PHYSICAL REVIEW E

VOLUME 50, NUMBER 5

NOVEMBER 1994

Enhanced ion acoustic fluctuations in laser-produced plasmas

W. Rozmus and V. T. Tikhonchuk*
Department of Physics, University of Alberta, Edmonton, Alberta, Canada T6G 2J1

V. Yu. Bychenkov
P. N. Lebedev Physics Institute, Russian Academy of Sciences, Moscow 117924, Russia

C. E. Capjack
Department of Electrical Engineering, University of Alberta, Edmonton, Alberta, Canada T6G 2G7
(Received 30 March 1994; revised manuscript received 14 July 1994)

The nonuniform laser heating of a plasma has been identified as contributing to a source of
enhanced ion acoustic fluctuations that occur during the initial phase of the laser plasma interaction
process. The resulting temperature gradient creates a heat flux that is responsible for the excitation
of unstable ion waves, which propagate predominantly in a plane perpendicular to the laser beam
axis. We have used the results of weak turbulence theory to estimate the stationary level and the
angular distribution of these fluctuations. These are shown to have a dramatic effect on the Brillouin
scattering reflectivity. The importance of this ion wave enhancement mechanism for the short (10
ps) laser pulse interaction experiments is discussed.

PACS number(s): 52.35.Qz, 52.35.Ra, 52.40.Nk

I. INTRODUCTION

One of the main challenges in laser-driven inertial con-
finement fusion (ICF) research [1,2] is the stimulated
scattering of laser radiation in the plasma corona. In
spite of almost two decades of intense experimental and
theoretical studies, we can neither control these insta-
bilities nor reliably predict reflectivities from large scale
plasmas that are characteristic of future reactor experi-
ments. One of the difficulties encountered in the theo-
retical description of laser light scattering is related to
the complexity of ICF targets. The presence of a strong
driver will remove the plasma from the thermal equi-
librium state by altering the particle distribution func-
tion, and will also impose spatial gradients in both the
plasma density and temperature. In addition, various
scattering processes such as stimulated Raman scatter-
ing (SRS), stimulated Brillouin scattering (SBS), and fil-
amentation or self-focusing instabilities can occur simul-
taneously. The complicated nonlinear coupling between
these processes can significantly alter noise levels and lo-
cal values of hydrodynamic and laser beam parameters.
This makes the quantitative prediction of laser scattering
levels an extremely difficult task.

Recently, new experiments with well characterized pre-
formed plasmas and picosecond laser pulse durations [3]
have helped to simplify the study of the physics of scat-
tering instabilities. The use of relatively short interaction
times results in minimal hydrodynamic plasma evolution.
This allows a theoretical analysis which is based on the
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standard linearized wave coupling equations to be used.
However, the quantitative comparison between measured
reflectivities [3] and theoretical calculations [4] still show
large discrepancies. The most likely source of this dif-
ference is the low level of the initial thermal equilibrium
fluctuations that is used in the theoretical model.

The source of the initial electrostatic fluctuations in a
plasma (cf. Refs. [4-6]) for the scattering instabilities is
usually attributed to discrete particle effects. However,
in order to quantitatively interpret SBS measurements
in laser interaction experiments with preformed plasmas
[3,7], one must use enhanced ion acoustic fluctuation lev-
els. Several different processes may be responsible for
these fluctuations. Instabilities at the quarter critical
density n./4 such as two plasmon decay have been iden-
tified as a seeding mechanism for ion acoustic fluctua-
tions and SBS in the experiment by Young et al [7].
A theoretical scenario in which the nonlinear evolution
of Langmuir waves produced by SRS drives a high level
of ion acoustic waves (IAW’s) and hence enhanced Bril-
louin reflectivity has been advanced by Kolber et al. [8].
In this mechanism, SRS is saturated through the cou-
pling of Langmuir waves and ion fluctuations. Another
SBS enhancement mechanism in laser-produced plasmas
is proposed in Ref. [9]. This is related to the heat flux
driven ion acoustic instability discovered by Forslund
[10]. De Groot et al. [11] recently suggested that part
of the backscattered light in thin foil experiments [12]
(the blueshifted component) can be attributed to Bril-
louin scattering off ion fluctuations produced by heat flux
driven instabilites. In this paper we examine this mech-
anism in greater detail by investigating a specific inter-
action geometry. Quantitative estimates of the density
fluctuation level and the laser light scattering efficiency
will be developed.
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We discuss the ion acoustic wave instability that is
driven by the electron heat flux that results from the
initial, nonuniform inverse bremsstrahlung heating of a
plasma. The focused laser beam creates and maintains
a temperature gradient normal to the direction of laser
propagation, particularly during the first several tens of
ps when the ions do not have sufficient time to move.
These are typical conditions in the interaction of lasers
with preformed plasmas. This heat flux driven instabil-
ity is also important in plasmas created by laser pulses
with random phase plate (RPP) optics or with induced
spatial incoherence (ISI), where many Gaussian-like hot
spots are produced in an attempt to smooth out and con-
trol laser intensity nonuniformities. By taking the ther-
mal flux driven instability [10] as the starting point, we
describe the characteristic levels and angular distribution
of the ion acoustic fluctuations that are produced after
the saturation of the linear instability. Our discussion is
based upon the results of weak ion acoustic turbulence
theory [13,14] which will be used to develop an estimate
of the level of Brillouin scattering that is expected from
ion fluctuations produced by heat flux driven instabili-
ties.

Our paper is organized as follows. Section II describes
threshold conditions for the heat flux driven IAW insta-
bility in the presence of temperature gradients created by
a Gaussian laser pulse interacting with a homogeneous
plasma. It also contains results of the numerical simula-
tions of the laser plasma heating. Section III applies the
results of weak turbulence theory to laser heated plas-
mas. Sec. IV gives predictions for the Brillouin reflec-
tivity from enhanced ion fluctuations and relates these
to experimental observations. Finally Sec. V contains a
summary and short discussion of ion fluctuations pro-
duced by RPP laser pumps and of their role in different
parametric instabilities such as stimulated Raman scat-
tering.

