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Stimulated Compton scattering of laser radiation by an electron plasma is considered. A general expression is obtained for the
diffusion coefficient of electrons located in an isotropic radiation field of small spectral width. The heating rate of a Maxwellian
plasma due to Compton scattering of the laser radiation and also a self-similar solution for the electron velocity distribution

function are determined.

A.T the present time, the problem of attaining high
temperatures by applying powerful laser pulses on
solid targets has given rise to the question of the pos-
sible mechanisms whereby the energy of the light is
absorbed in the plasma. The point is that the usual
bremsstrahlung absorption, connected with the Coulomb
collisions of the electrons with the ions, loses its ef-
ficacy at the presently attained laser-plasma parame-
ters (electron temperature Te ~ 1 keV and electron
density Neg ~ 10°—10% cm™). Various linear and non-
linear effects that lead to an increase of the absorption
coefficient have been discussed in this connection,
namely stimulated scattering of light by electrons!*®]
parametric instability of the plasma in the field of the
light wave!®), and linear transformation of the light into
damped Langmuir oscillations'®. We shall deal in the
present article only with the first of these effects,
namely stimulated (induced) scattering of light by
electrons. The general theory of this phenomenon is a
component part of the theory of weakly-turbulent
plasma (see, for example,*%)) and has been developed
in sufficient detail. This theory is used here to study
the singularities in the absorption of laser radiation by
a plasma.

Most investigations of concrete manifestations of
induced scattering of light in a plasma have been made,
in one form or another, in connection with astrophysi-
cal problems (see, however,'®’), in which, as a rule, a
broad radiation spectrum is considered: Aw ~ wo (wo

and Aw are the frequency and the width of the spectrum),

and the characteristic velocity of the scattered parti-
cles satisfies the condition v << cAw/w, (c is the
speed of light). To the contrary, the laser radiation has
a narrow spectrum (Aw/wo < 107%). Therefore in a
high-temperature laser plasma there is realized the
opposite limiting case v 3> ¢ Aw/w,, when the Doppler
shift in the elementary scattering act exceeds the line
width. As will be shown below, this circumstance
changes noticeably the evolution of the distribution
function of the electrons and the rate of radiation-energy
input to the plasma.

In the first section we obtain an expression for the
diffusion coefficient Dij(v) of free electrons situated
in an isotropic radiation field. The radiation spectrum
is assumed to be sufficiently narrow, Aw < wo, but no
limitations whatever are imposed on the parameter
vwo/cAw. In the second section we present a general
expression for the rate of heating of a Maxwellian

plasma as a function of the parameters of the heating
radiation, and also of the temperature and density of
the plasma. At h1gh temperatures, the rate of heating
decreases like T‘3 ?, just as in the case of bremsstrah-
lung absorption, th1s being connected with the rapid
decrease of the longitudinal diffusion coefficient Dl( v)
~ v when v >» cAw/w,. In the case of radiation with
a sufficiently broad spectrum, v << cAw/w, and vye
& cAw/wo (vTe = (kTe/m)¥? and m are the thermal
velocity and mass of the electron and k is Boltzmann’s
constant), the results agree with the conclusions of!*"*],
In the third section we obtain a self-similar solution
for the distribution function of the electrons that
scatter high-power laser radiation. The rate of heating
corresponding to the self-similar distribution function
agrees qualitatively with the results obtained in Secs.

1 and 2 for a Maxwellian plasma.

1. DIFFUSION COEFFICIENT OF FREE ELECTRONS
SITUATED IN AN ISOTROPIC RADIATION FIELD

Let us consider the interaction of radiation with a
fully ionized plasma of such a low density that the most
probable elementary process is Compton scattering of
photons by electrons. The conditions under which we
can neglect the collisions of the electrons with the ions
will be clarified below. The equations for the distribu-
tion function of the electrons f(v, t) and for the spec-
tral density of the number of photons Nk(t) with wave
vector k are easiest to obtain by regarding the system
as an aggregate of two gases—electrons and phonons—
the interaction between which is described by the usual
collision term, If the momentum transfer in one colli-
sion is much smaller than the electron momentum
fwoe/c K mv, which is always the case in a laser
plasma, then we can use the diffusion approximation in
the kinetic equation for the electrons, so that the sys-
tem of ec*uatmns for f(v,t) and Nk(t) takes the
form!"! '
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where k = k/k, e is the electron charge, and o is the
Thomson cross section. We have discarded in (1)--(3)

the terms describing the spontaneous scattering, since
the radiation is assumed to be sufficiently strong.

