
heat flux due to ion-acoustic52 or Weibel53 instabilities. The
reason for the excitation of these instabilities is either a dis-
tortion of the electron distribution function, i.e., the onset of
anisotropy, or a positive derivative in the region of the phase
velocities of the ion-acoustic waves. In both cases, the distri-
bution function becomes unstable with respect to the excita-
tion of either magnetic or density fluctuations. The scatter-
ing of electrons by these fluctuations is indeed the reason for
the limitation of the flow of heat.

Unfortunately, existing experimental data on laser plas-
mas do not as yet permit a choice between the different heat-
transfer limiting mechanisms. This is why model experi-
ments with large tenuous plasmas, in which steep
temperature gradients are produced, are particularly impor-
tant. The results of a recent detailed model experiment54

suggest that the observed temperature profiles cannot be de-
scribed by a single restriction coefficient / and that a com-
plete heat transfer equation will be essential. However, be-
cause their parameters are significantly different, the results
of model experiments cannot be extended to laser plasmas. It
follows that special experiments designed to investigate heat
transfer in laser plasmas will also be necessary.

/.CONCLUSION

We conclude that modern experiments on the interac-
tion between kilojoule laser beams and plasmas demonstrate
the presence of an acceptable level of absorption (>80%)
for flux densities in the range 1014-1015 W/cm2 and wave-
lengths in the range 0.25-0.5 fim. The residual reflection,
largely due to SMBS and SRS processes, is practically inde-
pendent of the laser beam flux density. The fraction of ener-
gy removed by fast electrons is relatively small and does not
produce a significant deterioration in compression param-
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eters. The methods available for reducing laser-beam coher-
ence (both in space and in time) can be used to suppress
parametric processes and to ensure that the classical absorp-
tion mechanism will continue to operate up to energy flux
densities 1015 W/cm2. This is sufficient to produce pulsed
thermonuclear fusion reactions with a positive yield.

However, direct extension of these relatively optimistic
results from kilojoule to megajoule energies is unjustified
and requires serious additional investigation. This is so be-
cause this extrapolation involves an increase in the charac-
teristic scale of plasma by almost an order of magnitude and,
at present, we have no inhomogeneity scaling for parametric
processes. Moreover, the reasons for the anomalously low
parametric threshold and the mechanisms responsible for
their nonlinear stabilization are still not understood. It fol-
lows that an increase in the geometric dimensions of laser
plasmas may lead to a qualitative change in the relative im-
portance of the different parametric processes and the mag-
nitude of the respective effects.

The above factors provide a basis for the systematic in-
vestigation of parametric processes in large-scale laser plas-
mas, including the determination of scaling data for impor-
tant parameters such as the level of nonlinear SMBS and
SRS reflection, the fraction of accelerated electrons, the in-
fluence of filamentation on target absorption and compres-
sion symmetry, and heat transfer and energy balance in tar-
gets of different construction. The solution of these
problems will play a key role in successful realization of iner-
tial fusion.
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achieved by ensuring highly symmetric target illumination, which pre-
sents considerable technological problems. Less stringent conditions
on the laser beam quality are demanded by the indirect compression
method in which the target is compressed by x-rays. Laser to x-ray
conversion is performed in a special cavity (containing the thermonu-
clear fusion target). Since the construction of a target for indirect com-
pression is in many respects similar to the construction of a hydrogen
bomb, most of the data on x-ray compression is not published in open
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