II. HEAT FLUX DRIVEN ION ACOUSTIC
INSTABILITY IN LASER-PRODUCED PLASMAS

The inverse bremsstrahlung absorption of a laser pulse
with a Gaussian-like radial profile by a plasma results in
strong temperature gradients in the direction perpendic-
ular to the laser beam axis. At first, the particle den-
sity is only weakly disturbed and the plasma response is
dominated by a heat front propagating across the plasma
toward the outer edges of the laser beam. This is a tran-
sient effect, and the strong temperature gradient may
later disappear due to plasma convection. However, it
can dominate the entire plasma evolution during short
pulse (= 10 ps) interaction experiments [3]. The energy
transported down the temperature gradient is carried by
fast electrons. As a result of this heat flux, an electric
field is generated which will drive a return current of elec-
trons from the bulk of the distribution function. When
this return current is above a threshold value, it gives
rise to kinetic [10] or hydrodynamic [15,16] ion acoustic
instabilities.

The threshold condition for the heat flux driven ion
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acoustic instability can be written in terms of the incident
laser light intensity Ip and the threshold value of the
electron heat flux n.c,Te (cf. [16]) as

I zneTecs/Av (1)

where n. and T, are the electron density and tempera-
ture, c, is the ion acoustic velocity, and A is the laser
energy absorption coefficient. Equation (1) is easily sat-
isfied in most experiments, however, the threshold condi-
tion is oversimplified. Therefore a more detailed analysis
of the evolution of the temperature distribution during
interaction of a laser pulse with a preformed plasma is
necessary. We will develop a simple transport model of
plasma heating by a Gaussian pulse and benchmark this
against more complete hydrodynamic simulations. The
simplified model will be used in the theoretical analysis
that follows.

A. Stationary model of the plasma heating

Let us first assume that the plasma density is homoge-
neous and that it does not change during the time of the
interaction. Due to the absorption of the laser beam en-
ergy, the plasma will be heated preferentially in the cen-
tral region of the beam and will remain cooler toward the
laser beam edges because of thermal conduction losses.
We can find the electron temperature distribution from
the heat transport equation

3 OJT.
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where n. is the critical electron density, v.; is the
electron-ion collision frequency, and §'is the electron heat
flux. In our analytical model we assume the heat flux
to be classical, § = -C(Z)nev%eu;lﬁT,3 where the ion
charge dependent coefficient ¢ = 4.42(Z + 1.7Z%)/(0.8 +
2.4Z +0.622) is taken from Ref. [16] and vre = \/Te/m.
is the electron thermal velocity. The classical heat con-
ductivity in Eq. (2) limits applicability of the model
to relatively small temperature gradients in the plasma.
The importance of this limitation will be examined
through a comparison with results of hydrodynamical
simulations. By investigating the effects of thermal trans-
port over a wide parameter range, from strongly inhib-
ited to free streaming limits, we find that the classical
heat flux gives reasonable results for the case of short
wavelength lasers. In all cases, the heat flux predicted
by the hydrodynamic code remains above the threshold
(1) for the return current instability. However, for cases
of long wavelength lasers our simple model (2) underes-
timates temperature and overestimates heat fluxes in a
more significant way.

An estimate of the characteristic plasma heating
time 7y can be found by comparing the inverse
bremsstrahlung heating rate [right hand side of Eq. (2)]
with the time derivative of T, under the assumption of
no heat flux losses,

TH = ncTeOC/IOVei- (3)
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This is a short time period, typically a few picoseconds in
experiments and is usually much less than the character-
istic growth time of scattering instabilities and the laser
pulse duration (7o = 10 ps in experiment [3]). A first ap-
proximation for the temperature profile across the laser
beam can be obtained by solving the stationary version
of Eq. (2). For the case of an axially symmetric Gaussian
laser beam Iy(r) = Ip exp(—r2/a?), the electron tempera-
ture distribution Te(r) = To©(r/a) satisfies the following

equation:
1d doe
_1d 95/2_), 4
pdp (p dp )

where p = r/a is the normalized radial distance. The
characteristic temperature Ty is defined by setting the
absorbed laser energy Io(n./n:)[vei(To)a/c] [cf. Eq. (2)]
equal to the heat flux go = (n.TovZ,/avei(To). This can
be written as

_ 72 115 2/5
To = 0.2P/%); 2/5[ (Z)] (:—) A%/% keV, (5)

where the laser wavelength A¢ is given in micrometers,
the total laser power Py = wlpa? is in gigawatts, and A
is the Coulomb logarithm.

The numerical solution of Eq. (4) is shown in Fig.
1. The temperature starts from a maximum value
©(0) = 0.9 and decreases monotonically toward the
edges. The on axis temperature ©(0) can vary depend-
ing upon the choice of the background plasma temper-
ature O(r = 0o). The minimum value ©(0) = 0.899 is
obtained if @(r = o0) = 0. The profile shown in Fig.
1 corresponds to ©(0) = 0.905 which was found using
the condition T¢(0) = 3T.(o0) in order to match the nu-
merical calculations described in the second part of this
section.

Equation (5) suggests that the characteristic plasma
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FIG. 1. The radial distribution of the electron plasma tem-
perature obtained from the solution of Eq. (4) with the as-
sumption T¢(0) = 3T.(oco) (solid line). The results of the full
hydrodynamic modeling using the CASTOR code are shown
in gray lines for comparison. The numbers near gray lines
correspond to the time moments in ps. The maximum inci-
dent laser intensity was 10'® W/cm?, other parameters of the
hydrodynamic simulations are Ao = 0.335 pm, n./n. = 0.2,
initial temperature is 300 eV.
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temperature depends only on the total power of the laser
beam, and not on the intensity or the radial beam size.
The temperature distribution along the direction of pulse
propagation is predicted to be almost constant. Any
variations are related to the depletion of the laser light
through absorption. The strongest laser intensity inho-
mogeneities occur across the laser axis, resulting in-a
strong radial temperature gradient and a large heat flux.
For example, in experiment [3], where the laser pulse en-
ergy was approximately 10 J, Eq. (5) predicts the tem-
perature Ty = 0.84 keV (for A = 7) which is several times
larger than the estimated initial temperature of the pre-
formed plasma.

For the case of a laser beam with a Gaussian radial
profile, the solution of Eq. (4) (cf. Fig. 1) gives a heat
flux g(r) = —©(dO©/dp)qe which is directed radially out-
ward. The flux is equal to zero on axis and reaches a
maximum ¢pez = 0.25¢p at the beam edge » = a, and
decreases to zero outside of the laser spot. The ratio of
Gmaz to the instability threshold gnec,,Te [16] is given by

q‘m.a::

=0.15¢(Z
gneca e(

— Z)— (6)

where A, = vre/Ve; is the electron mean free path, and
can be expressed as

Ae = 57. 1ﬂT0 ,\2 pum,

where T has units of keV and is given by Eq. (5) and Aq
is measured in micrometers. In experiment [3], the beam
full width at half maximum (FWHM) was approximately
100 pm (@ = 60 pm) and the electron mean free path
approximately 9 pm. Hence, according to Eq. (6), the
heat flux was more than six times the threshold value,
for Z = 5.