Two simplified approaches corresponding to two
different physical formulations of the problem are
possible (see!*»'!), In one of them the distribution
function of the electrons is assumed known and the
problem is to find the radiation spectrum Nk!**, In the
other the radiation spectrum is specified by the ex-
ternal source, and it is required to find the electron
distribution function!®®), We are interested mainly in
the second formulation of the problem, when the radia-
tion spectrum is specified by the laser parameters.

Before we proceed to investigate Eq. (2), we must
calculate the diffusion coefficient Dij(v). We assume
that the emission spectrum Nk is isotropic. Such an
approximation agrees with experiments in strongly
focused beams or with volume illumination of the
target!*). The diffusion coefficient is then determined
by two scalar functions

LV; Viv;

Du(v) = D'(0) 22+ D" (v) (6“—7)' )

It is easy to verify with the aid of (2) and (4) that the
rate of heating is determmed by the longitudinal diffu-
sion coefficient D(v):
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The laser radiation has a narrow spectrum. Therefore,
using the approximation Aw < w, in the calculation of
(6), we put k" ~ wo(k — k')/c and take w ~ w' ~ w, out-
side the integral sign:
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Integration along the propagation direction of the
scattered photons yields
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This formula, which determines the diffusion coefficient
at arbitrary velocity of the scattered electrons, is one
of the main results of the present study.

If Ny, is a smooth spectrum with sufficiently rapidly
decreasing wings, then, using the expansion

1 dN
Ne —E n!
we can integrate with respect to w’ in (7). The result-

ant expression is actually an expansion of the diffusion
coefficient in powers of the parameter 2w v/Awc:
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FIG. 1. Dependence of the longi-
tudinal (D!/D) and transverse (DtT/D)
diffusion coefficients on the electron tr
velocity in the case of a rectangular
distribution of the number of scat-
tered photons. 7

4/,

In the opposite limiting case of large velocities,
vV = cAw/2w,, formula (7) yields
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Unlike in (7), the integration in (9) is over the entire
spectrum,

A simple expression for the diffusion coefficient can
be obtained with the aid of (7) by assuming that the
spectrum of the heating radiation is rectangular, i.e.,
Ny =Noat 2|w —wo| < Awand Ny, =0at 2|w - woe
> Aw:
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The scale of the diffusion coefficient D is determined
here by the intensity I of the radiation
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An analogous relation can also be obtained for the
transverse diffusion coefficient D!T(v) (see!*)). Figure
1 shows plots of the longitudinal and transverse diffu-
sion coefficients against the velocity for a rectangular
spectrum. As seen from a comparison of expressions
(8), (9) and (10), the rectangular and smooth spectra
lead to identical values of the diffusion coefficient at

v =0 and to an identical decrease D!(v)~ v® at

v > vo. Therefore, proceeding to discuss the rate of
plasma heating and the temporal evolution of the elec-
tron velocity distribution function, we shall assume,
for concreteness, that the radiation spectrum is
rectangular, although the main results also remain
valid for any smooth spectrum.

(1)

2ne?

2. RATE OF HEATING OF MAXWELLIAN PLASMA

We obtain the rate of electron heating by substituting
(10) in the right-hand side of (5).

Fifdvavzf("")=’"D§dn{ j' vid f(v, t)[1_1065 :]
+2:[v2dvf(v,t) [%(%) ‘—%(%"-) +%(—';“-) ]} nE%.
(12)

The structure of the diffusion coefficient (10) is such
that the heating rate (12) is positive at any distribution
function f(v). It follows therefore that the stimulated
Compton scattering leads to a decrease of the radiation
energy and to heating (and not cooling) of the plasma
electrons. This circumstance is quite obvious in the
case of an equilibrium (Maxwellian) electron distribu-
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tion function, Without an explicit calculation of the dif-
fusion coefficient, it is in general impossible to draw
a similar conclusion for a nonequilibrium electron
velocity distribution.