In experiment [3], the characteristic temperature scale
length a exceeds the electron mean free path by a factor
of about 10. We note that for values of a/A. = 50 (cf.,
e.g., Ref. [17]), the electron heat flux becomes nonlocal
and is considerably reduced as compared to the classical
value (used in our paper). We will examine the effect of
electron heat flux inhibition in the next subsection. Ion
acoustic turbulence can also contribute to the thermal
transport inhibition by enhancing electron collisionality.
A comparison of the ion instability threshold given by Eq.
(6) with the criterion for the onset of nonlocal transport
effects a/A\. S 50 suggests that in typical experimental
conditions found in high Z plasmas, ion waves can be-
come unstable approximately for the same temperature
gradient scale as the reduction of the heat flux due to
nonlocal effects (cf. Ref. [18]).

B. Numerical modeling of the laser plasma heating

In order to validate the simple stationary model (4) of
the plasma heating and to investigate the effect of the
electron heat flux inhibition on the instability threshold
we compare its predictions with those of the CASTOR hy-
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drodynamic simulation code [19]. We consider the ex-
ample of a preformed underdense carbon plasma column
that is heated by a laser beam with a Gaussian radial pro-
file. The plasma column is assumed to be 300 um long
with initial electron and ion temperatures of 200 eV and
a uniform electron density n./n. = 0.1. A laser beam
with a 1.06 pm wavelength and a FWHM vacuum focal
diameter of 50 pm is focused at the center of a plasma
column. The laser intensity is assumed to grow linearly
from a value of 0 to the maximum value (10*® W/cm?) at
t = 1 ps, and remain constant thereafter. The electron
heat flux has been described in the code by a classical
expression, which is saturated at the level 0.25 fn.vpT..
Two different flux limiters f = 0.08 and 0.5 have been
used in the calculations.

The radial temperature profiles obtained by the sim-
ple stationary model (4) and the more detailed CASTOR
simulations are compared in Fig. 1. Parameters for
this case include a peak laser intensity of 10'®* W/cm?,
Ao = 0.335 um, and n./n. = 0.2; the flux limiter f was
set to 0.08. The radial temperature profile is shown at
z = 150 um. A quasistationary radial temperature distri-
bution is reached after approximately 10 ps, and no sig-
nificant temperature change is observed thereafter. The
simple analytical formula (5) slightly underestimates the
maximum electron temperature and gradient. The rea-
sons for this discrepancy are related to the simple (purely
classical) model of the heat flux which exceeds locally the
flux limit in numerical simulations by a factor of about
5 and to the distortion of the radial intensity profile in
the course of propagation of the laser beam through the
plasma. Both these effects can be accounted for through
a refinement of the analytical model. However, this sim-
ple stationary model will give an adequate (within a few
tens of a percent) estimate for the electron temperature
that is used in the theoretical analysis below.

Figure 2 shows the temperature distribution in the in-
teraction region for time ¢t = 15 ps, and for the parameter
set Lge = 10 W/cm?, Ao = 0.335um, n./n. = 0.2,
and initial ion and electron temperature 300 eV. This
case involves strong inverse bremsstrahlung absorption
of laser light. The resulting temperature contour plot
shows a strong temperature gradient not only in the ra-
dial direction but also along the direction of propagation
z. Effect of the heat flux inhibition is insignificant in
this case. Owur discussions of ion acoustic fluctuations
in the next sections are based on the assumption of a
strong temperature gradient only in the plane normal to
the laser axis (cf. Fig. 3). However, Fig. 2 shows that
for conditions found in laser plasma interaction experi-
ments with strong absorption, we may expect a far more
isotropic distribution for the temperature gradient and
hence the ion acoustic turbulence spectra. The assump-
tion of a radial temperature gradient is more appropriate
for less dense plasmas as is seen in Fig. 3.

The reasonable agreement between the analytical
model and numerical simulations (cf. Fig. 1) is mainly
related to the fact that the short wavelength (Ao =
0.335 pm) laser radiation has been used and therefore
the plasma was relatively dense and collisional. Much
stronger nonlocal effects are obtained with long wave-
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length (Ao = 1.06 pm) laser radiation. Figure 3 shows
a typical temperature profile that is calculated at the
time t = 7.6 ps with a flux inhibition factor f = 0.08.
The electron temperature grows with time and reaches a
maximum value which is approximately two times larger
than predicted by Eq. (5). A quasistationary tempera-
ture profile is established after approximately 10 ps. As
is seen from the contour plot, the electron temperature
in the axial direction is approximately constant because
of small laser light absorption by the very underdense
plasma.

In this case of 1 yum irradiation we have investigated

t=15ps

e
300
z
j
56
r
FIG. 2. Typical electron temperature profiles obtained

from CASTOR simulations at time moment ¢ = 15 ps. The car-
bon plasma was assumed to be 300 um long and have initial
ion and electron temperatures of 300 eV and electron density
ne/ne = 0.2. The plasma was heated by a 0.335 um wave-
length laser focused at the center of the plasma column. A
Gaussian radial beam profile was used with a vacuum FWHM
diameter of 50 um at the focal spot. The laser intensity was
assumed to grow linearly from zero to the maximum value
(10 W/cm?) at t = 1 ps, and then remain constant there-
after. The flux limiter was set to 0.08. The cylindrical coor-
dinates (7, z) are expressed in pm, temperature T, is given in
eV.



50 ENHANCED ION ACOUSTIC FLUCTUATIONS IN LASER-...

the effect of an electron heat flux inhibition more care-
fully, because of the significant deviation of the electron
temperature from the analytical prediction. The cross
sections of the electron temperature radial distribution
at the center of the plasma column, z = 150 yum, are
shown in Fig. 4 for the same conditions as in Fig. 3 for
two flux limiter parameters f = 0.5 and 0.08. The sta-
tionary model of classical heat conductivity predicts an
electron temperature that is smaller by 20% as compared
to results of calculations with a moderate flux limiter f
= 0.5. The decrease of f does not significantly affect the
temperature distribution [cf. Fig. 4(a)], but does have
a considerable effect on the magnitude of the electron
heat flux which is decreased by almost four times [cf.
Figs. 4(b) and 4(c)]. This effect makes the excitation
of the return current instability more difficult to achieve.
Dash-dot curves in Figs. 4(b) and 4(c) demonstrate the
instability threshold, ¢;, = gnec,Te, calculated from the

t=7.6ps
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0 25 50
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FIG. 3. Electron temperature profile and the contour plot
obtained from CASTOR simulations at the time moment ¢ =
7.6 ps. The initial ion and electron temperatures were 200 eV
and electron density n./n. = 0.1. The plasma was heated by
a 1.06 pm wavelength laser with intensity 10'® W/cm?. Other
conditions are the same as in Fig. 2.
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corresponding temperature distributions shown in Fig.
4(a). We see that instability can be excited almost in the
entire plasma column for the moderate flux limiter case,
f = 0.5. In the case of very strong inhibition (f = 0.08)
the heat flux is much closer to the instability threshold,
but it can still produce growth of IAW’s at the perimeter
of the laser beam.

Our hydrodynamical calculations confirm the predic-
tions of the analytical theory for a collisional plasma case
and demonstrate that the instability threshold conditions
can be satisfied even with strong heat flux inhibition.
(Note that our flux limiter f = 0.08 corresponds to the
saturation of the heat flux at the level 0.02n.vr.T. which

500
400
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/\\
/
VRN (b)
0.8 ,/ \
qe 0.6f |/ \\
!
0.4}y
0.2/ ----- - \\
Te—am .
—-<2 —_—
20 40 60 80 100
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r

FIG. 4. The electron temperature (a) and electron heat
flux [(b) and (c)] distribution in the center of the plasma col-
umn, z = 150 um, for the parameter set shown in Fig. 3 at
time moment ¢ = 7.6 ps. Curves 1 and 2 correspond to the
flux limiter f = 0.5 and 0.08, respectively. Dashed curves cor-
respond to the result obtained using the classical heat conduc-
tivity in the stationary limit. Dash-dot curves demonstrate
the threshold heat flux for the excitation of return current
instability.
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is much lower than is usually assumed.) In the compari-
son of the classical heat flux approximation with results
of the hydrodynamic simulations with both strongly in-
hibited and free streaming values of the heat flux, we have
seen differences in temperature profiles and electron heat
fluxes. However, the main feature of the plasma refer-
ence state, i.e., the heat flux above the threshold value
for the return current instability, has been adequately
characterized by the classical heat transport model. A
full kinetic treatment is necessary in order to more accu-
rately describe the threshold conditions for the instabil-
ity in the regime of nonlocal heat conductivity. In this
paper we have used results from several hydrodynamic
runs with different flux limiters and our analytical theory
to establish the existence of unstable plasma conditions.
The analysis of the growth rate, however, is based on
the phenomenological theory [16] of ion acoustic waves,
which includes the nonlocal effects in the electron ther-
mal transport.

III. THE CHARACTERISTICS OF THE ION
ACOUSTIC TURBULENCE

It is well known that an ion acoustic turbulence (IAT)
produces enhanced electron collisionality (cf., e.g., review
papers on this subject [13,14]). In particular, IAT can
contribute to anomalous laser light absorption and ther-
mal transport inhibition in laser produced plasmas (cf.,
e.g., Ref. [20]). Since the introduction of short wave-
length lasers in laser fusion experiments, classical colli-
sioniality has dominated both absorption and transport
processes. In addition, low levels of IAT found in par-
ticle simulations have also contributed to the declining
role of IAT as an important physical mechanism in the
laser fusion targets.

Our renewed interest in IAT has been motivated by the
low threshold of the heat flux driven instability demon-
strated in the preceding section analytically and numer-
ically and difficulties encountered in the theoretical un-
derstanding of scattering instabilities, in particular SBS
in recent experiments. Some of these problems have be-
come more apparent with the recent progress in exper-
imental techniques, in particular with the use of short
laser pulses in scattering experiments [21]. It has be-
come obvious that high levels of initial IAW fluctuations
are required and perhaps different instabilities in addi-
tion to scattering processes, in order to quantitatively
interpret SBS measurements [4].

In this section we adapt results of the weak turbulence
theory for the heat flux driven ion acoustic instabilities
[22,13,14] to the current conditions of laser plasma in-
teraction experiments. The analytical results which are
summarized below represent the actual level of theoreti-
cal understanding of these important, experimentally ob-
served processes. The numerical values of the ion fluctu-
ation levels are consistent with the enhancement of the
acoustic noise, which is necessary to explain SBS mea-
surements in laser produced plasmas. The characteristic
time scales of growth and saturation of the instability
are also compatible with the initial transient regime of
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laser plasma interaction experiments. The framework of
a weak turbulence theory is appropriate in studies of a
heat flux driven instability which excites a broad spec-
tral range of uncorrelated ion acoustic modes under con-
ditions of relatively weak drive and low fluctuation lev-
els. We start by estimating the characteristic time scales
of IAT growth and saturation and follow with estimates
of the fluctuation levels and angular distributions in the
stationary regime.

The linear growth rate of the kinetic instability driven
by the electron heat flux depends on the wave number &
and the heat flux ¢ (cf. Ref. [16])

- 3 gcosdy .

- 2I9°% 7

yialB) = ll) (14 F4E ) @
where v,(k) = kc,(mZm./8m;)!/? is the electron Lan-
dau damping rate of the ion acoustic wave, and Jy is the

angle between the wave vector k and the direction of a
local temperature gradient. We have neglected contribu-
tions from ion Landau damping in Eq. (7) by assuming
ZT./T; > 10. The acoustic waves which would partici-
pate in resonance Brillouin scattering are characterized
by wave numbers k of order ko = wq/c, where the ex-
act value depends on the direction of scattering. The
growth time of these waves 71 =~ 1/yra(ko) is usually
shorter than 1 ps for typical conditions found in laser
plasma interaction experiments. The thermal flux driven
instability occurs for the collisionless electrons, i.e., when
the wavelength of the unstable mode is smaller than the
electron mean free path A.. Therefore the linear growth
expression (7) is valid for the relatively hot and under-
dense plasmas, when

VTe/C > Vei/wo. (8)

We have also neglected the effect of ion-ion collisions in
Eq. (7), which can effectively stabilize IAW’s with small
wave numbers k < k. According to Ref. [16], the limit-
ing value k, of the unstable region reads

T; m; Viined, )
k — k2 1 1'tete . 9
2T 2T\ Zm. ¢ )

where v;; is the ion-ion collision frequency. Relation (9)
is valid for the relatively small heat fluxes (cf. Ref. [9])
where

q S neTecy(mi/Zme) Y *(T; ) ZT,)%/2. (10)

A detailed analysis of the IAW damping by ion colli-
sions [16] leads to several regimes for the linear growth
of the instability including a strong heat flux limit. In
the present paper we will discuss the simpler case defined
by Egs. (9) and (10).