To explain the dependence of the heating rate on the
plasma parameters and the heating radiation, we con-
sider in detail relation (12) in the case of an isotropic
Maxwellian distribution

N, 1 v
10 =g (—5m):

It is convenient to represent the result in the form
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A plot of the function X(7) is shown in Fig. 2. Using
asymptotic expressions for &(7) at 7 > 1 and
7 & 119 we obtain

88
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At low temperatures, when vre < cAw/w,, we have
in accordance with (15) X(7) = % and formula (13) goes
over into the expression used in'*"*], Substituting the
value Aw/wo~ 3 x 10~® which is characteristic of
lasers, we see that the opposite limiting case 7 < 1 is
realized in a high-temperature laser plasma with Tg
>> 1 eV, In this case, using (13), (14), and (11), we
obtain

(16)

duT. 11(2n)% e \* I* [Awo\® [ me*\*
i 1% ( mcz) an( o ) ( xT,,) '

It is interesting to determine the radiation flux in-
tensity I, above which the rate of plasma heating by
induced scattering by the electrons prevails over the
rate of heating due to the bremmstrahlung absorption.
If kTe 3> kTo = /smc’(Aw/w,)?, then, as seen from (16),
the rate of heating in stimulated Coripton scattering has
the same temperature dependence as the frequency of
the Coulomb collisions, The value of I, is therefore
determined only by the electron density Ng, and does
not depend on the plasma temperature. Equating (16)
to the rate of heating in bremsstrahlung absorption

dxl.  8n e'val _ 4@2n)* e'N.L
di 3 megtc’ 3 (wl.)hmh

(L is the Coulomb logarithm), we obtain

0L L fou\?
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Here wl,e = (47Nee?/m)Y? is the electron Langmuir
frequency. In particular, at a temperature «Te

~ 10°~10* eV and an electron density Ne ~ 10* cm™®
(L = 10), the heating of the electrons is described by
formula (16), if the intensity of the neodymium laser
with frequency wo~ 1.8 x 10*° sec™ and width
Aw/wo=~ 3x 107 exceeds the critical value I~ 1.8
x 10'°* W/em?,

3. DISTRIBUTION FUNCTION OF ELECTRONS
SCATTERING POWERFUL LASER RADIATION

In isotropic radiation, it is also natural to assume
that the electron velocity distribution is isotropic. In
this case the equation for the distribution function fol-
lows from (2) and (4):

af 1 8 (., ., 0f

il GOkl
If the initial distribution is Maxwellian with a tempera-
ture Te < T,, then the condition v < v, is satisfied
at the initial instant for the majority of the electrons,
and the diffusion coefficient can be regarded as con-
stant in accordance with (8) and (10)";

am

D'(v) = D" (v) = “/,D.

Then, as follows from (17), the distribution remains
Maxwellian, and the electron temperature increases
linearly with time:

T.(1) = T.(0) + 8Dmt | 9x. (18)

When the temperature reaches a value of ~Ty, the dif-
fusion coefficient begins to decrease like v=°, and the
distribution function becomes distorted. However, as
noted above, the plasma heating will continue, since the
average electron energy increases in induced scatter-
ing.

Let us indicate a self-similar solution for the dis-
tribution function in the case when the average energy
already exceeds T, appreciably, and consequently the
diffusion coefficient is determined by the principal
term in the expansions (9) and (10):

D'(v) = *isD (v [ v)>

We introduce the dimensionless velocity x = v/v, and
the dimensionless time y = 22Dt/45v5. We then obtain
for the dimensionless distribution function F(x, y)

3
= vof(v,t)

oF 1 8 i OF (z,y)
P (e i X (19)
We seek the solution of (19) in the form?®
F(z,y) = ®(u) /v*(y), u==2/v(y). (20)

We see that the distribution function (20) satisfies
the normalization condition at any $(y)

DThe stationary electron temperature in the presence of losses to spon-
taneous scattering was obtained for this case by Zel’dovich and
Levich!'3,

YEquation (19) admits of an analytic solution for arbitrary initial
conditions. We confine ourselves here to the self-similar solution.
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Substituting (20) in (19) we get

A

B{y)

Obviously, a solution of the type (20) satisfies Eq. (22)
if
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Solving Egs. (23) under the condition (21), we obtain
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where y, is the integration constant.
Returning to the initial variables, we obtain a final
expression for the electron velocity distribution func-
tion:
N, 45v,° s 9w
I, t)y= 4nsl/5r(a/s)uoa[ 22D(t—t—to)] exp { 1100°D (¢ 1 to) }(

25)

From this we readily obtain the average electron
energy:

fav m;,z F(v,8) = 2aN.mvep(y) [ u'dud (u)
(26)
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The fact that the average electron energy is propor-
tional to t¥® follows already from the rougher estimate
dTe/dt ~ T;;‘/z obtained for a Maxwellian distribution
(see (16)). However, the decrease of the distribution
function (25) at large velocities is more abrupt: f(v)

~ exp (-av®). This is due to the rapid (~v™®) decrease
of the diffusion coefficient at high velocities.