The nonlinear evolution of the kinetic instability of an
IAW, driven by a constant electric field and/or return
current induced by the electron heat flux, proceeds as
follows [13,14]. The initial exponential growth, described
by (7), continues until collective fluctuations have suffi-
cient amplitude to significantly modify the particle dis-
tribution function. From the macroscopic point of view,
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enhanced fluctuations increase the anomalous resistivity
1) = MeVan/nee?, and slow the initial electron-ion drift.
The drift velocity ug = gq/n.T. describes a return current
of cold electrons, jo = eneug, which is a source of insta-
bility when u4 > ¢,. The quasilinear theory [13,14] leads
to the following expression for the turbulent electron col-
lision frequency:

2 FI L
Van = —/—k-ud(t)m(k,t)N(k,t), (11)

nemeu? J (27)3

where the IAW quanta N (E, t) are defined in terms of
the wave energy spectral density W; and ion acoustic
frequency w,, N(k,t) = Wi /w,. The increased collision-
ality (11) is responsible for the transient evolution of the
spectra, which includes electron heating, acceleration of
ions and the decay of fluctuations from their maximum
value, at the moment of first saturation, toward asymp-
totic values in the stationary regime. During the decay
of IAT, the anomalous Joule heating of electrons and the
production of fast ions continues. In the stationary stage,
the particle distribution function is close to marginal sta-
bility and the primary mechanism that is responsible for
the spectral energy distribution is induced scattering by
ions.

The characteristic time scale t,,; of the temporal evo-
lution of IAT before the fluctuations reach the stationary
stage is related to the linear growth rate (7). In partic-
ular, for conditions close to threshold and for a wave
number k = wo/c, we can estimate the characteristic sat-
uration time t¢,,; as
toat & “’0—1 R L

(12)

cs V| Zm,

For the typical experimental conditions, this saturation
time can be of the order of few ps. We will be more
specific in the calculation of t,,; below, by giving the full
range of values for different wave numbers in the case of
weakly and strongly driven instabilities.

In the nonlinear quasistationary stage of the instability
the induced scattering of an IAW by ions [13,14] leads to
the following distribution of the ion acoustic quanta N (k)
in the Fourier space:

N(k) = Ngp(k)®(cos 8;), (13)

where Nk p(k) is the Kadomtsev-Petviashvili frequency
spectrum [23]

.E'Ya(k) n 1
‘T, kS kEApe

Nkp(k) = 4tn.m (14)

This formula is valid for wavelengths /\Bl >k > kmin,
where the minimum wave number k,,;, ~ k2 [cf. Eq. (9)]
defines the position of the maximum of the turbulence
spectrum. For smaller wave numbers, ion-ion collisions
suppress the instability and cause a rapid decrease of
N (k) toward zero for k < kmin.

The general solution for IAW quanta N (E), described
by Egs. (13) and (14), is valid for the wide range of
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values of the ambipolar electric field E which gives rise
to the return current of cold electrons. The particular
form of the function ® (13), however, depends on the
characteristic parameter Ky = E/Eyny. The limiting
value of the electric field

separates weakly driven IAT from the strongly driven
case, where induced scattering on ions plays an essential
role in producing IAT spectra. The parameter Ky, the
so called turbulent Knudsen number (cf. Refs. [14,22]),
can be expressed in terms of the temperature gradient

from the condition of the zero total electric current, i.e.,
eE = V(n.T.)/ne.

Ky ~6nTe LG (15)
ZT. el

CsWpi
One can obtain a simple estimate for the parameter K
from the stationary plasma heating model of Sec. II A.
By combining Egs. (5) and (6) with the definition of the
classical heat flux we obtain |§Te| ~ 0.25T¢/a, and the
following simple expression for the turbulent Knudsen
number (15) is obtained:

vre T;
Ky ~ 280—= .
N awp; ZTe

Typically Ky varies between 0.1 and 10 for parameters
found in current laser plasma interaction experiments.

The function ® (13) describes the angular distribution
of the IAT spectra with respect to the direction of a local
temperature gradient. It has nonzero values for 6; < 7/2
and is given by the following expressions [13,14]:

4Ky d _ ¢t :
3(¢) = e d{ég“‘ ?fKN<<1
Kn=28¢%(1+18—-2¢%) ifKy > 1,
(16)

where € ®~ KyIn(1/Ky) for Ky < 1. In the case of
weakly driven IAT (Kn < 1) the angular distribution of
IAT spectra is peaked in the direction of the temperature
gradient (cf. Fig. 5). For Ky > 1, & becomes more
isotropic (cf. Fig. 6) and displays weak maxima at §; =
+35°. For both weakly and strongly driven turbulence,
the function ®(£) decays rapidly to zero at §; ~ +90°,
i.e., for the ion waves propagating in a direction normal
to the temperature gradient.

Figure 5 shows the the spectral distribution of the
ion acoustic quanta N(k) (13) normalized to the ther-
mal equilibrium values N., = T./kc, in a logarithmic
scale. Figure 5 corresponds to small Ky and Fig. 6 to
large values of the parameter Ky [cf. Eq. (16)]. The
main parts of both figures are the contour plots with the
thin solid lines identified by numbers indicating the or-
ders of magnitude of IAT enhancement above the thermal
level. The angle §;; measures the direction of the wave

vector k with respect to the direction of a temperature
gradient. The turbulence spectra are strongly enhanced
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FIG. 5. The contour plot of a logarithm of the normalized
ion density fluctuations kc,N(d;)/Te (13) as a function of the
wave number and the angle d; between temperature gradient
and the wave vector k. The turbulence parameter Ky (15)
equals 0.5. Numbers near solid lines define orders of magni-
tude for ion fluctuations above the thermal level. Two dotted
curves define the range of wave vectors being enhanced on
the time scale 7 (17) of 10 ps (darker dashed curve) and 30
ps (lighter dashed curve). The thick gray lines denote the ion
waves which can participate in the Brillouin scattering (four
different examples of interaction are shown in Fig. 7), if the
temperature gradient is perpendicular to the beam axis. The
rest of the plasma parameters are n. = 10%° cm ™3, T. = 800
eV, ZT./T; = 12, and n./n. = 0.1.

FIG. 6. The contour plot of a logarithm of the normalized
ion density fluctuations kc, N (d;)/T. (13) as a function of the
wave number and the angle §; between temperature gradient
and the wave vector k. The turbulence parameter Kn (15)
equals 5. The rest of the parameters are as in Fig. 5.
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in the direction of the temperature gradient and become
zero for d; = £90°. The maximum of N is reached at
k = k3 (9), which defines the cutoff due to ion collisions
in our model. The smaller the wave numbers, however,
the longer the time of growth and saturation of IAW in-
stability. We have illustrated this point by drawing two
dotted curves in Fig. 5. They correspond to two values
of the characteristic time

7 =1/va(F), (17)

where the linear growth rate 74 is defined by Eq. (7).
The upper curve (darker dashed line) corresponds to 7 =
10 ps and the lower curve (lighter dashed line) is defined
by 7 = 30 ps. They describe the lower bounds for the
region of wave vectors, which can be enhanced and reach
the stationary state on time scales of 10 ps and 30 ps,
respectively. While solving Eq. (17) for k as a function of
at these two specific times, we have expressed the heat
flux ¢ [cf. Eq. (7)] in terms of the turbulence parameter
Kn (15). The result has the following form:

k _ IIIA/\O Ti
£ =033 o T
D TC(Z)KNTe' “cos(d;) Le

(18)

where 7 is in ps, T, in keV, and Ag in pm. Expression (18)
is sensitive to the value of Ky and shows that for small
values of K one is less likely to observe strong enhance-
ment (magnitude of the order of 10) in the short time
scale of the initial transient heating of a plasma. This
restriction is less important for large Ky as is demon-
strated by plotting (18) for = 10 ps in Fig. 6. The
thick gray lines in Fig. 4 show the location of wave vec-
tors satisfying resonance conditions for the SBS. We will
discuss the effect of nonthermal ion fluctuations on the
scattering instabilities in the next section.

In summary, the analysis of return current driven ion
acoustic turbulence shows that high fluctuation levels can
be excited on time scales corresponding to the initial
transient heating of the plasma. This includes the short
pulse, 10 ps interaction experiments. Ion acoustic fluctu-
ations are localized predominantly in the radial plane and
are directed toward the laser axis. The angular distribu-
tion of enhanced wave vectors along the direction of the
temperature gradient is relatively wide so that intense ion
fluctuations are predicted up to angles é; ~ 70° — 80°.
Manifestations of these fluctuations include enhanced ab-
sorption and scattering of the electromagnetic waves in
the laser-produced plasma.

IV. LASER LIGHT SCATTERING FROM THE
ION ACOUSTIC TURBULENCE

The interaction of a laser beam with density fluctu-
ations produces scattered electromagnetic waves. The
weak turbulence theory provides the following expression
for the intensity of the scattered radiation [14,16]:
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dIg €- é’o)2 Ipne, . o directions of anti-Stokes emission satisfy the opposite i_‘n-

VdQﬁ. do _ 167°n.T. n—ckok,c, [N (ks) §(w — wo — kacs) equality. The wave vectors of ion ;cous}t]ickmodes ks,

- which are shown in Fig. 7, correspond to thick gray lines

+N(=ks) 8(w — wo + kaca)), (19) in Figs. 5 and 6—the negative angles 6 define ion waves

where & kol 7) is the wave vector of the ion participating in an anti-Stokes interaction while the pos-
s = Ko(To — v

acoustic wave participating in the scattering, the unit
vectors 7ip and 7i represent the directions of propagation
of the primary and scattered electromagnetic waves, €
and € are their polarization vectors, respectively, and d2;
is the solid angle in the direction of the scattered wave
propagation. The scattering geometry shown in Fig. 7
shows that the length of the vector k, = 2kosin(v/2)
depends on the scattering angle ¥ and in the case when
the temperature gradient is perpendicular to the laser
beam axis it is directly related to the ion acoustic wave
propagation angle d; = 1/2.

Equation (19) predicts two spectral components of
the scattered light: Stokes (redshifted) and anti-Stokes
(blueshifted), corresponding to the decay and coalescence
of the pump and ion acoustic waves, respectively (cf.
Fig. 7). Their directions of propagation defined by vec-
tors k, (Stokes—redshifted light) and k5 (anti-Stokes—
blueshifted light) are different because of the anisotropy
of ion density fluctuations. The Stokes component is ra-
diated in the directions of unit vectors 7 || k., which

satisfies the relation (7ip —71) - VT, > 0. Correspondingly,

forward

: backward .
VT ) VT
L N
k¥ k:
ko y ko |
\J
Stokes interactions
forward backward E VT
'VT 1
kg K ko :

Anti-Stokes interactions

FIG. 7. Four examples of different wave interactions corre-
sponding to Brillouin scattering. Thick arrows described as
ks correspond to ion sound waves. Electromagnetic waves:
pump ko and scattered light P (redshifted or Stokes compo-
nents) or ks (blueshifted or anti-Stokes component) form the
angle ¥. Angle §; between the directions of temperature gra-
dient VT and vectors k, correspond to the variable of Figs.
5 and 6.

itive & values relate to waves contributing to a Stokes
interaction.