In the case of laser radiation with a narrow spec-
trum, the temperature T, corresponding to the transi-
tion from the linear growth of the temperature to the
law Te ~ t¥® is only a few electron volts. Therefore
in a high-temperature plasma heated by stimulated
Compton scattering of laser radiation with isotropic
Nk the evolution of the distribution function of the elec-
trons is described by formulas (25) and (26), and not by
(18). It should be noted at the same time that in the
case of anisotropic spectral density of the number of
photons Nk, for example for a laser beam with small
aperture (~6 < 1), the critical temperature T, in-
creases (~67?) and the region of applicability of
formula (18) broadens!*®*!, The number of electrons
whose energy increases in accordance with (18), how-
ever, decreases in this case, so that in the limit of
very well-collimated laser beams one should speak not
of plasma heating but of acceleration of a small frac-
tion of its electrons. A detailed analysis of this ques-
tion is outside the scope of the present paper.

We note in addition that the physical mechanism
discussed here, which leads to the electron distribution
function f(v, t) obtained above and to the heating of the
electron plasma, differs from the mechanism that
comes into play in the quasilinear theory of a para-
metrically unstable plasma situated in a field of a

monochromatic wave' ), The difference between the

physical processes becomes manifest, naturally, also
in the final formulas of the theory of a parametrically
unstable plasma, and the theory of a plasma that
scatters light beams, For example, in a parametrically
unstable plasma situated in a homogeneous alternating
electric field of frequency wo~ wl,e, the plasma elec-
tron velocities undergo a redistribution*®! that becomes
manifest in an increase of the number of fast electrons
in a narrow velocity region ~wo/km. At such velocities
~wo/km, the distribution function differs strongly from
Maxwellian (compare with the Maxwellian distribution
with temperature (18)) and is similar to the distribu-
tion function of the electrons of a plasma with an elec-
tron beam. The appearance of fast electrons is due to
the Cerenkov interaction with the parametrically un~
stable potential oscillations (with characteristic wave
number kp,), the buildup of which can be completely
neglected in our present approximation (wo > wpe) of
the theory of stimulated Compton scattering of light in
a plasma. Intense longitudinal noise of a parametrically
unstable plasma leads for the same reason not only to
acceleration of the particles but also to the plasma
heating predicted by Silin!*"l. The foregoing exposition
shows that even a stable plasma without powerful longi-
tudinal noise becomes heated by stimulated Compton
scattering of laser radiation.

CONCLUSION

The main results obtained in the present paper are
contained in formulas (7)~—(11), (13), and (25). It must
be emphasized that our analysis is limited to conditions
of a sufficiently rarefied electron plasma, when the
polarizability of the ionic and electronic components
of the plasma can be neglected. Our results are
realistically applicable to a laser plasma if the elec~
tron density is Ng < 10 cm™ and the electron tem-
perature is kTe Z 1 keV. Allowance for the plasma
polarization at the beat frequency of the scattered light
beams radically alters the physical picture of plasma
heating by powerful light. The reason for this is that
the cross section for light scattering by a dense plasma
differs strongly from the Thomson cross section and
exceeds considerably it in some cases (for example,
when induced scattering of light by ions predominates).
One of the manifestations of this circumstance is the
effect of direct heating of the ions of a hot plasma by
an electromagnetic wave, first observed by Kovrizh-
nykh{*?, Thus, from the points of view of further de-
velopment of the results obtained here and the pros-
pects for laser heating, it is quite advantageous to
generalize the theory developed here to include a
denser plasma. This will extend the region of applica-
bility of the theory up to densities Ne = 10*! cm™>, cor-
responding to equality of the electron Langmuir fre-
quency to the frequency of a neodymium laser. The
next step in this direction should apparently consist of
combining the theory of induced scattering of light in a
plasma with the theory of parametric resonance, i.e.,
of an account of the unstable potential oscillations ex-
cited in the plasma by the scattered light (see!*4).

The authors are grateful to L. M. Kovrizhnykh,

O. N. Krokhin, V, P. Silin, I. I, Sobel’man, and E. A,



ELECTRON TEMPERATURE OF A PLASMA SCATTERING INTENSE LIGHT BEAMS 521
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Note added in proof (17 January 1972). The evolution of the radi-
ation spectrum and a few other effects occurring in stimulated scatter-
ing of photons by free electrons were considered by Ya. B. Zel’dovich,
Ye. V. Levich, and R. A. Syunyaev (Zh. Eksp. Teor. Fiz. 62, No. 4
(1972). We are most grateful to the authors for the opportunity to be-
come acquainted with their work prior to publication.
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