The qualitative picture of ion acoustic turbulence and
the interaction geometry is represented in Fig. 8. We
have assumed that the laser beam has a smooth intensity
profile and that its absorption in the plasma is not too
strong. The contours of equal temperature are parallel
to the direction of laser propagation and the temperature
gradient points towards the laser beam axis. The shaded
regions correspond to the ion acoustic turbulence which is
excited at the periphery of the beam, where the tempera-
ture gradient reaches maximum values. The wave vectors
of the ion acoustic fluctuations exist within a wide cone
of angles centered along the direction of the temperature
gradient (cf. Figs. 5 and 6). Figure 8 shows the basic ge-
ometry of localized plasma heating and of the excitation
of the ion acoustic turbulence. It illustrates an idealized
situation, which can be easily altered for example by in-
creased absorption. In Sec. II B we have shown examples
of strongly absorbing plasmas, where temperature gradi-
ents (cf. Fig. 2) change direction from being normal
to the laser axis to being antiparallel to the direction of
beam propagation. Obviously, the corresponding distri-
bution of ion acoustic turbulence will cover an angular
range which is much wider than the distribution corre-
sponding to Fig. 8. Similarily, in realistic plasmas, the
location and orientation of the hot intensity region is af-
fected by plasma response and should result in a far more
isotropic distribution of ion acoustic turbulence as com-
pared to the ideal example shown in Fig. 8. Our model of
plasma heating and excitation of ion acoustic turbulence
(Fig. 7) shows the strongest enhancement for nearly for-
ward scattering. It involves ion waves with small wave
numbers, which are most strongly enhanced (cf. Fig. 4)
and which propagate closely to the direction of the tem-
perature gradient. On the other hand, the growth rate of
small wave number ion waves is the smallest [24] and it
may take a much longer time than the characteristic tran-
sient of the initial heating to reach the stationary regime
described by the Kadomtsev-Petviashvili spectrum (14).

FIG. 8. The schematic diagram of the constant tempera-
ture lines based on the results of numerical simulations shown
in Fig. 3. Ion acoustic turbulence is excited in the shaded re-
gions around the laser beam axis.
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If the temperature gradient is exactly perpendicular to
the laser beam axis then the sound waves contributing
to the backscattered Brillouin scattering experience the
smallest enhancement (cf. Figs. 5 and 6). However,
they still can be a few orders of magnitude above ther-
mal levels (e.g., for ¥ ~ 170°). In more realistic plasma
geometries and for different directions of the temperature
gradient (cf., e.g., Figs. 2 and 3) backscattered Brillouin
can also be strongly enhanced.

In order to obtain quantitative estimates of the scat-
tered light, Eq. (19) can be integrated over the frequency
and written as

? kycoN(Ks)
T,

dIB _8 Ne
~18%x107°%——(1—-— —
T ez, ( n)

(20)

where the scattering length ! and the laser wavelength
are in micrometers. The last factor in this expression is
the ratio of the enhanced ion acoustic fluctuations to the
thermal noise level. Therefore the numerical coefficient
in the front of (20) corresponds to the thermal scatter-
ing. The enhancement factor can be directly evaluated
from Egs. (14) and (16). The particular example rele-
vant to the conditions of the experiment [3] is shown in
Fig. 5. The resonance conditions are satisfied along the
thick gray lines. One can see that the Brillouin scatter-
ing could be very effective in the forward direction and
could provide an increase of the angular divergence of the
transmitted beam by 10°-15°. The amplification of the
scattered light in the near backward direction can also be
significant with values of 5-6 orders of magnitude above
the thermal level. These temperature induced ion density
fluctuations may also serve as the enhanced initial noise
for the stimulated Brillouin scattering, if the SBS ampli-
fication coefficient is greater than 1. When the stimu-
lated instability takes place the redshifted component of
the scattered light spectra should dominate, contrary to
the case of scattering from the enhanced ion fluctuations
when both blueshifted and redshifted components are of
similar intensity.

V. DISCUSSION AND SUMMARY

We have discussed in detail a mechanism for enhance-
ment of ion fluctuations above thermal levels in laser pro-
duced plasmas. This mechanism is based on the heat flux
driven ion acoustic instability produced by the nonuni-
form heating of a plasma. The focused laser beam creates
a temperature gradient predominantly in the direction
perpendicular to the laser axis. The temperature gradi-
ent that forms on the short time scale of the initial heat-
ing phase is responsible for the development of a return
current of thermal electrons and an ion wave instabil-
ity. The saturated level of the ion fluctuations and their
angular distribution have been estimated from the weak
turbulence theory. We have also discussed properties of
Brillouin scattering from these fluctuations.

Our study has been motivated by extensive experimen-
tal evidence implying a nonequilibrium state of laser plas-
mas, which is characterized by large levels of electrostatic
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fluctuations. This has been demonstrated most convinc-
ingly in the measurements of stimulated Brillouin scatter-
ing in preformed plasmas (cf. Refs. [3,7]). Also nonther-
mal levels of ion acoustic fluctuations have been observed
in short pulse scattering experiments [3,4] suggesting that
the process responsible for the enhancement must oper-
ate on picosecond time scales. The initial nonuniform
heating of the plasma is identified in our work as a po-
tential source of ion instability. This is the most basic
and universal process taking place in all laser plasma in-
teraction experiments.

In the final discussion of our results we would like to
point out two additional applications of ion acoustic tur-
bulence. First we will discuss the effect of random phase
plate optics on the generation of ion fluctuations. We
then show how ion turbulence can increase the damping
on the electromagnetic wave scattered by stimulated Ra-
man instability, particularly in the vicinity of the quarter
critical density.

A. Excitation of ion acoustic fluctuations by the
RPP laser beam

Our results can also be applied to randomized laser
beams with small scale spatial modulations in their in-
tensity. In that case, ion acoustic turbulence can be ex-
cited not only at the periphery of the laser beam, but
in the whole interaction region. The statistical theory of
the RPP optics [25] together with the results presented
in previous sections can be used to evaluate threshold
conditions of the ion acoustic instability. Formulas (5)
and (6) can be applied to the whole laser beam as well
as to individual hot spots. We will discuss two different
limits of plasma heating by RPP beams. The first and
simple case assumes that transient heating takes place
within a single hot spot with no increase of temperature
outside the high intensity region. This may be of rele-
vance to RPP optics with time varying location of the hot
spots produced, for example, by the induced spatial in-
coherence effects. The second case, which is relevant for
a stationary intensity distribution, assumes only a small
temperature difference 67, between the hot spot region
and surrounding plasma.

According to the statistical theory of laser fluctuations
[25], the hot spot power P, is directly related to the in-
tensity of the hot spot I, and its cross section 7(F Ao)?,
where F is the focal number of the focusing optics (the
ratio of the characteristic diameter of the incident laser
beam to the focal length). Therefore we can apply the
probability function p(I) ~ (4I/I?)exp(—2I/I) of the
hot spot intensity distribution derived in [25] and esti-
mate the average fluctuation of the power

(8P) = \/{(Inot — I)?)m(FX0)*
which gives us (§P) =~ Py(F\o/a)?, where a represents
the whole laser beam radius in the plasma and P, corre-
sponds to the average power of the laser beam.

By using (§P) as Phot, we can rewrite the threshold
condition for the ion wave instability (6) for the single
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hot spot. As the beam diameter a in Eq. (6) is now
replaced by F)g, the short scale temperature variations
can result in lower threshold in spite of the smaller power
that is contained in the single hot spot. The new thresh-
old that is related to the single hot spot is lower by fac-
tor (Fo/a)'/® as compared to the value obtained for the
whole beam. This result is relevant to the first case men-
tioned above when the heating takes place in localized
hot spots without change to the background tempera-
ture of the plasma. It suggests a uniform distribution of
ion acoustic turbulence particularly for a large number
of hot spots.

For the second case, when the temperature is weakly
disturbed as compared to background plasma, we have
from (5) that 6T./To ~ :6P/P,. By evaluating the heat
flux fluctuation dq ~ C(Z)nev%el/(;-l(;Te/F/\o, we see that
the threshold condition for the onset of the ion acoustic
instability is now increased by a factor 5a/F )\ as com-
pared to the value obtained in Sec. IT A. The threshold
can be written as

F > a?/2¢ Ao,

where Eq. (5) should be used to evaluate the electron
mean free path A.. Usually the right hand side of this
inequality is more then 10, making the threshold of ion
wave instability relatively high, unless plasma tempera-
ture is in the range of 2-3 keV. In this case the mean free
path is long and the threshold becomes lower.

B. Effect of ion acoustic turbulence on the Raman
scattering

The enhanced short wavelength ion acoustic fluctu-
ations increase damping on the electromagnetic waves
propagating in the plasma. This anomalous absorption
process is characterized by the effective damping coeffi-
cient of the wave with frequency w [26,27,14]

w / dk kcsN(E)I
(

— 2 .
Veff(w)— 5 21‘,)3 neTe = COs™ @i, (21)

GL(w,k

where er,(w, k) is the plasma dielectric function and Pi
stands for the angle between the direction of the electric
field of the electromagnetic wave and the ion acoustic
wave vector. Because of the resonance character of the
dielectric function €, anomalous absorption is effective
for waves with frequencies w comparable to the electron
plasma frequency and certainly smaller than 1.4 wpe [27].
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Also, the most effective contribution to Eq. (21) is due
to the ion waves propagating along the electric field of
the electromagnetic wave, i.e., perpendicularly to the di-
rection of propagation of the laser pump. This is exactly
the direction of the strongest enhancement predicted by
Eq. (13) for N (E) An experimental situtation where
the anomalous damping of the electromagnetic waves can
be particularly important is stimulated Raman scatter-
ing (SRS) in the vicinity of the the quarter critical den-
sity n./4. Stimulated Raman scattering produces elec-
tromagnetic waves of frequencies w, which correspond to
maximum values of vegs (21) at n. < n./4 (cf. Ref. [28]).
Thus our scenario of an ion acoustic instability due to
localized plasma heating may provide the natural expla-
nation of the so called Raman gap—unusual suppression
of SRS reflectivity for 0.2 < n./n. < 0.25 observed in
many experiments.

C. Summary

An analysis of the properties of ion acoustic turbu-
lence produced in a preformed plasma due to intensity
inhomogeneities of an incident Gaussian-like laser beam
has resulted in theoretical predictions which are consis-
tent with many experimental results. We have identified
a basic and common process taking place during laser
plasma interactions, i.e., transient nonuniform heating
of electrons, and have linked this to a few unexplained
features of such plasmas, for instance enhanced levels of
ion acoustic fluctuations. These fluctuations can scatter
electromagnetic radiation and produce Stokes and anti-
Stokes Brillouin components or they provide nonthermal
noise levels for the growth of stimulated Brillouin scatter-
ing. In addition, they can develop on the relatively short
time scales, typically tens of picoseconds, and are there-
fore relevant in the interpretation of short pulse scatter-
ing experiments. Finally, the presence of enhanced ion
acoustic fluctuations in laser-produced plasmas can have
important consequences on the behavior of plasmas cre-
ated by the RPP pumps and on the properties of other
parametric instabilities such as stimulated Raman scat-
tering.
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FIG. 2. Typical electron temperature profiles obtained
from CASTOR simulations at time moment t = 15 ps. The car-
bon plasma was assumed to be 300 um long and have initial
ion and electron temperatures of 300 eV and electron density
ne/ne = 0.2. The plasma was heated by a 0.335 pm wave-
length laser focused at the center of the plasma column. A
Gaussian radial beam profile was used with a vacuum FWHM
diameter of 50 pm at the focal spot. The laser intensity was
assumed to grow linearly from zero to the maximum value
(10'* W/cm?) at ¢ = 1 ps, and then remain constant there-
after. The flux limiter was set to 0.08. The cylindrical coor-
dinates (r, z) are expressed in pgm, temperature T, is given in
eV,
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FIG. 3. Electron temperature profile and the contour plot
obtained from CASTOR simulations at the time moment t =
7.6 ps. The initial ion and electron temperatures were 200 eV
and electron density n./n. = 0.1. The plasma was heated by

a 1.06 pm wavelength laser with intensity 10'* W/cm?®. Other
conditions are the same as in Fig. 2.



FIG. 5. The contour plot of a logarithm of the normalized
ion density fluctuations kc,N(d;)/T. (13) as a function of the
wave number and the angle §; between temperature gradient
and the wave vector k. The turbulence parameter Kn (15)
equals 0.5. Numbers near solid lines define orders of magni-
tude for ion fluctuations above the thermal level. Two dotted
curves define the range of wave vectors being enhanced on
the time scale 7 (17) of 10 ps (darker dashed curve) and 30
ps (lighter dashed curve). The thick gray lines denote the ion
waves which can participate in the Brillouin scattering (four
different examples of interaction are shown in Fig. 7), if the
temperature gradient is perpendicular to the beam axis. The
rest of the plasma parameters are n, = 10%° ecm™*, T, = 800

eV, ZT./T; = 12, and n./n. = 0.1.



FIG. 6. The contour plot of a logarithm of the normalized
ion density fluctuations kc,N(d;)/T. (13) as a function of the
wave number and the angle é; between temperature gradient
and the wave vector k. The turbulence parameter Ky (15)
equals 5. The rest of the parameters are as in Fig. 5.



FIG. 8. The schematic diagram of the constant tempera-
ture lines based on the results of numerical simulations shown
in Fig. 3. Ion acoustic turbulence is excited in the shaded re-
gions around the laser beam axis.



